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Abstract

In order to improve the corrosion resistance of AZ91D magnesium alloy, a coating was formed by a potentiostatic technique from a
solutions containing Ce(NOs3)3;, Na,MoO, and citric acid (H;Cit). The degree of corrosion protection achieved was evaluated in simulated
physiological solution by monitoring the open circuit potential, polarization techniques and electrochemical impedance spectroscopy (EIS).
Surface analysis techniques (SEM, EDS, X-ray diffraction and X-ray photoelectron spectroscopy (XPS)) were used for coating characterization.
The film is mainly composed by cerium and molybdenum oxides and magnesium oxides and hydroxides. The obtained results show that the
corrosion resistance of the coated electrodes has been increased significantly. This improvement in the anticorrosive performance is in part
due to the corrosion inhibition properties of H;Cit.
© 2018 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Magnesium and its alloys are promissory materials for tem-
porary implants due to their interesting combination of engi-
neering properties such as low density, high specific strength
and stiffness, excellent machinability and good castability
[1,2]. These light-weight materials are biocompatible and
biodegradable in physiological environment. Moreover, they
have physical and mechanical properties similar to natural
bone [3]. However, the major disadvantages of Mg alloys are
their poor resistance to corrosion and high chemical reactivity
which have hindered a wider use in many applications [4-7].

To improve the corrosion resistance of magnesium al-
loys several surface treatments have been proposed, such as
chemical conversion, anodization, laser and ion beams, PVD
(Physical Vapor Deposition) coatings and CVD (Chemical Va-
por Deposition), electroless plating and deposition of organic
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coatings [8—11]. All these surface treatments aim to modify
the surface of the alloys without affecting their bulk perfor-
mance. Some of these methods have been claimed to be able
to offer good corrosion protection. Treatments that modify
the oxide surfaces are known for their low cost and simplic-
ity of operation. Anodization is one of the most important
and effective surface pretreatments for Mg and its alloys. In
contrast to other surface treatments for these materials, an-
odization can produce a relatively thick, hard, adherent and
abrasion-resistance film [12].

The use of molybdate in different treatments to protect Mg
alloys against corrosion has been the subject of various works
[13-15]. Molybdate anion has many advantages, such as low
toxicity and high stability in aqueous media [16,17]. In a pre-
vious work, we showed that the anodization of the AZ91D
magnesium alloy in molybdate solutions applying low poten-
tials allowed obtaining coatings with good anticorrosive per-
formance [18]. The improvement in the corrosion resistance
is associated with the presence of molybdenum species in the
formed film.
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On the other hand, the formation of cerium-based coat-
ings on Mg alloys have been intensively studied [19,20].
These coatings increase the corrosion resistance of magne-
sium biodegradable alloys in simulated physiological media.
It is known that the use of H,O, as an additive leads to
the formation of a more compact film [21-24]. Wang et al.
reported that a cerium coating obtained by a galvanostatic
technique showed better corrosion resistance compared to the
film formed by open circuit conditions on AZ91D magne-
sium alloy [25]. Du et al. studied the corrosion resistance of a
Mo-Ce conversion coating on AZ91 magnesium alloy and re-
ported an improvement in the corrosion resistance of the alloy
after 10 min of immersion in a solution of sodium molybdate
and cerium nitrate at 25 °C [13]. We have shown in a previ-
ous work that a cerium-based coating prepared from a solu-
tion containing Ce(NOs3)3;, H>O, and ascorbic acid (HAsc) on
AZ91D alloy offered a superior corrosion protection in sim-
ulated physiological solution compared with the film formed
in the absence of HAsc [26]. The improvement in the anti-
corrosive properties is associated with the combination of the
characteristics of the cerium oxides and the inhibitory effect
of the additive.

In the present work, we report the formation of cerium
and molybdenum-based coatings on AZ91D magnesium alloy
by a potentiostatic technique. The influence of citric acid as
an additive in the treatment solution was analysed. Optimal
experimental conditions were determinate to obtain films with
a good anticorrosive performance in simulated physiological
solution.

2. Experimental

The working electrodes were prepared from rods of
AZ91D magnesium alloy (composition: 8.978% Al, 0.6172%
Zn, 0.2373% Mn, 0.2987% Si, 0.1189% Cu, 0.00256% Ni,
0.0176% Fe, 0.00164% Ca, 0.01154% Zr, remainder Mg).
The rods were embedded in a Teflon holder with an ex-
posed area of 0.070 cm?. Before each experiment, the ex-
posed surfaces were polished to a 1000 grit finish using SiC,
then degreased with acetone and washed with triply distilled
water. Following this pretreatment, the electrode was immedi-
ately transferred to the electrochemical cell. All the potentials
were measured against a saturated Ag/AgCl and a platinum
sheet was used as a counter electrode. The cell was a 20 cm?
Metrohm measuring cell.

The electrodes were treated in an electrolyte solution
containing cerium nitrate hexahydrate Ce(NO3)3;-6H20 (5—
50mM) and Na;MoO4-2H,0 (5-20mM) in a purified nitro-
gen gas saturated atmosphere. Citric acid (H3Cit) was used
as additive and its concentration was varied between 1 and
30mM. The temperature employed was 50 °C. All chemicals
were reagent grade and solutions were made in twice distilled
water.

Electrochemical measurements were done using a
potentiostat—galvanostat Autolab PGSTAT 128N and Volta-
Lab40 Potentiostat PGZ301. The frequency used for the
impedance measurements was changed from 100kHz to 10

mHz and the signal amplitude was 10mV. The morphologies
of the synthesized coatings were investigated by scanning
electron microscopy (dual stage ISI DS 130 SEM), equipped
with energy dispersive spectrometry (EDAX 9600). X-ray
diffraction analysis was carried out using a Rigaku X-ray
diffractometer (model Dmax III-C) with Cu Ka radiation and
a graphite monochromator. In order to examine the chemical
composition of coatings X-ray photoelectron spectroscopy
(XPS) was performed in a Specs setup operating. The XPS
analysis chamber is equipped with a dual anode (Al/Mg)
X-ray source and a 150mm hemispherical electron energy
analyzer (PHOIBOS). The analyzer operated in fixed analyzer
transmission (FAT) mode with pass energy of 30eV. The
energies of all spectra were referenced to the C 1s peak
at 285.0eV. All the XPS spectra were deconvoluted using
the CASA XPS software with a Gaussian-Lorentzian mix
function.

Film adhesion was tested measuring the force necessary to
peel-off the film using a Scotch® MagicTM double coated
Tape 810 (3M) and a Mecmesin basic force gauge (BFG
50N).

The corrosion performance was investigated in Ringer so-
Iution at 37°C by a potentiodynamic method, by the variation
of the open circuit potential (OCP) as a function of time and
by electrochemical impedance spectroscopy (EIS). The elec-
trodes were allowed to equilibrate at the fixed voltage before
the ac measurements. The composition of Ringer solution is
(per 1L) 8.60g NaCl, 0.30g KCI and 0.32 g CaCl,.2H,0.

The Tafel tests were carried out by polarising from
cathodic to anodic potentials with respect to the open circuit
potential at 0.001 Vs~! in Ringer solution. Estimation of
corrosion parameters was realized by the Tafel extrapolation
method. The extrapolation of anodic and cathodic lines
for charge transfer controlled reactions gives the corrosion
current density (icor) at the corrosion potential (Ecor). All
experiments were conducted approximately 30min after im-
mersion in the Ringer solution. Electrochemical impedance
spectra were obtained at the open circuit potential (OCP) in
the frequency range from 100kHz to 100 mHz, and the signal
amplitude was 10mV. Furthermore, the EIS data were ana-
lyzed and modeled into equivalent electrical circuits (EEC)
with Z-View software. All experiments were conducted after
the steady-state E.,, was attained. Each set of experiments
was repeated two to four times to ensure reproducibility.

3. Results

3.1. Evaluation of the anticorrosive properties of the
coatings

Electrolyte solution composition and applied potential were
varied to establish the best conditions for coating formation.
First, the alloy was treated in a Ce(NOs3); solution under po-
tentiostatic control or under open circuit potential (OCP) con-
ditions. It was not possible to form a coating after immersion
of the substrate under OCP conditions in 30mM Ce(NOj3)3,
pH 4.0. On the other hand, when the Ce(NOs3)3 concentration
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Fig. 1. The polarization behavior in Ringer solution of Ce-coat formed on
AZ91D magnesium alloy in 30mM Ce(NO3)3 at: (a) —0.30V, (b) —0.60V
and (c) 0.30V. For comparison the polarization curve of uncoated AZ91D
alloy was also included (d). The scan rate was 0.001 Vs,

was below 30mM the electrode surface was partially cov-
ered by a grayish-white film after polarization in the potential
range between —0.60V to 0.60V during 30min. A concen-
tration of 30 mM leads to the formation of a Ce coating com-
pletely covering the substrate. Therefore, this concentration
was selected.

In order to evaluate the influence of the applied potential
on the anticorrosive performance of the formed films, po-
larization measurements were recorded in Ringer solution for
the alloy previously polarized at different potentials in 30 mM
Ce(NO3);3 (Fig. 1). For comparison, the polarization curve ob-
tained for the untreated substrate is also presented (Fig. 1,
curve d). The anodic polarization curve of bare AZ91D alloy
presents a current density increase at approximately —1.50V,
which indicates active dissolution. Significant current oscilla-
tions can be observed at more anodic potential values. Pardo
et al. suggested that the AZ91D alloy suffer pitting attack
immediately after its immersion in the aggressive media [27].
These authors concluded that, contrary to what might be ex-
pected, general corrosion attack was the main mechanism of
degradation of this alloy due to the fast growth of corrosion
products on the material surface. By comparing the polar-
ization curves, it is evident that the coatings provide an im-
provement in the corrosion resistance (Fig. I, curves a-c). In
all cases, a white insoluble precipitate appeared at the end of
the potential scan denoting alloy dissolution. As the Ce layer
formed at —0.30V shows the best anticorrosive performance,
this potential was selected for further experiments. For prac-
tical purposes the film will be called Ce-coat.

The effect of addition of different concentrations of
Na,MoO, to the cerium solution was evaluated. After mix-
ing the two solutions (Ce(NO3); and Na,MoO,) a yellow
precipitate was observed. Thus, during coating formation
the treatment solution was slightly agitated. The reaction
between Ce’* and MoO,>~ has been extensively studied by
Mittal et al. [28]. They reported the formation of a yellow
amorphous precipitate of cerium molybdate Ce;03.3 MoO3
in the pH range 5.8-6.2. Fig. 2 shows the polarization curves
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Fig. 2. The polarization behavior in Ringer solution of Ce-Mo-coat formed
on AZ91D magnesium alloy formed at —0.30V in 30mM Ce(NO3)3 and x
mM Na;MoOy, with x: (a) 5mM, (b) 15mM, (c) 30mM. For comparison
the polarization curve of uncoated AZ91D alloy was also included (d). The
scan rate was 0.001 Vs—!.
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Fig. 3. The polarization behavior in Ringer solution of cerium and
molybdate-based films coated AZ91D magnesium alloy formed at —0.30V
during 30min in 30mM Ce(NO3)3, 15 mM Na;MoOy4 and x mM H3Cit, with
x: (a) OmM, (b) 1mM, (c) 5SmM and (d) 10mM. For comparison the polar-
ization curve of uncoated AZ91D alloy was also included (e). The scan rate
was 0.001 Vs~

recorded in Ringer solutions for the coating electrodeposited
at —0.30V during 30min in 30mM Ce(NO3)3 and different
concentrations of Na,MoQO,. The reference curve for the
untreated alloy is also given for comparison. The presence
of a long passive region for the sample prepared in 30 mM
Ce(NO3); and 15mM Na,MoO4 suggests that the formed
film exhibits highly protective properties in a Ringer solution
(Fig. 2, curve b). Thus, this molybdate concentration was
selected and the coating will be called Ce-Mo-coat.

In order to improve the anticorrosive performance of Ce-
Mo-coat different concentrations of citric acid (H3Cit) were
added to the treatment solution. Fig. 3 shows the polariza-
tion curves for the coatings formed from a solution contain-
ing 30mM Ce(NOs3)3;, 15mM Na;MoO, and different H;Cit
concentrations. For comparison the anodic polarization curve
obtained for Ce-Mo-coat was also included. A significant im-
provement in the corrosion performance was evidenced by
the presence of the coatings modified with H3Cit. At the end
of the potentiostatic procedure a yellowish-white film was
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Fig. 4. Time dependence of the OCP in Ringer solution for: (a) Ce-coat,
(b) Ce-Mo-coat, (c) Ce-Mo/H3Cit-coat and (d) uncoated AZ91D magnesium
alloy.

observed by the naked eyes for all coatings. The resulting
curves show that 10mM is the optimal H3Cit concentration
(Fig. 3, curve d). The coating generated at —0.30V in a so-
lution containing 30mM Ce(NOs3)3, 15mM Na;MoO, and
10mM H;Cit pH 3.5 will be called Ce-Mo/H;Cit-coat.

Open circuit potential monitoring as a function of immer-
sion time is usually employed to estimate the degree of cor-
rosion protection attained after covering the substrate with the
coating. Fig. 4 depicts the evolution of the OCP of uncoated
AZ91D and coated samples during immersion in Ringer so-
Iution at 37 °C. In the case of the uncoated alloy, the OCP
decreases rapidly from an initial value of about —1.45V to
a minimum value of about —1.53V (Fig. 4, curve d). This
point would indicate the presence of localized corrosion, and
then the decrease in OCP is associated with the spread of
corrosion across the AZ91D surface [29]. As soon as the
substrate was immersed in Ringer solution, the surface was
corroded and hydrogen bubbles evolution appeared. After 3—
4 h, precipitate of white corrosion products can be observed
at the bottom of the electrochemical cell. A similar behavior
is observed for the Ce-coat and Ce-Mo-coat although the ini-
tial value is more noble than that of the uncoated sample
(Fig. 4, curves a and b). For the Ce-Mo/H;Cit-coat, the
change of OCP can be divided into three stages (Fig. 4, curve
c). In the first stage, a potential increase was observed within
the first 24 h of immersion, probably associated with the depo-
sition of magnesium or aluminum oxides or hydroxides [29].
Then the OCP decreases slowly during 10 days until reach-
ing a steady state at —1.10V. Thus, the registered OCP values
for this coating are more noble than those for the other films
evaluated. In addition, a white precipitate was not observed
for the Ce-Mo/H;Cit-coat after testing for 15 days in Ringer
solution.

The concentration of Mg released from the samples after
immersion in Ringer solution was measured. In the case of
the uncoated alloy, the quantity of Mg released was 3.90 mg/L
while a value of 1.80mg/L was obtained for the Ce-Mo-coat.
A higher decrease in the quantity of Mg released (0.67 mg/L)
was determined when the substrate was coated with the Ce-
Mo/H;Cit-coat. These results confirm the better anticorrosive
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Fig. 5. Tafel curves obtained in Ringer solution for: (a) Ce-coat, (b) Ce-Mo-
coat, (c) Ce-Mo/H3Cit-coat and (d) uncoated AZ91D magnesium alloy. The
scan rate was 0.001 Vs~

Table 1
I. L. Lehr, S. B. Saidman.

Coating Adherence force/ N
Ce-coat 23.8
Ce-Mo-coat 32.1
Ce-Mo/H3Cit-coat 453

efficiency of Ce-Mo/H;Cit-coat even after a long exposure
time.

Fig. 5 compare the Tafel plots for uncoated and coated
AZ91D alloy. Table 2 reports values related to the estimation
of the corrosion parameters (Ecqy, cathodic (B.) and anodic
(Ba) Tafel slopes and corrosion current (ico)) for all coatings
studied. For all the treated samples, the corrosion potential
is higher compared to the one for the untreated alloy. The
corrosion potential value increased from —1.095V for Ce-
coat to —0.70V for Ce-Mo/H;Cit-coat. The i value for
Ce-Mo-coat was two orders of magnitude lower than that for
uncoated AZ91D alloy. A significant improvement in the cor-
rosion performance is observed for Ce-Mo/H;Cit-coat, which
shows the lowest i, among all of the samples, by about
three orders lower than that of the uncoated substrate. Du
et al. reported an improvement in the corrosion properties of
AZ91 after 10min of immersion in a solution composed of
sodium molybdate (3—4 g/L) and cerium nitrate (8—10g/L) at
25 °C [13]. The authors informed that the corrosion potential
increased by approximately 90mV and the corrosion current
density was decreased by approximately two orders of mag-
nitude compared with the bare AZ91 magnesium alloy. Then,
the potentiostatic deposition of the coating in the presence
of H;Cit as an additive significantly improves the corrosion
resistance of AZ91D alloy.

The impedance spectra recorded for the AZ91D alloy with-
out any treatment and after different treatments are shown
in Fig. 6. The bare AZ91D magnesium substrate spectrum
was characterized by a well-defined capacitive loop in the
high-frequency range, which represents the interface reaction
between the electrolytic solution and the substrate. An in-
ductance behavior in the low frequency region is displayed
which may be related to a change of the surface state due
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Fig. 6. Nyquist plots of the impedance spectra obtained at the open circuit
potential in Ringer solution for: (a) Ce-coat, (b) Ce-Mo-coat and (c) Ce-
Mo/H3Cit-coat. For comparison, the Nyquist plot for uncoated AZ91D alloy
after Smin of immersion was presented (curve d, small insert).

Table 2
I. L. Lehr, S. B. Saidman.

Ecorr /' V icor / MAcm> B, /V B./V
AZ91D — 1.501£0.050 0.10504+0.0050 0.045 —0.293
Ce-coat — 1.0954+0.050 0.015040.0050 0.035 —0.183
Ce-Mo-coat — 0.7854£0.020 0.0090+0.0005 0.418 —-0.312
Ce-Mo/H3Cit-coat — 0.63740.020 0.0020+0.0001 0.176 —0.123

to the breakdown of the surface coating in Ringer solution
[30] or to adsorbed/desorbed of corrosion products on the
sample [31]. The impedance diagrams for the treated samples
exhibit two capacitive loops in the high and low frequency
ranges. It is important to note that the inductive response was
not observed for the coated samples. It is well known that the
bigger the diameter of the semicircle the better the corrosion
resistance of the sample [32]. In this way, the responses for
the coated samples show larger semicircles as compared with
uncoated samples, confirming that all coatings improve the
corrosion resistance of AZ91D alloy in Ringer solution. Ac-
cording to previous studies [18,26], the capacitive loops for
the coated samples in the high frequency range correspond
to the charge transfer resistance on the substrate surface (R)
and coating capacitance (C.). The low frequency capacitive
loop is attributed to the corrosion product layer, the oxide
film and the coating on the surface of metal substrate [33]. In
summary, it is clear that the presence of Ce-Mo/H;Cit-coat
provides a superior anticorrosive performance for magnesium
alloy.

The performance of the Ce-Mo/H;Cit-coat at different im-
mersion times in Ringer solution was analyzed by Nyquist

Table 3
I. L. Lehr, S. B. Saidman.

plots (Fig. 7A). As can be observed, the diameter of capac-
itive loop decreases gradually with increasing time, indicat-
ing that the anticorrosion performance of the coating is re-
duced with time. However, after 15 days of immersion the
total impedance response is still much greater than that ob-
tained for the bare substrate. This result corroborates that the
Ce-Mo/H;Cit-coat can effectively improve the corrosion re-
sistance of the alloy.

To estimate the corrosion performance, experimental
impedance spectra of Ce-Mo/H3Cit-coat at different immer-
sion times in Ringer solution were fitted using equivalent cir-
cuits (Fig. 7A). The equivalente circuit described in Fig. 7B is
usually utilized to fit EIS data from conversion coating formed
on Mg alloys [15]. The fitting resuls of impedance spectra are
listed in Table 3. The equivalent circuits make use of a con-
stant phase elements (CPE) as a substitute for a capacitor.
The model simulates the experimental data well, considering
that the errors of fitting are lower than 5% for all the param-
eters. In the equivalent circuit proposed for the coating R
represents the resistance of the solution. R; and CPE,; repre-
sent, respectively, the pore resistance and the capacitance of
the coating. CPE; and R, are related to the interface between
coating and substrate.

In order to evaluate the corrosion resistance, the values of
R, are the most important to analyze. From the fitted values, it
can be observed a slow decrease in R, values with time. This
result may be associated with the progressive dissolution of
the Ce-Mo/H;Cit-coat during 15 days of immersion in Ringer
solution. Also, it can be noticed that the fitted values of the
capacitive components in the circuit remained nearly constant
with immersion time.

3.2. Coatings characterization

SEM images of the Ce-Mo-coat and Ce-Mo/H;Cit-coat
were presented in Fig. 8. The morphology of Ce-Mo-coat is of
crack-mud structure (Fig. 8A). The cracks may be due to the
dehydration of the surface film after the treatment [34]. In the
same way, Hamalaoui et al. proposed that the cracked area is
associated with the formation of gas bubbles on the substrate,
with a dehydration process or also with shearing stresses be-
tween the alloys and the coating formed [35]. As shown in
Fig. 8B a smooth, compact and uniform coating with tiny
cracks was observed for Ce-Mo/H;Cit-coat. The EDS results
confirm the presence of Ce and Mo in both coating studied
(Fig. 9).

Fig. 10 shows the XRD patterns of the uncoated AZ91D
alloy and coated samples. By comparing the XRD patterns

Immersion time Rs (Q.cm?) R; (Q.cm?) Ry (Q.cm?) CPE; (Fcm™2) n CPE, (F.cm™2) n
Ce-Mo/H3Cit-coat 2 h 21.17 2289 34,993 2.56E-5 0.59 5.81E-7 0.96
1 day 21.2 2200 7635 2.73E-5 0.59 5.81E-7 0.96
7 days 20.9 2100 3950 2.64E-5 0.59 5.82E-7 0.95
15 days 21.1 1980 3325 2.52E-5 0.59 5.78E-7 0.96
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Fig. 7. (A) Nyquist plots of the impedance spectra obtained at the open circuit potential in Ringer solution for Ce-Mo/H3Cit-coat after different immersion
times: (a) Smin, (b) 24h, (c) 7 days and (d) 15 days. (o) experimental data; (-) fitted data. (B) Equivalent circuit used for fitting experimental EIS data for

Ce-Mo/H;Cit-coat.
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Fig. 8. SEM micrographs of: (A) Ce-Mo-coat and (B) Ce-Mo/H3Cit-coat.

we can conclude that the coatings are composed of CeO,,
Ce, 03, M0o0O;, MoO3; and Mg(OH), [13,18,26].

XPS is usually employed to identify the specific electron
binding energies of elements at the surface of conversion coat-
ing and the main reacting products. Fig. 11A shows the survey
spectra of the Ce-Mo/H;Cit-coat obtained by XPS. Mg, O, Al,
Ce and Mo were detected as the major elements. A more de-
tailed XPS analysis of specific electron binding energies of
elements was illustrated in Fig. 11B-E. According to the data
previously reported [13,18,26], the XPS peaks of each ele-
ment should be resulted from the corresponding compounds.
Fig. 11B shows the Mg 2p sprectrum and the results indicate
that Mg in the coating is present as MgO and Mg(OH), [36].
As shown in Fig. 11C the fitted peaks of O 1s correspond-
ing to metallic oxides [13]. The binding energies at about
899.1eV and 882.1eV corresponding to Ce**, 904.1eV and
885.1eV corresponding to Ce* [13,26] (Fig. 11D). The fitted

peaks of Mo3d at about 234.8eV and 232.5eV correspond to
Mo®* and the peaks at 231.9 and 234.5eV are attributed to
the Mo**, indicating that the conversion coatings consist of
a mixture of MoO;, and MoO3 (Fig. 11E). Thus, from the re-
sults obtained it could be proposed that CeO,, Ce,03, MoO,,
MoOj3;, MgO and Mg(OH), constituted the coating.

The force necessary to peel-off the films is shown in
Table 1. The presence of H;Cit in the treatment solution
increases the adhesion of the film. All the coatings can be
removed only by mechanical polishing.

4. Discussion

The main cathodic reaction during corrosion of magnesium
alloys is the reduction of hydrogen ions. The hydrogen dis-
charge causes an increase of the pH in the interface between
the alloy and the electrolyte solution, which promotes the
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Fig. 9. EDX spectra for: (A) Ce-Mo-coat and (B) Ce-Mo/H3Cit-coat.
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206/ deg

Fig. 10. XRD spectra for: (a) uncoated AZ91D alloy, (b) Ce-coat, (c) Ce-
Mo-coat and (d) Ce-Mo/H3Cit-coat.

reaction of Ce** and Ce** species with OH™ to form insol-
uble salts of Ce(OH); and Ce(OH)4 as coating components.
It is well known that the inhibiting mechanism for cerium
species is related to the formation of these highly insoluble
cerium oxides and hydroxides preferentially in active cathodic
zones [37,38]. In this way, several authors have proposed that
the mechanism for the galvanostatic formation of CeQO; is
based on the local pH increase in the cathodic region [21,39].
It has been reported that electrochemical reactions such as the
reduction of water, nitrates or disolved oxygen provided in-
creased pH at the electrode surface [40]. Moreover, it was
shown that the valence state of cerium changed from Ce** to
Ce**t at the electrode surface in aerated solutions, resulting in
the formation of Ce(OH),%t species which reacted with elec-
trogenerated OH™ ions to form a precipitate of CeO, [41].
On the other hand, molybdenum is well known as a local-
ized corrosion inhibitor when it is present in the electrolyte as
Mo(VI) or as an alloying element in iron-based alloys. In the
case of Mg alloys, molybdate was used in different treatments

It is important to consider that the combination of cerium
cations and other inhibiting anions can often lead to syner-
gistic corrosion inhibiting properties [44,45]. The inhibiting
efficiency of cerium salts combined with molybdate in the
corrosion of AA2024 aluminum alloys has been discussed in
several works [44-46]. The presence of molybdenum in the
coating has been attributed to redox properties of molybdates
which can precipitate on cathodic and anodic sites in the al-
loy [46]. In particular, there is only one report in the litera-
ture evaluating the efficiency of cerium salts combined with
molybdate in the corrosion inhibition of AZ91D alloy [13].
The authors describe the mechanism of coating formation and
conclude that molybdate ions facilitate film deposition due to
the strong oxidizing activity in the acid conversion solution.

It is known that the cerium coatings are principally com-
posed by Ce’* and Ce**t with Ce** species as the main
component. A superior anticorrosive performance in solutions
containing chloride ions was obtained when a layer of Ce**
oxide-hydroxides is formed. With respect to coloration, it has
been reported that a coating rich in Ce** oxides gives from
orange to dark yellow color while the pale yellow or translu-
cent has been identified with larger amounts of Ce**species in
the film [47.48]. In the present work the coating obtained in
Ce(NOs3); solution presented a grayish-white coloration while
a dark yellow color was observed for the film electrodeposited
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in the presence of Ce(NOs3); and Na;MoQOy. According to
this, Ce** species are part of the film only when the treatment
bath contains molybdate. Moreover, the presence of CeO; in
the Ce-Mo/H;Cit-coat was confirmed by XPS analysis. As
was mentioned above, dissolved oxygen can promote the oxi-
dation of Ce3* to Ce** species. But in the light of the present
results molybdate is the oxidizing agent, in accordance with
the proposition of Du et al. [13], . From these results, we
suggest that the yellow coloration is a consequence of the
presence of molybdate in the treatment solution and its role
as an oxidant.

With respect to the effects of H;Cit it is known that a
chelating agent should have two opposite effects on the cor-
rosion of metals and may act as either an inhibitor or cor-
rosive [49]. Wang informed that a cerium conversion coat-
ing on AZ91 magnesium alloy formed from ethanol solution
containing Ce(NO3); and citric acid showed good corrosion
performance [29]. The authors postulated that Mg ions orig-
inated from the dissolution of the alloy during immersion
in the treatment bath reacted with Cit> and partly deposited
on the alloy surface in form of Mg;Cit, that is insoluble in
ethanol. According to the theory of chemical adsorption of or-
ganic inhibitors, the chelating agent which forms a stable and
insoluble chelate with a metal in certain medium can inhibit
corrosion. Based on the results obtained here, we can propose
that the formation of stable and insoluble chelates for H;Cit
concentration of 10mM improves the corrosion resistance of
AZ91D alloy. Moreover, the presence of H3Cit as an additive
leads to a closed structure and increases the adhesion of the
deposited film.

As soon as the uncoated AZ91D alloy was immersed in
Ringer solution, hydrogen bubbles evolution appeared. Then
the surface was dissolved continuously. The corrosion starts at
the interface of @ and B phases owing to the micro-galvanic
couple effect which plays an important role in accelerating
the corrosion of the magnesium alloy) [25,49]. With the de-
position of a stable cerium and molybdenum-based coating
on magnesium alloy, the potential difference between o and
B phases became small and the micro-galvanic couple effect
was minimized.

According to the present results, the better anticorrosive
performance is obtained by the formation of Ce-Mo/H;Cit-
coat. This improvement is associated with: (a) the presence
of insoluble cerium oxides in the coating (b) the incorporation
of molybdenum species in the film and (c) the formation of
stable and insoluble chelates on the surface due the presence
of H3Cit in the electrodeposition solution.

4. Conclusions

An uniform, compact and adherent coating was ob-
tained on AZ91D magnesium alloy in a solution containing
Ce(NOs3)3;, NaMoO4 and HiCit under potentiostatic condi-
tions. The Ce-Mo/H;Cit-coat is mainly composed by mag-
nesium oxides or hydroxides and cerium and molybdenum
oxides. A superior anticorrosive efficiency in simulated phys-
iological solution was obtained with this film compared to

those formed in the absence of H;Cit. The improvement in
the corrosion resistance is associated with the presence of in-
soluble precipitates of cerium and molybdenum oxides and
the inhibiting properties of both molybdate and citric acid.
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