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A B S T R A C T

Corrosion of lithium-containing AZ31 magnesium alloys AZ31-xLi (x = 4, 8, and 12wt%) has been examined in
0.05M NaCl solution with and without 10–150mM of Na2MoO4 inhibitor. Potentiodynamic polarization, elec-
trochemical impedance spectroscopy (EIS), and dynamic electrochemical impedance spectroscopy (DEIS) mea-
surements were used to correlate the phase composition and microstructure of the alloys with their corrosion
propensity and effectiveness of the molybdate inhibitor, giving high inhibition efficiency (>85%) at concen-
trations higher than ca. 35mM. Post-corrosion microstructure, Raman, and X-ray photoelectron spectroscopy
analyses allowed to provide the inhibition mechanism of AZ31-xLi alloys by molybdate ions.

1. Introduction

Magnesium and its alloys are attractive and promising materials for
the aerospace, automotive, and medical industries due to their low
density, excellent formability, non-toxicity, and damping properties
[1–4]. However, unlike aluminum and titanium, Mg alloys are charac-
terized by a low corrosion resistance due to their extreme reactivity and
the absence of a stable oxide layer [5–8]. At present, the main ways of
tailoring corrosion and mechanical properties of magnesium alloys are
alloying, surface modification, as well as the use of corrosion inhibitors
[2,9–11].

There are several groups of Mg alloys, which are extensively used in
industry. Among them most common are Mg-Al-Zn, Mg-Ca, and Mg-
REEs (rare-earth elements) alloys [6,7,12]. The AZ-series Mg-Al-Zn al-
loys account for more than 90% of currently used magnesium alloys
[13]. Alloying with aluminum improves the strength, hardness, casting

properties, and corrosion resistance of magnesium alloys [2,14]. The
microstructure of such alloys is a solid solution of aluminum and β-phase
(Mg17Al12) in Mg, the presence of which increases the corrosion po-
tential and reduces its corrosion rate.

Continuous technological development and search for new energy-
saving technologies have promoted further development of ultralight
and superplastic structural materials [15–17]. Among them,
magnesium-lithium (Mg-Li) alloys are the lightest metal engineering
materials [16,18]. The binary phase diagram of the Mg-Li system shows
[19,20], that alloying of magnesium with lithium increases the ductility
of the alloy due to the transformation of the crystal structure from a
hexagonal close-packed (hcp) with a lithium content of less than 5.7 wt
% (α-phase is a solid solution of lithium in magnesium) to body-centered
cubic (bcc) with a lithium content of more than 11.3 wt% (β-phase, a
solid solution of magnesium in lithium). In turn, magnesium alloys
containing 5.7–11.3 wt% of Li have both hcp and bcc crystal structures
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[16,21,22]. Due to the simultaneous presence of the α- and β-phases,
such magnesium alloys are characterized by medium strength and high
ductility [20]. This difference in the microstructure of the alloys has a
significant influence on the corrosion rate of Mg-Li alloys. Xu et al. [18]
and Li et al. [23] reported that Mg-Li alloys containing high amounts of
Li (above 10.3 wt%) have superior corrosion resistance due to the for-
mation of a protective lithium carbonate surface film upon bcc Mg-Li
matrix. However, Zhao et al. [24] for Mg–4Li and Mg–12Li alloys re-
ported opposite corrosion behavior and increased corrosion rates. To
improve the industrial applicability of such alloys, it is possible to add
additional alloying elements to their composition. Meanwhile, the in-
clusion of small amounts of Al to binary Mg-Li alloys improves their
mechanical properties, while maintaining the ultra-low density of these
alloys to a considerable degree [17,25,26].

The influence of the lithium amount on the corrosion resistance of
Mg alloys, with Al, Zn, Nd, and other alloying elements is not so
straightforward [16,27–33]. Common Mg alloys have various types of
intermetallic particles (IMPs) in their microstructure, most of them
being cathodic relative to the alloy matrix [16,34,35]. The corrosion
rate of Mg-Li alloys with low Li content is comparable to that of tradi-
tional Mg alloys without Li [16]. The addition of a high amount of Li
causes the formation of new types of Li-rich IMPs, commonly Mg-Li and
Al-Li types [36], intensifying local galvanic corrosion of such alloys [16,
37]. An increase in the volume fraction of the Li-containing IMPs pro-
motes filiform corrosion along the grain boundaries and inside the β-Li
phase [38]. An increase in the corrosion rate with increasing amounts of
Li was reported for Mg-Al-Li, Mg-Li-Ca, Mg-Li-Al-Zn-Y, Mg-Zn-Li, and
Mg-Al-Li-Zn alloys [27,29,31,39]. However, corrosion and possible in-
hibition mechanisms of such alloys still require deeper studies and un-
derstanding. It is known that lithium salts can be used as effective
corrosion inhibitors for Mg alloys due to the formation of a surface
Li2CO3 film [40], while the knowledge on the use of inhibitors for
corrosion protection of Mg-Li alloys is very limited. Nevertheless, the
implementation of an effective inhibitor can significantly improve the
corrosion resistance of Mg-Li alloys and extend their applications.

There are numerous potential corrosion inhibitors for magnesium
alloys [10]. Among them, inorganic compounds usually act as
precipitation-type inhibitors, and their effectiveness is strongly related
to the microstructure of the examined alloy since the inhibition is usu-
ally based on retardation of the cathodic activity of second-phase pre-
cipitates [41–43]. In our previous works [34,44,45], we have shown that
inorganic oxidizing anions, such as permanganates and molybdates, are
effective inhibitors for the corrosion protection of AZ31 and WE43 al-
loys. Examination of the AZ31 alloy revealed that the inhibition mech-
anism is based on the formation of a surface oxide layer suppressing the
cathodic activity of IMPs and the anodic activity of the Mg matrix.
However, Lamaka et al. [43] in their comprehensive screening of
corrosion inhibitors for Mg alloys specifically underlined that the ma-
jority of corrosion inhibitors of Mg alloys are not universal and their
inhibiting efficiency strongly depends on the type and amount of
alloying elements in the alloy. This is also confirmed by our previous
studies [34,44,45]. At the same time, the inhibiting efficiency provided
by many inhibitors, including inorganic ones, depends on their con-
centration in the examined media [34,43,45]. Therefore, investigation
of the inhibition mechanisms of Mg-Al-Li alloys depending on the
amount of Li and concentration of the inhibitor is of significant impor-
tance to speed up the implementation of such alloys and inhibitors into
commercial usage.

Recently, special attention has been paid to the examination of the
surface films formed on Li-containing Mg alloys. Mapping the Li distri-
bution in Mg-Li alloys is a challenging but essential task for under-
standing the origin of corrosion resistance in this class of Mg alloys [15,
33,46–48]. On the other hand, the accurate examination of corrosion
processes of Mg alloys, especially by electrochemical techniques, is still
important. In our recent studies [49,50] we have proposed a new
approach to implement multisine dynamic electrochemical impedance

spectroscopy (DEIS) monitoring as an expedient method to examine the
kinetics of the nonstationary corrosion process of Mg alloys. We believe
that this technique also can be effectively used to monitor the inhibition
effectiveness of corrosion inhibitors towards Mg alloys [50], as was
previously done for Al alloys [51–53]. To our best knowledge, evalua-
tion of corrosion processes of Mg alloys containing Li, in particular,
AZ31-xLi (x = 4, 8, 12) alloys by dynamic multisine DEIS approach and
their corrosion protection by soluble molybdates have not been
described in the literature. Moreover, it is important to establish the
correlation of the protection mechanism with the amount of Li and,
consequently, the microstructure of these alloys.

The aim of the present study was to elucidate the inhibition effi-
ciency of molybdate ions towards the AZ31-xLi (x = 4, 8, 12) Mg alloys
depending on the amount of the molybdate inhibitor in the corrosive
medium and Li in the AZ31 Mg alloy. To do so, a set of classical elec-
trochemical techniques, coupled with DEIS monitoring and spectro-
scopic surface analyses, has been used and the inhibition mechanism of
AZ31-xLi (x = 4, 8, 12) Mg alloys by soluble molybdates has been
proposed. A detailed examination of corrosion processes and inhibition
efficiency of molybdates towards the AZ31 alloy without Li addition has
been reported in our previous publication [44]. Therefore, this alloy is
not examined in the present contribution, and data from [44] can be
used as a reference.

2. Experimental

2.1. Materials and sample preparation

Magnesium alloys AZ31-xLi (x = 4, 8, 12) examined in this study
were obtained by a casting method. The target elemental composition of
the alloys was as that of the AZ31 alloy with the addition of 4, 8, or 12 wt
% of Li. Metals used for the process were purchased from Sigma Aldrich.
The process was carried out in a Balzers VSG 02 single-chamber vacuum
induction melting furnace at a temperature of 650◦C, and a pressure of
600 Torr (8 × 104 Pa) in the argon atmosphere. Obtained billets were
then cut into samples with sizes ca. 20mm × 20mm × 5mm. The
samples were ground up to P4000 grit emery paper in 99.9% ethanol
before every corrosion and surface investigation experiment. After
grinding, the samples were cleaned for 5min in a Skymen JP-008 ul-
trasonic bath in 99.9% ethanol.

The density of the obtained alloys was determined by the hydrostatic
weighing method at 27.5◦ C utilizing acetone as a liquid medium (to
avoid degradation of alloys during the measurement) and analytical
balance with 0.0001 g accuracy.

2.2. Surface analysis

The X-ray diffraction (XRD) analysis of the obtained alloys was
performed using a PANalytical X′Pert Pro diffractometer operating with
a Ni-filtered Cu Kα (1.5406 Å) radiation. XRD patterns were registered in
the 2θ range of 20–90◦ with a scan rate of 1.5◦/min.

A Hitachi SU8000 and a JEOl JSM-5610 LV scanning electron mi-
croscopes (SEM) were used to examine the surface morphology of the
alloys before and after corrosion experiments. The elemental composi-
tion was investigated using an energy-dispersive X-ray spectroscopy
(EDX) detector of the used SEMs.

Raman spectra of the AZ31-xLi alloys’ surface were acquired after
corrosion experiments with a Jobin-Yvon T64000 Raman spectroscopy
system. The system is equipped with a green 514.5 nm Ar laser with an
incident power of ca. 5 mW. The total acquisition time of one spectrum
was 240 s.

The optical top-surface images of the alloys after corrosion experi-
ments were acquired on a Keyence VHX-7000 high-accuracy 4 K digital
microscope.

The X-ray photoelectron spectroscopy (XPS) spectra were obtained
directly after exposure of the examined alloys to the 0.05M sodium
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chloride solutions additionally containing 150mM of the molybdate
inhibitor for 1 h. A ThermoFisher Scientific Escalab 250Xi spectrometer
was used. The measurement procedure was similar to our previous
publications [34,44]. Measurements were performed with an Al Kα
source at a pass energy of 10 eV. Before XPS measurements, samples
were thoroughly rinsed with deionized water, dried in a flow of nitrogen
in an ambient atmosphere, and immediately transferred to the spec-
trometer chamber. For the analysis of the spectra, correction of the
carbon C 1 s excitation (284.6 eV) charge was performed.

2.3. Corrosion measurements

Corrosion studies were performed in solutions prepared with NaCl
(≥99.5) and Na2MoO4 × 2 H2O (≥99.5) received from Chemsolute (Th.
Geyer Polska). As a reference corrosion medium, 0.05M NaCl solution
was selected. Utilization of this medium prevents rapid degradation of
Mg alloys and was previously used in our studies of inorganic corrosion
inhibitors of Mg and Al alloys [34,44,45,54]. The effectiveness of the
inhibition was examined in the range of 10–150mM of Na2MoO4 in the
examined 0.05M NaCl solution.

Classical electrochemical experiments were performed on an Autolab
PGSTAT302N potentiostat/galvanostat with an FRA32M module for
electrochemical impedance spectroscopy (EIS) measurements. One se-
ries of measurements included monitoring of the open-circuit potential
(OCP) for 1000 s, registration of the EIS spectrum, determination of
polarization resistance by low-amplitude cyclic voltammetry (CV), and
potentiodynamic polarization scan. A three-electrode electrochemical
cell consisted of a Pt counter electrode (mesh), reference electrode (sat.
Ag/AgCl), and examined Mg alloy as a working electrode.

The classical EIS measurements were carried out at the OCP over a
frequency range from 105 to 10–2 Hz. A sinusoidal perturbation ampli-
tude of 10mV was used. The ZView 3.2с software was used for data
analysis and spectra fitting.

The polarization resistance (Rp) of the samples was calculated from
the slope of CV measurement curves in the overpotential range of ±

10mV vs. the OCP. The values of Rp were calculated as:

Rp = ΔE
/

ΔiΔE→0, (1)

Potentiodynamic polarization curves were recorded at a scan rate of
1.0 mV/s in a potential window from –300 mV to+300 mV vs. the OCP.

The inhibition efficiency, IE, of the sodium molybdate inhibitor was
calculated based on the results of electrochemical measurements using
the following formulas:

IE,% =
R − R0

R
100%, (2)

IE,% =
i0corr − icorr

i0corr
100%, (3)

where R0, i0corr, R, and icorr are resistances and corrosion current densities
in the absence and presence of the inhibitor, respectively.

The multisine dynamic electrochemical impedance spectroscopy
(DEIS) monitoring was performed using a two-channel Biologic SP-300
potentiostat connected to a PXI-4464 AC measurement card and a PXI-
6124 AC/DC signal module. Following the limitation on the high-
frequency limit of the used measurement card, spectra were recorded
in a narrower frequency range of 22 kHz–0.7 Hz with 10 points per
frequency decade. To evaluate the inhibition effectiveness of the
molybdate inhibitor as a function of its concentration, a Lead Fluid
peristaltic micropump was used. In this case, during the first 600 s of the
experiment, DEIS spectra were recorded in a 0.05 M NaCl solution
without the inhibitor. After this, the concentrated solution of the
molybdate inhibitor was gradually introduced into the measured system
by the peristaltic pump for 3000 s to achieve the final concentration of
the inhibitor in the examined solution of 150 mM. The measurement

was then continued for 600 s in conditions with 150 mM of the sodium
molybdate inhibitor (Fig. S1 in Supplementary Information). Further
details on the experimental setup and the measurement conditions are
reported elsewhere [51]. The fitting of the obtained impedance spectra
was performed based on the Nelder-Mead algorithm [55].

All corrosion measurements reported in this contribution were at
least duplicated and a new sample was used to perform each series of
measurements.

3. Results and discussion

3.1. Microstructure characterization

The results of the XRD analysis of obtained AZ31-xLi alloys are
shown in Fig. 1. The obtained data indicate that the AZ31–4Li mostly
consists of an HCP structured a-Mg phase (α-Mg, ICDD card
#01–079–6692). An increase in the amount of lithium in the alloy leads
to a shift of α-Mg reflexes to larger 2θ [23], and the occurrence of the
reflexes corresponding to a BCC β-Li phase (ICDD card #04–006–5779),
which is the main phase in the AZ31–12Li alloy. XRD patterns of all
alloys also have low-intensity reflexes at 2θ ca. 23 and 40◦. The AZ-series
Mg alloys usually have Mg-Al, Al-Mn, and Al-Mn-Zn IMPs [44,56].
Recently, Zhang et al. [15] confirmed by electron energy-loss spectros-
copy that Al-containing IMPs in Mg-Li-Al-Zn alloys are in fact rich in Li.
Therefore, these reflexes were assigned to the Al-Li phases (ICDD card
#00–003–1215) [15,20,57]. The results of the measurements by the
hydrostatic weighing revealed the density values of 1.78 ± 0.01, 1.57 ±

0.03, and 1.47 ± 0.02 g/cm3 for AZ31–4Li, AZ31–8Li, and AZ31–12Li
alloys, respectively. These values are comparable with the literature
data for Mg-Li-Al alloys [17,25,33].

Fig. 2 shows the surface microstructure of as-polished AZ31-хLi al-
loys, examined by SEM. The amount of Li determines the type and dis-
tribution of phases in the microstructure of the obtained alloys. The
direct use of the EDX analysis for the detection of lithium and exami-
nation of its surface distribution is not possible as more advanced
techniques should be used [15]. Therefore, in the qualitative analysis of
the microstructure of the AZ31-хLi alloys, the phase assignments be-
tween α-Mg and β-Li were provisionally made based on the possibilities
of the electron backscattering mode of the SEM. In this case, the lighter
areas correspond to elements with a higher atomic number (α-Mg), and
the darker areas correspond to elements with a lower atomic number
(β-Li) [38]. While this approach is not so straightforward, it is often used
to distinguish between these two phases [38,58–60]. These phases were
also identified by the measurement of the surface Volta potential dis-
tribution maps (not shown in the present contribution).

The principal constituents of the AZ31–4Li alloy are IMPs distributed
in the α-Mg alloy matrix (Fig. 2a). These IMP phases were rather small
(usually less than 10 µm). In the case of the AZ31–8Li alloy (Fig. 2b), two

Fig. 1. XRD patterns of (1) AZ31–4Li, (2) AZ31–8Li, and (3) AZ31–12Li alloys.
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main phases α-Mg (lighter regions) and β-Li (darker regions) with
increased number of IMPs. The AZ31–12Li alloy (Fig. 2c) mostly con-
tains the β-Li phase with a further increased number of IMPs. The
observed microstructures also support the results of the XRD analysis
(Fig. 1) and the formation of Al-Li-type IMPs in these Mg alloys.

The quantitative EDX analysis of the characteristic surface constit-
uents (Fig. 2, Table 1) revealed the presence of Mg-Al, Al-Mn, and Al-Zn
IMPs in the microstructure of the AZ31-xLi alloys. The elemental dis-
tribution maps (Fig. 3) also confirmed the formation of IMPs in the
microstructure. For the AZ31–4Li and AZ31–12Li, Al-Mn-type IMPs are
formed in the microstructure, while in the microstructure of AZ31–8Li,
there are regions rich in Al, which suggests the presence of Al-Mg IMPs.
At the same time, the formation of Li-rich IMPs in these alloys is also
possible. The precipitation of Al-Li phases is thermodynamically favor-
able compared to Al-Mg phases, which is due to a larger difference in
electronegativity of Al and Li (0.63) compared to Al and Mg (0.30). The
difference between the relative electronegativity between Mg and Mn is
0.24. Therefore, the formation of Mg-Al IMPs is more expected than Mg-
Mn, which is also supported by the XRD data [12].

3.2. Corrosion analysis

3.2.1. Evolution of pH and OCP at initial stages of corrosion in chloride-
containing solutions

The dynamics of changes in the pH and OCP of the examined alloys
in 0.05 M sodium chloride solutions with different amounts of the so-
dium molybdate inhibitor are shown in Fig. 4. In each condition, both
parameters were followed for 1000 s. The initial value of the pH of the
as-prepared sodium chloride solution was around 6.7. In this media, a
pronounced increase in the bulk pH with time was observed with an
increase in the amount of Li in the alloys. This trend can be associated
with the initiation of the corrosion process and the tendency of the alloy
to corrode [61]. After 1000 s of exposure of AZ31–4Li, AZ31–8Li, and
AZ31–12Li to the 0.05 M NaCl solution without the inhibitor, the pH
values increased to 7.2, 7.7, and 9.2, respectively (Fig. 4a–c). The
introduction of Na2MoO4 into the 0.05 M NaCl solution increased the

initial pH of the solution because molybdic acid is a weak acid (pKa= 6)
and its salts are hydrolyzed in aqueous solutions. The pH value was
rapidly increasing in the presence of 10 and 50 mM of the molybdate
inhibitor, suggesting activation of the corrosion process in time. In turn,
at higher concentrations of the molybdate in the solution pH remained
quite stable in time, which is a sign of improved corrosion resistance and
retardation of the corrosion process.

The OCP profiles (Fig. 4d–f) showed similar tendencies. The lowest
values of the OCPwere observed in the 0.05 MNaCl solution without the
inhibitor. The initial values of the OCP in the presence of the molybdate
inhibitor were higher for all alloys, suggesting rapid adsorption of
molybdate ions on the surface and the retardation of the anodic process
[34]. At low concentrations of the inhibitor (10 mM), some small but
distinct potential fluctuations were observed for the AZ31–8Li sample,
which might be a sign of a less stable surface film and local corrosion
attack. The values of the stabilized OCP increased with higher concen-
trations of the added molybdate inhibitor in the solution. The shape of
the obtained OCP dependencies suggests that at high concentrations,
molybdate ions are rapidly adsorbed on the surface and form a surface
film over all examined alloys, which results in an increase of the elec-
trode potential and its shift in the noble direction.

3.2.2. Potentiodynamic polarization
Fig. 5 summarizes the results of the potentiodynamic polarization

measurements of AZ31-xLi alloys in examined solutions. To assign the
values of the corrosion current density it is important to consider that
kinetics of anodic processes in the case of Mg alloys is not fully
controlled by the charge transfer. In the examined case, it will be
significantly affected by the formed oxide/hydroxide film or Mo-rich
protective film of the inhibitor at low overpotentials or IR-drop
through the electrolyte at high overpotentials. Hence, the values of
the corrosion current density (icorr) were calculated by the extrapolation
of only the cathodic slope of the polarization curve back to the corrosion
potential (Ecorr). In the absence of the inhibitor, high corrosion rates of
all investigated alloys were observed. In chloride media, polarization
curves showed no sign of surface passivation. A higher content of
lithium in the alloy resulted in a shift of Ecorr to more noble values.
However, the values of icorr increased significantly (Table 2) and were
(2.09 ± 0.32)×10− 5, (7.08 ± 0.81)×10− 5, and (1.47 ± 0.9)×10− 4 A/
cm2 for AZ31–4Li, AZ31–8Li and AZ31–12Li alloys, respectively.
Interestingly, an increase in Ecorr values is usually associated with the
retardation of anodic kinetics and improved corrosion resistance.
However, in this case, it was followed with an almost an order of
magnitude increase in the icorr values. This inconsistency can be
explained by the increase in cathodic current with the increased amount
of Li in the alloy and the so-called cathodic activation phenomenon,
observed in the course of corrosion of Mg alloys [23,62,63].

In 0.05 M NaCl solutions containing the molybdate inhibitor polar-
ization dependencies revealed a significant change in the kinetics of the
anodic and cathodic processes. The values of the corrosion potential in

Fig. 2. SEM images in backscatter mode of (a) AZ31–4Li, (b) AZ31–8Li, and (c) AZ31–12Li alloys. In each panel, areas marked with numbers correspond to points of
EDX analysis listed in Table 1.

Table 1
EDX elemental analysis of as-polished AZ31-xLi alloys.

Conditions Area

Elemental composition, at%

Mg Al Zn Mn

AZ31–4Li (Fig. 2a)

1 37.1 35.0 0.5 27.4
2 33.2 38.5 0.5 27.8
3 99.0 1.0 – –

AZ31–8Li (Fig. 2b)

1 79.3 18.8 1.9 –
2 93.1 5.0 0.1 1.7
3 97.7 2.0 – 0.3

AZ31–12Li (Fig. 2c)

1 9.0 31.7 0.4 58.9
2 98.3 1.5 0.2 –
3 96.7 2.6 0.8 –
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the presence of the molybdate inhibitor were shifted towards more noble
values. This shift was larger as the concentration of the inhibitor in the
solution increased and, in this case, was directly associated with the
interaction of the molybdate inhibitor with the surface of the alloys and

retardation of the corrosion kinetics. The maximum difference between
Ecorr in the inhibited and reference solutions decreased as the amount of
Li in the alloy increased and was ca. 140, 100, and 65 mV for AZ31–4Li,
AZ31–8Li, and AZ31–12Li alloys, respectively. Furthermore, at the

Fig. 3. EDX maps showing the elemental distribution of Mg (to the left), Al (in the middle), and Mn (to the right) over the surface of as-polished AZ31-xLi alloys.

Fig. 4. Evolution of pH (a–c) and OCP (d–f) profiles in time of AZ31–4Li (a, d), AZ31–8Li (b, e), and AZ31–12Li (c, f) in 0.05 M NaCl solution with and without the
Na2MoO4 inhibitor. Legend in panels to the left also corresponds to panels to the right.
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concentration of the inhibitor 50 mM or higher, it was possible to reg-
ister a rapid change in the slope on the anodic polarization curves
recorded for AZ31–8Li, and AZ31–12Li alloys, corresponding to the
breakdown potential, Ebr. This provides additional evidence for the
formation of a surface protective layer.

The calculated values of icorr at low concentrations of the inhibitor
(10 mM of Na2MoO4) increased for all examined alloys. This indicates
that at low concentrations aqueous molybdate is not able to effectively
suppress corrosion at all active surface sites. This results in an increased
current density over unprotected areas and, consequently, an increased
corrosion rate. The same behavior was previously observed for the
WE43 and AZ31 alloys in the case of the molybdate and permanganate
inhibitors [34,44,45]. At higher added concentrations, Na2MoO4 caused
a pronounced decrease in icorr. The highest IE calculated by Eq. (3) was
89–97% in solutions containing 100 or 150 mM of the inhibitor. To
additionally evaluate the inhibition efficacy of partial electrode pro-
cesses, the values of the current densities iа and ic were extracted at
selected potentials of –1.10 and –1.45 V, respectively, laying on anodic
and cathodic branches of polarization curves. The anodic and cathodic
current densities decreased two orders of magnitude (150 mM of
Na2MoO4), supporting the results of the Tafel fit and reliable corrosion
inhibition.

To calculate the polarization resistance, Rp, small-amplitude CV
curves were recorded. The obtained values of Rp and IE values calculated
on Eq. (2) are shown in Fig. 6. As for the polarization data described
above, low concentrations of the molybdate inhibitor (10 mM) resulted

in a decrease of Rp. At higher concentrations of Na2MoO4, the values of
Rp were gradually increasing reaching the maximum in 0.05 M chloride
solution containing 150 mM of Na2MoO4. The obtained values of the
inhibition efficiency (Eq. (2)) were similar to those of the potentiody-
namic measurements.

3.2.3. Classical electrochemical impedance spectroscopy
A comprehensive EIS analysis was performed to further understand

the mechanism of protective action of Na2MoO4 inhibitor. The EIS plots

Fig. 5. Potentiodynamic polarization curves of AZ31–4Li (a), AZ31–8Li (b), and AZ31–12Li (c) in 0.05 M NaCl without and with varying amounts of Na2MoO4. The
scan rate is 1 mV/s and scanning was done from the cathodic to the anodic side.

Table 2
Parameters obtained from the analysis of potentiodynamic polarization curves.

Concentration of inhibitor, mM icorr, А cm–2 Ecorr, V IE, % ia, А cm–2 (at –1.10 V) ic, А cm–2 (at –1.45 V)

AZ31–4Li
0 (2.09 ± 0.32)×10− 5 –1.411 ±0.010 – – 2.99×10− 5

10 (1.94 ± 0.92)×10− 4 –1.394 ±0.034 – 2.53×10− 3 5.38×10− 4

50 (4.35 ± 0.22)×10− 6 –1.336 ±0.048 79 1.32×10− 4 1.83×10− 5

100 (1.62 ± 0.12)×10− 6 –1.303 ±0.019 92 2.67×10− 5 7.83×10− 6

150 (7.34 ± 0.15)×10− 7 –1.273 ±0.002 96 1.01×10− 5 5.21×10− 6

AZ31–8Li
0 (7.08 ±0.81)×10− 5 –1.321 ±0.013 – – 2.13×10− 4

10 (3.71 ± 0.11)×10− 4 –1.293 ±0.017 – 2.34×10− 3 1.40×10− 3

50 (6.52± 1.01)×10− 6 –1.250 ±0.068 90 1.79×10− 3 7.68×10− 5

100 (6.26 ± 0.28)×10− 6 –1.235 ±0.013 91 3.69×10− 5 5.30×10− 5

150 (1.75 ± 0.37)×10− 6 –1.220 ±0.010 98 1.54×10− 5 1.94×10− 5

AZ31–12Li
0 (1.47 ± 0.9)×10− 4 –1.290 ±0.027 – – 6.31×10− 4

10 (8.44± 1.05)×10− 4 –1.281± 0.030 – 6.65×10− 2 3.41×10− 3

50 (1.29 ±0.89)×10− 4 –1.278± 0.022 12 3.73×10− 4 5.63×10− 4

100 (1.59±0.32)×10− 5 –1.263± 0.026 89 7.56×10− 5 3.80×10− 4

150 (1.63 ±0.20)×10− 5 –1.225± 0.039 89 3.84×10− 5 1.95×10− 4

Fig. 6. Polarization resistance of AZ31-xLi alloys in 0.05 M NaCl solutions
without and with varying amounts of Na2MoO4 inhibitor. Solid lines are Rp and
dashed lines are IE values.
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of AZ31-xLi alloys obtained in 0.05 M NaCl solution during the classical
EIS measurement are shown in Fig. 7. The measurements were per-
formed after the OCP was stabilized for 1000 s (Fig. 4). All obtained
Nyquist spectra characteristically display a distorted capacitive loop
corresponding to two overlapping time constants at high and medium
frequencies and an inductive loop at low frequencies. The recorded EIS
spectra are typical for the AZ31 and AZ31-xLi alloys [23,44,45,64,65].
Some spectra also showed an inductive response at high frequencies,
which, however, usually originate from used cable connections and were
not considered in the spectra analysis. The impedance modulus at low
frequencies and the capacitive response at middle frequencies analyzed
from Bode plots significantly increased in solutions containing the in-
hibitor (Fig. 7). Such a response indicates improved corrosion resistance
of the surface. However, in solutions with 10 mM of the inhibitor,
impedance modulus decreased suggesting lower corrosion resistance.

The interpretation of the EIS data was done taking into account the
limitations of EIS measurements, especially in the low-frequency region
caused by the non-stationarity of the examined system. The quantitative
assessment of the protective effect of the inhibitor based on the EIS data
is usually performed using Eq. (2) and charge transfer resistance Rct or
polarization resistance Rp values. From EIS spectra, Rct may be deter-
mined as the impedance value when Z” → 0, while Rp can be estimated
as the low-frequency intersection of the impedance with the x-axis when
the frequency f → 0. In all examined conditions, the classical EIS mea-
surement clearly showed low-frequency inductive loops in the Nyquist
representation, showing a great difference between impedance values
based on Rct and Rp. Most often, such inductive loops are assigned to the
relaxation processes of adsorbed intermediates of the corrosion process
[66,67]. However, to provide a repeatable and reliable impedance
spectrum, the measured system must fulfill the requirement of statio-
narity. Classical EIS measurements of Mg alloys’ corrosion are often
largely affected by the system’s non-stationarity [68], which might

cause the occurrence of the low-frequency inductive tail and thus pro-
vide uncertainty in the interpretation of the obtained results [68,69]. To
mitigate this limitation, we propose to implement dynamic DEIS mea-
surements described in the next part of this submission. At the same
time, to correctly address the parameters of the equivalent circuit and
fitting error of the classical EIS measurements and compare them with
the DEIS results, the inductive part was excluded from the spectra
fitting. This was done by selecting the frequency interval in the fitting
software where no inductive response was registered. The used equiv-
alent circuit is shown in Fig. 7a. In this approach, Rs corresponds to the
resistance of the solution, R1 represents the resistance of the surface
oxide/hydroxide or protective (inhibitor) film [70–73], CPE1 is a
capacitive response of this film [34,44,70,73], R2 is the charge transfer
resistance, and CPE2 is a constant phase element for the electrochemical
double layer [44,66]. The element CPE in the circuit was used to address
the capacitive response of a non-uniform surface of studied AZ31-xLi
alloys. The impedance of CPE can be expressed as:

ZCPE =
1

Y0 (jw)n
(4)

where Y0 is the CPE constant, j is the imaginary unit, w is the radian
frequency, and n is the mathematical factor.

The results of the spectra fitting are summarized in Table 3. It can be
seen that both R1 and R2 parameters increased significantly compared to
the uninhibited solution as the concentration of the inhibitor in the so-
lution was 50 mM or more.

Calculations of IE based on the classical EIS data were done based on
the values of Rct and the surface film resistance R1, with the latter being
further used in the interpretation of the DEIS data. The obtained values
are listed in Table 3. The highest IE values were recorded when 150 mM
of the inhibitor was added to the solutions. The values of the protective

Fig. 7. Nyquist and Bode EIS plots of AZ31–4Li (a, d), AZ31–8Li (b, e), and AZ31–12Li (c, f) in 0.05 M NaCl in the absence and presence of Na2MoO4. Symbols
represent experimentally obtained data and lines are fitting results with equivalent circuit shown as an inset in (a).
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action calculated based on both parameters were comparable to each
other and increased with an increase in the content of Li in alloys.

3.2.4. Dynamic electrochemical impedance spectroscopy
As stated above, the non-stationarity of the measured system can

cause a significant effect on the impedance measurement of Mg alloys.
Therefore, to minimize the impact of the system’s non-stationarity, dy-
namic DEIS measurements were also performed. In the selected fre-
quency interval (22000–0.7 Hz) the measurement time of each spectrum
is less than 1 s and the OCP is measured before each EIS spectrum, which
allows to perform the measurement in quasi-stationary conditions [50].
The DEIS spectra of AZ31-xLi alloys obtained in the solutions with and
without the molybdate inhibitor during 70 minutes of immersion are
shown in Fig. 8, while selected Bode plots, corresponding to the condi-
tions similar to those examined by classical EIS are shown in Fig. 9.

The impedance response of all alloys in the 0.05 M NaCl solution
(Fig. 8a–c, Fig. 9a–c) without the inhibitor showed similar features. All
obtained spectra showed one capacitive loop with a clear sign of

inductive response even for the DEIS multisine signal. Compared to the
classical EIS measurements, this inductive response clearly originates
from ionized species generated in the frame of the corrosion of the
examined alloys. The alloy with less Li had greater corrosion resistance,
according to a comparison of the DEIS spectra acquired throughout the
same time periods. For all alloys, the radii of the DEIS spectra decreased
with immersion time, showing high corrosion rates and weak resistance
of the formed surface films of corrosion products. After 2000 s, the radii
and shapes of the spectra are comparable for all alloys (Fig. 8a–c),
suggesting that a layer of corrosion products was formed on the surface,
which to some extinction controls corrosion rate.

To further examine the protective action of sodiummolybdate, it was
gradually added into the 0.05 M NaCl solution after initial pre-exposure
for 10 min in the non-inhibited solution (Fig. 8d–f). The introduction of
the molybdate inhibitor significantly increases the radii of the DEIS
spectra of all studied alloys. It suggests rapid adsorption of the inhibitor
on the surface with the formation of a protective layer, which suppresses
the active corrosion of alloys. The comparison of the spectra obtained in

Table 3
The results of the fitting experimental EIS data with an equivalent circuit shown in Fig. 7a and a standard deviation value of three independent measurements.

Concentration of inhibitor, mM R1, Ω cm2 R2, Ω cm2 Y0, μΩ–1 cm–2sn n1 Y0, μΩ–1 cm–2sn n2 Rct, Ω cm2 IE (Rct), % IE (R1)%

AZ31–4Li
0 727±64 134±39 15±3 0.95±0.03 15±5 0.95±0.03 861 – ​
10 361±44 67±28 48±6 0.77±0.02 24±16 0.99±0.01 428 – ​
50 1450±82 329±73 90±4 0.72±0.01 100±20 0.90±0.01 1779 52 49
100 1520±78 783±67 26±2 0.86±0.01 82±22 0.91±0.15 2303 63 52
150 2410±55 810±71 54±2 0.77±0.01 290±70 0.85±0.10 3220 73 70
AZ31–8Li
0 305±66 215±47 13±7 0.97±0.02 120±50 0.77±0.15 520 – ​
10 303±10 55±15 50±5 0.81±0.01 140±20 0.89±0.05 358 – ​
50 762±88 327±76 47±6 0.80±0.20 190±60 0.80±0.20 1089 52 59
100 2063±133 505±48 54±2 0.78±0.01 390±90 0.92±0.08 2568 79 85
150 2093±84 1183±380 60±10 0.76±0.01 260±120 0.91±0.03 3276 84 86
AZ31–12Li
0 142±15 2± 69±1 0.81±0.5 240±100 0.92±0.05 144 ​ ​
10 135±5 5±7 60±13 0.85±0.5 470±150 0.97±0.01 140 ​ ​
50 732±27 35±18 22±8 0.89±0.01 77±5 0.95±0.10 767 81 80
100 1061±73 12±45 82±14 0.77±0.05 360±30 0.90±0.09 1073 86 87
150 1266±106 275±68 87±35 0.75±0.01 220±100 0.89±0.03 1541 91 88

Fig. 8. Nyquist DEIS plots of AZ31–4Li (a, d), AZ31–8Li (b, e), and AZ31–12Li (c, f) in 0.05 M NaCl without (a–c) and with (d–f) gradually increased amounts of
Na2MoO4 inhibitor. The equivalent circuit used for data fitting is shown as inset in (a).
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the conditions with and without the inhibitor confirmed that the content
of Li in AZ31-xLi Mg alloys has a strong impact on the corrosion inhi-
bition values. The highest initial increase in the impedance values was
observed for the AZ31–4Li alloy. The further increase in the inhibitor
concentration results in a monotonous increase in the impedance values,
with its rate decreasing in the row AZ31–4Li → AZ31–8Li → AZ31–12Li
alloy. Nevertheless, for all alloys, the molybdate inhibitor showed high
effectiveness, while the inhibition mechanism strongly depends on the
concentration of the inhibitor in the solution. A similar tendency was
previously reported for the AZ31 and WE43 Mg alloys [34,44].

The comparison of the 2D EIS and DEIS measurement spectra in the
solutions containing the same amounts of the inhibitor (Fig. S2 in Sup-
plementary Information) shows that the impedance values were usually
higher in the case of DEIS measurements. These results clearly show the
effect of the system nonstationarity and exposure time on the classical
EIS measurement. Therefore, the results of the DEIS measurements
should be considered more reliable, while both techniques showed
comparably high inhibition effectiveness of the molybdate inhibitor.

For the DEIS measurement, the low-frequency range was limited to
0.7 Hz to ensure system stationarity during the measurement. Inhibition
of the corrosion processes provided by dissolved molybdate ions resul-
ted in the absence of the inductive response registered in the inhibited
solutions. The lowest frequency applied in the DEIS measurement de-
scribes the impedance of the surface film of Mg oxide/hydroxide (in
0.05 M NaCl) and Mo-rich species (in molybdate-containing solutions)
[50]. To analyze the DEIS data in all conditions, the equivalent circuit
shown in Fig. 8a was used. Note, that in the uninhibited conditions, the
inductive part was not considered to provide an easier comparison of the

data. In the equivalent circuit, again Rs was assigned as the solution
resistance, R1 represents the resistance of the surface oxide/hydroxide or
protective film [70–73], and CPE1 is a capacitive response of this film
[34,44,70,73]. The dynamics of the change of the circuit parameters in
time is shown in Fig. 10.

The values of R1 in 0.05 M NaCl without the inhibitor were rapidly
decreasing in the first 1000 s of the experiment (inset to Fig. 10a). Af-
terwards, the decrease was not so prominent, suggesting the occurrence
of steady active corrosion of the surface partially covered with a layer of
corrosion products. After ca. 3000 s the values of R1 in 0.05 M NaCl
become stable in time. In the experiments with the gradual addition of
sodium molybdate into 0.05 M NaCl solution, the value of R1 corre-
sponds to the resistance of the Mo-rich surface film formed on the sur-
face and it started to increase rapidly when the first portions of the
inhibitor were added into the solution. It confirms the rapid adsorption
of the inhibitor on the surface of the AZ31-xLi alloys and a rapid pro-
tective activity on their surface. In the case of the CPE constant Y0
(Fig. 10b), its values were almost one order of magnitude lower in the
inhibited solutions, also supporting the high efficiency of the inhibitor.

To calculate the effective capacitance of the surface, Ceff, based on
the DEIS data, the following equation was used [74]:

Сeff = Y1/n
0

(
RsR1

RsR1

)(1− n)/n

. (5)

The calculated values are shown in Fig. 10c. For all examined con-
ditions the value of Ceff was in the range of 10–4–10–3 F/cm2, which is
typical for oxide protective layers on metal surfaces [74].

Since the rate of the inhibitor supply into the solution is known and

Fig. 9. Bode DEIS plots of AZ31–4Li (a), AZ31–8Li (b), and AZ31–12Li (c) in 0.05 M NaCl without and with gradually increased amounts of Na2MoO4 inhibitor.
Conditions marked as 0 mM show the last DEIS spectrum registered in 0.05 M NaCl before initiation of the inhibitor addition.

Fig. 10. Evolution of parameters of equivalent circuit used for the analysis of DEIS data. Open markers correspond to 0.05 M NaCl (spectra in Fig. 8a–c) and filled
markers describe 0.05 M NaCl with molybdate inhibitor (spectra in Fig. 8d–f). The top x-axes correspond to the concentration profile of Na2MoO4 in solutions and are
valid for only filled markers.
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constant, the extracted parameters of the multisine impedance moni-
toring in the solutions with and without the inhibitor can be assigned to
the instant concentration of the molybdate inhibitor in the examined
solutions at a given time point. Therefore, inhibition effectiveness, IE,
can also be estimated from the DEIS data using Eq. (2) [50]. The
calculated values are listed in Fig. 11. Opposite to polarization (Table 2)
and classical EIS (Table 3) results, the positive values of IE were regis-
tered for all concentrations of the inhibitor. The values of IEwere rapidly
increasing at low concentrations of the inhibitor for all alloys and then
remained almost constant after reaching the concentration of the in-
hibitor of ca. 35 mM. The stable inhibition effect of ca. 94, 93, and 88%
for AZ31–4Li, AZ31–8Li, and AZ31–12Li, respectively, was calculated
from the measurements. The obtained results suggest rapid interaction
of the inhibitor with the surface of AZ31-xLi Mg alloys.

3.3. Post-corrosion surface analysis

In this section, corrosion experiments of AZ31-xLi alloys in 0.05 M
NaCl solutionwithout and with 150 mM of the molybdate inhibitor were
performed to understand themechanism of the inhibition action because
this concentration provides high inhibition effectiveness. The surface
morphology as well as the surface film composition after corrosion were
analyzed.

3.3.1. Surface morphology and EDX elemental analysis
The surface morphologies of AZ31-xLi alloys after corrosion in the

0.05 M sodium chloride solution for 5 min, 1, and 24 h is shown in
Fig. 12. Selective corrosion of the β-Li phase was clearly visible already
after 5 min of immersion in the chloride media (Fig. 12a) for AZ31–8Li,
and AZ31–12Li. After 1 h of corrosion, all samples undergo general
corrosion of the alloys’ matrix phases. At the same time, local corrosion
attack around Al- andMn-rich IMPs was noted. The regions around spots
of severe local corrosion were seen to be covered with a layer of
corrosion products. The surface of the alloys’ matrix was also covered by
a layer of corrosion products and corrosion damage increased with an
increase in Li content in the alloy. In the case of the AZ31–8Li alloy, the
presence of filiform corrosion was observed, which most probably
occurred on the boundaries of α and β phases [23,65]. However, pro-
longed exposure for 24 h to the corrosive environment resulted in a
much more pronounced corrosion attack. An uneven, thick layer of
corrosion products covered the surface. The structure of this layer differs
somewhat depending on the Li content in the alloy. The difference in the
corrosion morphologies between studied alloys is explained by the
different phase composition of the alloys (Fig. 2) and pH values in the
near-surface layer of the electrolyte and, accordingly, different thick-
nesses and compositions of the formed layer of corrosion products.

The results of the EDX analysis (Table 4) confirmed that the formed
surface films primarily contain magnesium, most probably in the form of

oxide/hydroxide layers. Aluminum was also observed in rather high
amounts (up to 2.6 at%) at the majority of examined spots. After 24 h of
exposure to the corrosive environment, the oxygen content in the
composition of surface films increased, which may be due to the for-
mation of a thick layer of oxide-hydroxide passive films.

Fig. 13 shows SEM images of the AZ31-xLi alloys immersed in the
0.05 M NaCl solution with 150 mM of sodiummolybdate for 1 and 24 h.
The surface morphology of all examined alloys was quite different
compared to the solution without the inhibitor (Fig. 12). No regions of
severe local corrosion attack were seen on the surface, except for some
local pitting on the surface of the AZ31–12Li alloy. The formation of a
protective Mo-containing layer is clearly seen on the surface of all alloys.
After 24 h of exposure, the surfaces of AZ31–4Li and AZ31–8Li alloys do
not show areas of severe corrosion attack, while some areas are covered
with thick precipitate layers reach in Mo (Table 5), forming passive
layers, most probably over IMPs. However, the surfaces of AZ31–12Li
contained some areas of local corrosion attack around IMPs, which is
due to the higher local reactivity of this alloy. Nevertheless, no promi-
nent corrosion attack was observed supporting the high inhibition ac-
tivity of molybdate. The point EDX analysis (Table 5) confirmed the
presence of molybdate in the surface layers and the formation of a Mo-
rich protective layer over the surface of all examined alloys. The surface
layers also contain hydrated oxide/hydroxide Mg species, forming
corrosion products with varying stoichiometry. Therefore, the relative
Mo/O ratio cannot be reliably assigned [34,75]. However, it confirmed
that the molybdate inhibitor forms surface protective layers on the
surface of AZ31-xLi alloys.

3.3.2. Raman spectroscopy
To further understand the mechanism of corrosion and its inhibition

for the AZ31-xLi alloys, Raman spectra were acquired. Optical images of
the surfaces selected for Raman measurements are shown in Fig. 14 and
obtained characteristic Raman spectra are shown in Fig. 15.

Examination of corrosion mechanisms of Mg alloys by Raman mea-
surements was previously reported in [47,76,77]. In the present
contribution and our previous experiments [44], the analysis of Mg-rich
surface layers was based on the low-wave number region
(200–1200 cm–1), where both Mg(OH)2 and Mo-rich species can be
analyzed [34,44]. Raman spectra of all alloys after exposure to 0.05 M
NaCl solution without inhibitor for 1 h were similar and showed two
characteristic Raman bands at 280 and 443 cm− 1, corresponding to Mg
(OH)2 [76,78]. After 24 h of the exposure to uninhibited solutions
resulted in the appearance of the Raman band at 1094 cm–1, which was
assigned to the formation of magnesium or lithium carbonates on the
surface, probably by the reaction with CO2 dissolved in the electrolyte
[79,80]. Moreover, we cannot exclude the formation of surface car-
bonate layers already after 1 h of exposure. However, the thickness of
these layers might be not enough for Raman analysis [48].

Raman spectra of the surfaces obtained after corrosion experiments
in molybdate-containing solutions showed additional Raman bands
associated with Mo-rich compounds. Molybdenum compounds in
aqueous media can present in different oxidation states and coordina-
tion geometries [81]. Therefore, interpretation of the results of Raman
analysis should consider valence states and possible oligomerization
degree [34,42,44]. The main Raman band located at 880–1000 cm–1 is
typically associated with Mo(VI) species and corresponds to νsym (Mo–O)
vibrations. Its position is very sensitive to the coordination geometry,
the chain length, and the hydration degree of molybdate species [82].
Raman spectra of all alloys after 1 h of corrosion experiments showed
bands at 1004, 996, and 265 cm–1, which are typical for hydrated mo-
lybdenum(VI) oxide, MoO3(H2O)3 [83–85]. The Raman band at
1110 cm–1 can be assigned to polyoxomolybdate species or MoOx ox-
ides, which are formed on the surface due to a partial reduction of
adsorbed molybdate ions [42]. Raman bands at 942 cm–1 correspond to
Mo7O24−

6 [86]. Raman bands at 321 and 911 cm–1 were assigned toFig. 11. Evolution of inhibition efficiency IE depending on the concentration of
molybdate inhibitor in 0.05 M NaCl solution.
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dimolybdates Mo2O2−
7 [87]. Three characteristic bands at 740, 585, and

569 cm–1 were assigned to molybdenum compounds in lower valence
states, such as Mo(IV) oxide MoO2 or Mo(VI)–Mo(V), Mo(VI)–Mo(IV),
and Mo(V)–Mo(IV) mixed-valence species [42,82,84,88].

After 24 h of exposure to 0.05 M NaCl solutions with 150 mM of the
molybdate inhibitor, the signal of Mg(OH)2 (Raman band at 443 cm–1)

dominated in the Raman spectra of all alloys due to the surface coverage
by corrosion products. However, weak Raman signals at 896 and
845 cm− 1 can be assigned to the symmetric and asymmetric stretching
of the terminal Mo––O bonds in crystalline molybdates MoO2−

4 [34,86,
89]. Importantly, no evidence of the presence of Mo(IV) compounds was
observed after 24 h of corrosion experiments.

3.3.3. XPS spectroscopy
Fig. 16 depicts the results of the high-resolution XPS analysis of the

surface of AZ31-xLi alloys after 1 h of exposure to NaCl solution con-
taining 150 mM of the molybdate inhibitor. The phase composition and
amount of Li in the alloys have a significant effect on the shape of the
obtained spectra. First, XPS spectra shown in Fig. 16a reveal a pro-
gressive negative shift of the Mg 1 s peak location from 1303.6 eV (for
AZ31–4Li) down to 1303.2 eV (for AZ31–12Li), a feature revealing that
the alloy surface is covered with the growing amount of Mg hydroxide
that probably displaces or covers dense inner MgO layer [51,90,91]. At
the same time, the Mg moieties share at the surface increases rapidly,
tripling its value.

The interaction of the inhibitor with the surface inevitably leads to
the appearance of Mo-rich species in different oxidation states. The
formation of Mo(VI) oxides at the surface of all alloys is testified withMo
4d5/2 peak at 232.0 eV [34,42,92]. Its share is the highest in the case of
the AZ31–4Li and AZ31–8Li alloys, reaching approx. 12 at% and drops
down to 5.3 at% for the AZ31–12Li alloy (Table 6). Additionally, other
molybdenum species, Mo(V) and Mo(IV) have been detected in the
composition of the surface layers, which share seems to be less affected
by the lithium content.

The high-resolution O 1 s spectra presented in Fig. 16c support the
above observations. The component at 529.9 eV represents Me-O (Me:
Mg and Mo) [44,50,91], which dominates at the surface at low Li con-
tent and is displaced by hydroxides for AZ31–12Li with Me-OH:Me-O
ratio changing from 0.55:1–1.22:1 (Table 6).

The overall observation from the XPS data backs up the

Fig. 12. SEM images of the AZ31–4Li (a, d, g), AZ31–8Li (b, e, h), and AZ31–12Li (c, f, i) surface after 5 min (a–c) 1 h (d–f), and 24 h (g–i) exposure to 0.05 M NaCl
solution. Numbers correspond to regions analyzed by EDX analysis (Table 4).

Table 4
Elemental composition of the surface of AZ31-xLi alloys after 1 and 24 h of
exposure to 0.05 М NaCl without inhibitor. Point labels correspond to those
marked in Fig. 12.

Alloy Point

Elemental composition, at%

Mg Al O Cl

After 1 h

AZ31–4Li

1 82.8 1.1 6.8 9.4
2 61.6 1.3 20.3 16.8
3 7.8 – 6.9 85.4
4 82.3 0.4 16.0 1.3

AZ31–8Li

1 97.4 2.6 ​ ​
2 76.5 ​ 16.4 7.2
3 24.5 2.1 53.6 19.8
4 34.0 2.0 55.2 7.1

AZ31–12Li

1 37.5 ​ 55.5 7.0
2 65.1 0.4 31.2 3.3
3 82.6 0.6 14.5 2.3
4 30.1 0.8 52.2 17.0

After 24 h

AZ31–4Li

1 65.9 1.6 32.5 –
2 38.8 1.0 50.4 9.8
3 37.7 1.0 59.7 1.6

AZ31–8Li

1 37.8 0.5 59.7 2.0
2 40.7 – 59.3 –
3 41.9 – 58.1 –

AZ31–12Li

1 38.6 – 61.4 –
2 41.4 1.6 54.6 2.4
3 63.4 0.4 36.2 –
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electrochemical studies, confirming the higher corrosion susceptibility
of the alloys with larger lithium additive, where the passive film is
replaced by non-stoichiometric corrosion products (primarily magne-
sium hydroxides).

3.4. Mechanism of corrosion and its inhibition

In this section, we summarize the results of the electrochemical
measurements and surface analysis and propose the corrosion mecha-
nism of AZ31-xLi alloys in 0.05 M sodium chloride solutions. Imple-
mentation of the DEIS approach also allows to provide of a detailed
inhibition mechanism by aqueous molybdate species.

The phase composition of the surface of AZ31-xLi alloys consisted of
the alloy matrix and several types of IMPs. The most important differ-
ence with the increase of lithium content in AZ31-xLi (x = 4, 8, 12)
alloys, is the change of the crystal structure from α-phase hcp
(AZ31–4Li) to β-phase bcc (AZ31–12Li) through a mixed α + β phase

(AZ31–8Li). Therefore, the corrosion resistance of examined alloys
should be mainly defined by the corrosion resistance of the bulk α- and
β-phases and microgalvanic activity between the alloys’ matrix and
IMPs. Li et al. [23] reported a decrease in the corrosion rate of Mg-Li
alloys in 0.1 M NaCl in the following order Mg–7.5Li > Mg–4Li >

Mg–14Li. However, in the present contribution, a linear decrease in the
corrosion resistance with increased Li content was observed in an order
AZ31–4Li> AZ31–8Li> AZ31–12Li. This difference might be attributed
to the additional presence of Al and Zn in the composition of the alloys
leading to the differences in the composition of IMPs, variations in the
heat treatment, and other structural parameters (grain size, IMPs size,
etc.).

In the case of AZ31-xLi alloys examined in the present contribution,
the surface morphology after corrosion in 0.05 M NaCl solutions in-
cludes areas covered by a relatively thin and thick porous layer of Mg
(OH)2. Corrosion of the alloys is mainly localized on their matrix and
matrix/IMPs interfaces, following the mechanism:

Mg − 2e− →Mg2+; (6)

2H2O+2e− →H2 +2OH− . (7)

The overall reaction is:

Mg+2H2O→Mg(OH)2 +H2. (8)

As the examined alloys contain high amounts of Li, its selective
dissolution from the matrix and IMPs will occur following the reaction:

Li − e− →Li+. (9)

This process is also accompanied by hydrogen evolution on Eq. (7),
which can promote the deposition of a surface Li hydroxide layer:

Li+ +OH− →LiOН, (10)

with the overall reaction:

2Li+2H2O→2LiOН+H2. (11)

The analysis of the track of the OCP of examined alloys and pH of
solutions (Fig. 4) shows that these processes, especially the selective
dissolution of lithium, are very rapid. The intensification of the process
of selective dissolution of Li will also be facilitated by the formation of
microgalvanic pairs between phases of the alloys with different elec-
tronegativity. However, the surface of all alloys is covered by a layer of
corrosion products within a few minutes, as evidenced by the

Fig. 13. SEM images of AZ31–4Li (a, d), AZ31–8Li (b, e), and AZ31–12Li (c, f) surface after 1 h (a–с) and 24 h (d–f) exposure to 0.05 M NaCl solution with 150 mM
of Na2MoO4. Numbers indicate regions analyzed by EDX analysis (Table 5).

Table 5
Elemental composition of the surface of AZ31-xLi alloys after 1 and 24 h of
exposure to 0.05 М NaCl with 150 mM of Na2MoO4. Point labels correspond to
those marked in Fig. 13.

Alloy Point

Elemental composition, at%

Mg Al O Cl Mo Na

After 1 h

AZ31–4Li

1 31.5 1.3 3.2 36.6 ​ 27.4
2 79.9 0.8 13.8 2.7 1.8 0.9
3 63.8 1.0 4.0 18.3 1.1 11.8

AZ31–8Li

1 72.6 0.8 17.6 8.2 0.8 –
2 94.2 2.5 3.3 – – –
3 69.2 2.4 11.1 16.2 1.1 –

AZ31–12Li

1 51.7 8.5 39.8 – – –
2 95.7 1.2 3.2 – 1.0 13.6
3 67.0 5.2 13.2 – – –

After 24 h

AZ31–4Li

1 91.2 4.2 4.2 – 0.4 –
2 99.8 0.1 0 – – –
3 88.9 0.5 7.6 – 3 –

AZ31–8Li

1 80.3 1.7 5.5 10.5 0.5 1.5
2 24.7 6.7 52 9.5 3.3 3.8
3 93.6 2.3 4.2 – – –

AZ31–12Li

1 88.1 0.6 5.1 6.2 – –
2 34.1 3.9 57.7 ​ 4.3 –
3 88.6 0.9 – 6.2 4.3 –
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stabilization of the OCP and further confirmed by the results of DEIS
measurements (Fig. 8a–c). The stabilization time decreased as the con-
tent of Li in the alloy increased, which might be attributed to the for-
mation of surface films with higher protective ability. The solubility of
lithium hydroxide is rather high and in naturally aerated solutions,
corrosion products can further react with dissolved carbon dioxide
forming stable carbonate surface films on reactions:

2LiOН+СO2→Li2CO3 +H2O; (12)

Mg(OН)2 +СO2→MgCO3 +H2O. (13)

The presence of surface carbonates was confirmed by Raman
(Fig. 15) and С 1 s XPS spectra (not shown). Nevertheless, the protective
ability of the formed surface layers is not enough, and corrosion attack
increased after 24 h of exposure to 0.05 M NaCl solution under the in-
fluence of aggressive chloride ions and possible microdefects in the
formed complex morphologies (Fig. 12).

Our electrochemical data demonstrated that the use of the

molybdate inhibitor significantly affects the corrosion behavior of all
examined AZ31-xLi alloys. In aqueous media, molybdate ions retard
corrosion of the examined alloys by forming a protective insoluble film
over the active surface areas. Nevertheless, as for other Mg alloys [34,
44], it is essential to supply high concentrations of the inhibitor in the
electrolyte, especially in the initial stages of the inhibition, to ensure
effectiveness (Figs. 5–7). Interestingly, the results of instant DEIS mea-
surements report inhibition effectiveness even for small portions of the
inhibition (Fig. 10). However, utilization of low concentrations of mo-
lybdates seems to be inefficient at long exposure times. Therefore, in the
mechanism below we assume relatively high concentrations of the in-
hibitor in the solution (above 100 mM) to provide reliable inhibition.

The aqueous chemistry of molybdates is rather complex and many
ionic forms are present in aqueous solutions depending on their pH [42,
86]. Due to the processes of the alloys’ corrosion described by Eqs. (6)–
(11), the pH in the near electrode area is alkaline. Therefore, mostly
monomolybdates will be present in the solution [34]. As supported by
the DEIS data (Fig. 10), a rapid adsorption of molybdate ions on the

Fig. 14. Optical images of AZ31–4Li (top row), AZ31–8Li (middle row), and AZ31–12Li (bottom row) surface after 1 and 24 h exposure to 0.05 M NaCl solution
without and with 150 mM of Na2MoO4. Numbers indicate regions analyzed by Raman spectroscopy (Fig. 15).

Fig. 15. Raman spectra of AZ31–4Li (a), AZ31–8Li (b), and AZ31–12Li (c) after 1 (1, 3) and 24 h (2, 4) exposure to 0.05 M NaCl solution without (1, 2) and with (3,
4) 150 mM of Na2MoO4. Numbers indicate regions analyzed by Raman spectroscopy (Fig. 14).
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surface is the first stage in the inhibition mechanism of AZ31-xLi alloys.
The adsorption preferably occurs on the active areas of the surface.
However, it is mostly uniform with time and after 24 h of corrosion,
almost the whole surface of all alloys was covered with a Mo-rich layer
(Fig. 13).

The high reactivity of Mg and Li promotes the reduction of adsorbed
molybdates with the formation of Mo(IV) oxide and mixed Mo(V)-Mo
(VI) polymolybdate species, as confirmed by Raman (Fig. 15) and XPS
data (Fig. 16, Table 6):

MoO2−
4 +2H2O+ 2e− →MoO2 + 4OH− ; (14)

MoO2−
4 +2H2O+ e− →MoO+

2 +4OH− ; (15)

2MoO2−
4 +Mg+4H2O→2MoO+

2 +Mg(OH)2 +6OH− . (16)

As the last step, formed MoO+
2 ions can interact with hydroxide ions

OH– in the near interface area:

MoO+
2 +OH− +H2O→MoO(OH)3↓. (17)

The insoluble hydroxide formed in the process Eq.(17) provides a
high corrosion protection effect. It should be noted that after 24 h of
corrosion experiments, the amount of molybdate on the surface
decreased compared to that after 1 h of testing. It might indicate that the
high corrosion activity of AZ31-xLi alloys contributes to further local
corrosion attack.

4. Conclusions

In this work, the effect of sodium molybdate on the corrosion

mechanism of lithium-containing AZ31-xLi (x = 4, 8, and 12 wt%)
magnesium alloy was examined. The corrosion protection effectiveness
of molybdate was evaluated depending on its concentration in 0.05 M
NaCl solution and associated with the composition of the surface Mo-
rich films. The following conclusions can be drawn:

1. The microstructure of the AZ31-xLi (x = 4, 8, and 12 wt%) magne-
sium alloys strongly depends on the concentration of Li in the alloy.
The alloys consist of α-Mg (AZ31–4Li), α-Mg and β-Li (AZ31–8Li),
and β-Li (AZ31–12Li) matrix phases with micrometer-sized Mg-Al,
Al-Mn, and Al-Zn IMPs distributed in matrix phases.

2. Potentiodynamic polarization and classical EIS data revealed that
aqueous molybdate at high concentrations (>50 mM) leads to a
significant decrease (up to ca. 95% for 150 mM of Na2MoO4) in the
corrosion rate of the AZ31-xLi alloys in 0.05 M NaCl solutions.
Application of multisine DEIS measurements allowed for instanta-
neous monitoring of the inhibition efficiency in time with the values
of the inhibition efficiency of ca. 85% at concentrations of molybdate
higher than 35 mM.

3. Corrosion of AZ31-xLi (x = 4, 8, and 12 wt%) magnesium alloys in
0.05 M NaCl solutions results in the formation of thick non-uniform
layers of corrosion products. The results of the Raman and XPS
spectroscopy confirmed that these layers consist of MgO/Mg(OH)2/
MgCO3/Li2CO3. In the case of 0.05 M NaCl additionally containing
aqueous molybdate, stable protective films containing Mo(IV), Mo
(V), and Mo(VI) compounds were formed.

4. The corrosion rate of AZ31-xLi (x = 4, 8, and 12 wt%) Mg alloys
increases with the increase in Li content. The corrosion mechanism
of the AZ31-xLi surface in 0.05 M NaCl solution mainly localizes on
the selective dissolution of the alloys’ matrixes around cathodic IMPs
and of Li from IMPs. Corrosion inhibition by Na2MoO4 is achieved by
the competitive adsorption of molybdate anions on the active sites of
the surface of AZ31-xLi alloys and the formation of a Mo(VI)/Mo(V)/
Mo(IV)-rich mixed-valence dense protective layers.
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[71] M. Deng, D. Höche, S.V. Lamaka, D. Snihirova, M.L. Zheludkevich, Mg-Ca binary
alloys as anodes for primary Mg-air batteries, J. Power Sources 396 (2018)
109–118, https://doi.org/10.1016/j.jpowsour.2018.05.090.

[72] Y. Li, X. Lu, K. Wu, L. Yang, T. Zhang, F. Wang, Exploration the inhibition
mechanism of sodium dodecyl sulfate on Mg alloy, Corros. Sci. 168 (2020) 108559,
https://doi.org/10.1016/j.corsci.2020.108559.

[73] C. Song, C. Wang, D. Mercier, B. Vaghefinazari, A. Seyeux, D. Snihirova, D.C.
F. Wieland, P. Marcus, M.L. Zheludkevich, S.V. Lamaka, Corrosion inhibition
mechanism of 2,6-pyridinedicarboxylate depending on magnesium surface
treatment, Corros. Sci. 229 (2024) 111867, https://doi.org/10.1016/j.
corsci.2024.111867.

[74] B. Hirschorn, M.E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Musiani,
Determination of effective capacitance and film thickness from constant-phase-
element parameters, Electrochim. Acta 55 (2010) 6218–6227, https://doi.org/
10.1016/j.electacta.2009.10.065.

[75] S. Thomas, N.V. Medhekar, G.S. Frankel, N. Birbilis, Corrosion mechanism and
hydrogen evolution on Mg, Curr. Opin. Solid State Mater. Sci. 19 (2015) 85–94,
https://doi.org/10.1016/j.cossms.2014.09.005.
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