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A B S T R A C T

Corrosion properties of aluminum alloy AA6063-T5 were investigated in molybdate-containing NaCl solutions.
Electrochemical, microscopic, and spectroscopic experiments were utilized to examine the mechanism of cor-
rosion inhibition by molybdates. SEM-EDX, magnetic force, and intermodulation electrostatic force microscopy
data suggested that the inhibition initiation preferentially occurred over Fe-rich cathodic IMPs. Spectroscopic
measurements demonstrated that the formed surface layer consists of mixed Mo(VI, V, IV) species. This layer
provided inhibition with an efficiency of ∼90% after 4 h of exposure. High efficacy of ∼70% was achieved even
after one week of exposure. A two-step oxidation-reduction mechanism of corrosion inhibition by aqueous
molybdates was proposed.

1. Introduction

Corrosion phenomena are among the key reasons for reduced life-
time and early failure of metallic-based components and structures in
daily life applications and technologies. Aluminum alloys are frequently
used and they suffer from corrosion. The rather high corrosion re-
sistance of pure Al is due to the spontaneously formed compact and
adherent oxide film [1,2]. However, in the case of Al alloys, the surface
layer contains many heterogeneities, such as intermetallic particles
(IMPs) [3]. These IMPs form local anodes or cathodes in the material
microstructure, and thus increase the susceptibility for localized cor-
rosion [3–5]. This makes corrosion protection of Al alloys a critical
issue and requires development of various protection strategies.

Utilization of corrosion inhibitors is a commonly used approach to
prevent corrosion of metallic materials. A successful inhibitor for Al
alloys is chromate due to its versatility, high inhibition efficiency, and
self-healing ability [6,7]. However, chromates are carcinogens and
mutagens. Thus, attention has recently been given to the development
of new environmentally friendly and efficient inhibitor alternatives. In
this context, oxyanions of the transition metals from the VB–VIIB
groups of the periodic table have been extensively examined [8–10].
Among them, molybdates and vanadates showed the strongest potential
to effectively reduce the corrosion rate of Al alloys [9,11–13]. From the
environmental point of view, molybdates are more promising due to
their lower toxicity [14]. A protective ability of molybdates towards
pure aluminum [15,16], which was not observed for vanadates, also
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suggests their versatility and motivates the inhibitor choice of this
study.

Despite extensive knowledge of corrosion inhibition of galvanized
steel and Zn by molybdates, it is less common to implement them for
corrosion inhibition of Al alloys. There are many approaches to form
molybdate-phosphate сonversion coatings reported [11,17]. The pro-
tective action of molybdate-phosphate coatings is attributed to the
formation of passive Mo–P layers, known as molybdenum blues. Re-
cently, Huang et al. reported formation of a phosphorus-free Mo-rich
сonversion coating from an alkaline bath, consisting of AlF3, Al2O3,
MoO3, and Al2(MoO4)3 on AA6063 alloy [18].

The inhibition effect of soluble molybdates in corrosive media has
been reported to depend on ionic strength and initial inhibitor con-
centration [9,15,19,20]. Several studies [16,21] have reported that
molybdate can displace chloride ions from the metal-solution interface
due to competitive adsorption, and this adsorbed layer will act as a
protective barrier [21]. Later, a more complex mechanism was pro-
posed [16], which includes initial adsorption of molybdate ions fol-
lowed by their reduction and accompanied oxidation of Al. Most of the
studies were carried out using the Al alloy AA2024. Jakab et al. ana-
lyzed cobalt-, cerium-, and molybdenum-based inhibitors and reported
a high potential of molybdate for suppression of the oxygen reduction
reaction (ORR) [22]. However, molybdate had the highest critical
concentration. Later, Lopes-Garrity and Frankel reported the threshold
concentration for the effective corrosion protection of AA2024-T3 to be
0.1 M Na2MoO4 [9]. They also emphasized the importance of the IMPs
for the initiation of the corrosion inhibition process. For other Al alloys,
containing anodic alloying elements (Mg, Zn, etc.), the exact inhibitor
protection mechanism still requires a better fundamental under-
standing.

Accurate measurements of the potential of individual IMPs in Al
alloys and the IMPs effects on the corrosion mechanism have attracted
significant interest in recent studies [3,4,23]. In this work we utilize
advanced scanning probe methods, such as Intermodulation electro-
static force microscopy (ImEFM [24]) and magnetic force microscopy
(MFM) to gain insight into the microstructure of the AA6063-T5 alloy,
and the formation of the molybdate protective layer. The ImEFM
technique provides a higher lateral resolution and high potential re-
solution than commonly applied lift-mode techniques, such as in
scanning Kelvin probe force microscopy (SKPFM) [24]. In our previous
study [23] we demonstrated that ImEFM allows accurate investigations
of IMPs at the nanoscale. The main focus of this study is to elucidate the
corrosion inhibition efficiency of molybdates and its mechanism in
aqueous NaCl medium, with a specific focus on probing nanoscale
electrochemical properties of intermetallic particles and the composi-
tion of the protective layer on the AA6063-T5 alloy.

2. Experimental

2.1. Materials and sample preparation

Aluminum alloy AA6063-T5 was used as extruded plate material.
The nominal chemical composition, as provided by the supplier (Taspo
Radiators, Belarus), is given as (wt.%): 0.45 Si, 0.50 Fe, 0.10 Cu,
0.10Mn, 0.60Mg, 0.1 Cr, 0.15 Ti, and balance Al. All samples with sizes
of 20mm×20mm and thickness of 2.5mm were cut from the plate
material in the normal direction. The samples for the microstructure
and scanning probe microscopy studies were mechanically ground to
4000-grit and polished with up to 0.25 μm diamond paste using 99.9%
alcohol as a lubricant until the mirror surface finish was achieved.
Before experiments, all samples were ultrasonically cleaned in 99.9%
ethanol for 10min. Electrochemical measurements were performed on
samples ground to 1200-grit without further polishing.

2.2. SEM and EDX analyses

The surface morphology and elemental composition of the samples
before and after the corrosion experiments were investigated by scan-
ning-electron-microscopy imaging (SEM) and energy-dispersive X-ray
(EDX) measurements using a JEOL JSM-5610LV scanning electron mi-
croscope equipped with a JEOL JED-2201 system for micro-EDX ana-
lysis.

2.3. SPM measurements

Scanning probe microscopy measurements of surface topography
and contact potential voltage difference were carried out with
Intermodulation Atomic Force Microscopy (ImAFM) [25] and Inter-
modulation Electrostatic Force Microscopy (ImEFM) [24] using a
Bruker Dimension Icon AFM (Bruker). While SKPFM methods are well-
established and are often used to characterize surface electrochemical
properties, the ImEFM technique can offer simultaneous lateral and
potential measurements with higher resolution. This can be of im-
portance for characterizing the nanoscale interface region between
IMPs and matrix. A multi-frequency lock-in amplifier (Intermodulation
Products AB) was connected to an Icon AFM. The measurements were
conducted in air at ambient conditions using HQ:NSC18 probes (Mik-
roMasch) with platinum coating for local electrical measurements. The
nominal tip outer radius was less than 30 nm and the nominal canti-
lever spring constant was 2.8 N/m. The imaging setpoint was optimized
(by lowering the tip-surface interaction force) to minimize possible
cross-talk between the measured topography and potential signals. The
ImEFM measurements were conducted at 1 Hz acquisition speed and
the resulting potential maps contain 256× 256 data points. A tip bias
of 6 V was applied for the measurements. The obtained maps of Volta
potential were not inverted. Data treatment such as flattening or
smoothing was not done for the Volta potential maps. The data were
analyzed using the IMP software suite (version 1.1, Intermodulation
AB) and the SPM images were prepared using the Gwyddion software
(version 2.44). Magnetic Force Microscopy (MFM) measurements were
carried out with a Dimension Icon AFM (Bruker) in a two-pass mode,
i.e. topography was measured during the first pass, while the phase
change due to magnetic interactions was measured above the surface
during the second pass. The measurements were conducted using
MESP-V2 (Bruker) probes with cobalt-chromium coating. The probes
have a nominal tip outer radius of about 35 nm. The nominal cantilever
spring constant was 3 N/m. The probes were magnetized using a stan-
dard probe magnetizer (Bruker) and kept in the magnetic field for about
30 s. The MFM measurements were conducted at scan rates of 0.6–1 Hz
and the resulting maps contain 256× 256 data points. The lift distance
for the magnetic response measurements in the second-pass was 100 nm
for the as-prepared samples (while height variation for surface features
measured at the first-pass was only up to 25 nm). After the inhibitor
layer was formed, the lift distance was increased to 500 nm to avoid
possible cross-talk between the magnetic response and topography (in
this case height variations of up to 300 nm were observed during the
first-pass scanning).

2.4. Corrosion evaluation

All solutions for corrosion studies were prepared with analytical
grade NaCl (≥99.5) and (NH4)6Mo7O24∙4H2O (≥99.98) obtained from
Belreachim (Belarus), and 18.2MΩ cm Milli-Q deionized water.
Corrosion experiments were performed in 0.05M NaCl +3mM
(NH4)6Mo7O24 solution (pH ∼7.2) without pH adjustment. The solu-
tions were stored in closed flasks for 24 h under laboratory conditions
(∼20 °C) to ensure equilibration of Mo species. Reference measure-
ments were done in 0.05M NaCl without inhibitor. The inhibitor con-
centration was selected to provide a comparison of the effectiveness of
molybdates with that of the vanadate inhibitor used in our previous
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studies [4,12].
Electrochemical measurements comprised potentiodynamic polar-

ization scans and electrochemical impedance spectroscopy (EIS) mea-
surements. An Autolab PGSTAT302 N potentiostat/galvanostat and a
standard three-electrode cell setup with a saturated Ag/AgCl reference
electrode and a Pt-mesh counter electrode were used at room tem-
perature (∼21 °C). The exposed area of the sample was 1 cm2 and the
measurements were at least triplicated.

Potentiodynamic polarization curves were recorded within the po-
tential range from −200mV to +200mV vs. open-circuit potential
(OCP) at a scan rate of 0.5mV/s. The Levenberg-Marquardt method
available in the CorrView 3.2c software was used to extract the elec-
trochemical parameters from polarization curves. EIS measurements
were carried out at the OCP over the frequency range from 104 to 10−2

Hz using a sinusoidal perturbation amplitude of 10mV. The ZView 3.2
and Nova 1.11 software were used for data analysis and spectra fitting.

Static immersion weight loss measurements were carried out for
1000 h at 25 ± 1 °C in a TC-80M-2 temperature-controlled cabinet.
The exposed surface area of all samples was 5 cm2 and the solution-to-
specimen area ratio was 50 cm3/1 cm2. The samples were taken out
from the solutions at discrete time intervals, thoroughly rinsed by
deionized water, dried in a desiccator, and weighed with 0.1 mg ac-
curacy using an OHAUS PX225DM microbalance. All weight loss
measurements were replicated on 5 parallel samples.

2.5. Raman spectroscopy

Raman spectra of the AA6063-T5 surface after exposure to the
studied solution were acquired ex-situ with a Jobin-Yvon T64000
Raman spectroscopy system equipped with an Olympus BX40 confocal
optical microscope with a ×50 lens (NA 0.75). The Raman spectra were
excited with an Ar+-laser at 514.5 nm with an incident power of 5mW
and an acquisition time of 600 s. The samples were rinsed with deio-
nized water, air dried, and analyzed within 2 h upon removal from the
solutions. All spectra were acquired at least in duplicate on three dif-
ferent spots of the sample.

2.6. X-ray photoelectron spectroscopy (XPS)

High-resolution XPS spectra of the AA6063-T5 surface were regis-
tered directly after exposure to 0.05M NaCl +3mM (NH4)6Mo7O28

electrolyte for 24 h using a ThermoFisher Scientific Escalab 250Xi
spectrometer, equipped with an Al Kα X-Ray source (spot size 250 μm),
operating at pass energy of 10 eV. The samples were rinsed with deio-
nized water, air dried, and transferred to a vacuum chamber within
15min upon removal from the solution. Charge compensation was
provided by calibration performed for adventitious carbon at the C1s
peak (BE=284.6 eV). The Avantage software from ThermoFisher
Scientific was used for peak deconvolution.

2.7. Calculation of molybdenum speciation in aqueous solutions

The predominance and fractional chemical equilibrium diagrams for
molybdenum species in the aqueous solutions were calculated using the
Medusa Software (KTH Royal Institute of Technology, Sweden) based
on the SOLGASWATER algorithm. Thermodynamic equilibrium con-
stants for the calculations were obtained from the embedded Hydra
database. Calculation conditions were chosen to represent those ex-
perimentally applied.

3. Results and discussion

3.1. Surface analysis

The microstructure of as-polished AA6063-T5 is shown in Fig. 1.
Numerous IMPs were observed on the alloy surface without clear

tendency for clustering. The major fraction of the IMPs was found to be
in the range of 3–10 μm. EDX spectra were measured on individual
IMPs and away from the particles, as exemplified by the spots marked
in Fig. 1c. It was found that the majority of the micrometer-sized IMPs
are rich in Fe and Si, while the surface layer away from the IMPs does
not contain iron (Table 1, areas 1–3). Such micrometer-sized pre-
cipitates constitute active sites for the corrosion initiation and propa-
gation due to the local galvanic interactions caused by the difference in
the electrochemical nature of IMPs and Al matrix [4,23].

A comprehensive study of AA6063-T5 alloy IMPs found at the sur-
face were carried out using the ImEFM method. Topography, contact
potential difference and magnetic force maps of such IMP are shown in
Fig. 2.

A micrometer-sized secondary-phase precipitate consisting of two
parts can be observed in the topography image of 20 μm×20 μm size
(Fig. 2a) and a higher resolution topography image of 6.2 μm×6.2 μm
size (Fig. 2d). The height variation along the particle and the Al matrix
is only a few nm. Thus, the measured surface is well-polished with
limited surface roughness, which is important since it will minimize
cross-talk between potential and topography measurements in ImEFM,
and between magnetic force measurements and topography in MFM.
The intermetallic particle is clearly visible in the ImEFM image as it has
a different contact potential difference compared to the aluminum
matrix, see Fig. 2(b, e). The smaller submicron IMPs, possibly dis-
persoids, are clearly visible in the ImEFM map. Both of the micrometer-
sized IMPs showed significantly higher (about −515mV ± 14mV)
potentials than the surrounding Al matrix with an average potential of
about −1300mV (Fig. 2f). Thus, these two large IMPs are more elec-
trochemically noble than the alloy matrix that suggests a high pro-
pensity for micro-galvanic corrosion around them. It is well-known that
the measurement conditions such as tip probe geometry, coating ma-
terial and coating quality, oxide layer thickness, as well as other pre-
cipitates and water can strongly affect the absolute contact potential
values [26]. Thus, it is preferred to compare the difference between the
Volta potential between IMPs and the matrix rather than the absolute
values. For the particles shown in Fig. 2 the contact potential difference
is 790mV as shown in the cross-section potential data image in Fig. 2f.

Numerous submicron IMPs with lower Volta-potential differences
relative to the matrix were also observed on the surface. It was pre-
viously reported that submicron-sized cathodic precipitates cannot
provide sufficient driving force to support the dissolution of the sur-
rounding anodic region, while the micrometer-sized cathodic IMPs
provide sufficient driving force to cause localized corrosion [3,4,23].
The large cathodic IMP was further imaged with higher potential re-
solution, as shown in Fig. 2e, and the data demonstrate a clear gradient
at the IMP edge. Finite element modeling has demonstrated that such
IMPs and their edges can affect and drive the micro-galvanic corrosion
[27]. The width of the interphase potential gradient zone was calcu-
lated to be about 770 nm ± 260 nm with a Volta-potential gradient of
up to∼0.55mV/nm. In the case of galvanic corrosion, this zone around
IMPs can be considered as a corrosion initiation zone controlled by
material variations.

The presence of micrometer-sized IMPs with high cathodic activity
can be explained by a large fraction of electrochemically nobler (re-
lative to Al) metals, in particular Fe, in their composition, as shown by
the EDX spectra (Table 1). However, it would be beneficial to be able to
distinguish IMPs of different chemical composition using only SPM
techniques, as possible by using the MFM mode. Considering that large
IMPs in AA6063-T5 contain a large fraction of iron, which is ferro-
magnetic, it seems possible to locate such IMPs. Indeed, MFM mea-
surements identify a strong magnetic response for some IMPs in the
AA6063-T5 alloy, as shown in Fig. 2c. Two IMPs of about the same
shape and sizes as the particle in Fig. 2e have an increased phase value,
which is attributed to the magnetic response. Thus, MFM measurements
(Fig. 2c) allow identification of Fe-rich IMPs, which is consistent with
the EDX spectra for similar IMPs reported in this study. The point EDX
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analysis of the micrometer-sized second phases shows that they are of
Al-Fe-Si, Al-Mg-Fe-Si and Al-Fe type (Table 1).

3.2. Corrosion experiments

3.2.1. AA6063-T5 in absence of inhibitor
3.2.1.1. SEM/EDX analysis. A series of corrosion experiments in 0.05M
NaCl solution without the molybdate inhibitor was performed, and SEM

Fig. 1. SEM images of as-polished AA6063-T5 surface. Labeled regions correspond to the EDX analysis listed in Table 1.

Table 1
Elemental composition of the AA6063-T5 surfaces before and after immersion in 0.05M NaCl solutions.

Element, wt.%

Al Fe Si Mg Cr Mn C Zn Ti Cu Mo O

AA6063-T5 as-polished
Surface 98.27 0.53 0.24 0.52 0.09 0.05 – 0.17 0.09 0.04 – –
Area 1 84.90 – 0.65 0.88 – – 12.67 – – – – 0.89
Area 2 78.50 2.42 1.99 3.82 – – 12.52 – – – – 0.75
Area 3 72.17 10.59 3.23 1.50 – 0.39 12.12 – – – – –

0.05M NaCl
Area 4 77.28 0.19 1.33 0.42 – 0.06 17.56 – – – – 3.14
Area 5 72.50 2.97 2.66 0.40 – 0.15 18.06 – – – – 3.27
Area 6 71.92 2.80 2.57 0.36 – 0.08 18.93 – – – – 3.34
Area 7 74.45 2.18 0.54 – – – 19.05 – – – – 3.78
Area 8 64.65 1.97 7.49 0.34 – – 18.18 – – – – 7.37
Area 9 96.46 1.77 – 0.61 – – – – – – – 1.17

Fig. 2. Topography AFM maps (a, d) and corresponding ImEFM Volta-potential maps (b, e) showing intermetallic phases in the microstructure of AA6063-T5 surface.
The line profile (f) shows the potential along the line in the corresponding map (e). MFM map in (c) shows Fe distribution over the surface. The image size was
20×20 μm2 in panels (a–c) and 6.2×6.2 μm2 in panels (d, e).
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micrographs of AA6063-T5 after 4 and 24 h of exposure are shown in
Fig. 3. A severe corrosion attack is evident already after 4 h, and a
region suffering severe general corrosion of the alloy matrix (marked
with an arrow in Fig. 3a) with corrosion products covering the surface
as well as localized pitting around some large IMPs were detected.
However, the interface around IMPs of sub-micron and a few of 2–4 μm
sizes remained almost intact. After 24 h of immersion, corrosion was
even more evident. Pitting was observed around the majority of the
micrometer-sized IMPs (as shown in Fig. 3f), and a thick layer of
corrosion products covered the vicinity sites. The observed morphology
changes provide evidence that corrosion was initiated at the IMP/
matrix interface and progressed towards the alloy matrix, as suggested
by the Volta-potential mapping (Fig. 2). Point EDX analysis after 4 and
24 h of exposure (Fig. 3 and Table 1) revealed some decrease in the
content of Mg in the composition of IMPs, while the amount of Fe and Si
remained constant. This can be caused by the selective dissolution of
the more active (anodic) component (Mg) from the iron-rich IMP. This
selective dissolution causes dealloying of IMPs, enriching the surface in
iron and silicon. A high amount of detected oxygen supports deposition
of corrosion products in the form of oxides/hydroxides on the surface.

3.2.2. AA6063-T5 in the presence of molybdate inhibitor
The surface morphology is clearly different in the case of AA6063-

T5 alloy immersion in 0.05M NaCl with 3mM (NH4)6Mo7O24 inhibitor,
as shown in Fig. 4. The extent of corrosion attack associated with the
matrix and IMPs was lower compared to the situation without inhibitor.
Furthermore, small round-shaped particles were formed on the surface
(Fig. 4c), which are Mo-based oxides. The surface coverage of Mo-based
oxides is not homogeneous after 4 h, but it increased significantly with
time, and after 24 h an almost homogeneous distribution is observed.
This is more evident in the images of higher resolution (Fig. 4(b,d)).
The EDX analysis of the surface region with micrometer-sized IMP,
most likely of α-Fe-Si-Al-type, revealed high content of Mo and O over
this precipitate, as demonstrated in Fig. 4e. This provides evidence for
the formation of a Mo-based oxide passivation layer on top of the IMP.

Note that no clear sign of localized corrosion was observed around this
IMP. Our data indicate that molybdate suppresses the cathodic activity
of such IMPs. The cracks observed in the formed layer are likely due to
internal stresses that develop as the thickness increases.

The preferential localization of Mo-based oxide on the micro-gal-
vanic corrosion active IMPs is of high relevance and further information
was gained by using the SPM methods. Topography SPM images of the
alloy surface after 4 h treatment in 0.05M NaCl with 3mM
(NH4)6Mo7O24, Fig. 5(a,d), confirm the presence of Mo-based oxide
particles with sizes around 300–550 nm. The cross-section profiles over
three particles are shown in Fig. 5g. Many much smaller molybdate
particles are also observed in the SPM topography image, which con-
tribute to an overall surface roughening. The topographical images do
not clearly identify IMPs covered by the Mo-based oxides. However,
this can be achieved using the MFM mode (Fig. 5(b,e)) where Fe-rich
IMPs can be distinguished in the magnetic response maps (Fig. 2c).
Indeed, a strong magnetic response was measured over the Mo-covered
particles as shown in Fig. 5(b,e), and the difference relative to the
matrix is illustrated by the MFM cross-section profile data reported in
Fig. 5h. However, it is not trivial to distinguish if such magnetic re-
sponse arises from the underlying Fe-rich IMPs or due to paramagnetic
properties of the molybdenum oxides [28]. Nevertheless, this approach
can indicate possible preferential inhibitor deposition over Fe-rich
IMPs, and it will be useful for more clear cases in future studies.

The contact potential difference maps, Fig. 5(c,f), were recorded
over the same particles after 4 h of exposure to the inhibitor-containing
solution. It is evident that the potential variation between the particles
and the Al matrix is much smaller than prior to immersion in the in-
hibitor-containing solution. The average contact potential voltage over
the particle in Fig. 5f is 510mV ± 40mV, whereas the average contact
potential voltage over the matrix area in Fig. 5(c,f) is 680mV ±
40mV. Thus, the difference in Volta potential between the particles
and the matrix is only about 170mV, which is approximately 5 times
less than for the freshly polished Al alloy surface. The cross-section
contact potential difference over the particle is shown in Fig. 5i. Our

Fig. 3. SEM images of AA6063-T5 surface after 4 h (top line) and 24 h (bottom line) exposure to 0.05M NaCl. Labeled regions correspond to the EDX analysis listed in
Table 2.
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SPM data is consistent with the corrosion protection offered by the
presence of the molybdate inhibitor on the surface. The small differ-
ences in Volta potential between the particle and matrix also indicate
some possible effects. The presence of a thin deposited layer of mo-
lybdate oxide of varying thickness over the entire surface and IMPs may
reduce the Volta potential difference observed over the IMP and the
matrix. A possible underlying IMP under a molybdate oxide aggregate
can additionally contribute to the measured difference in potentials.
Also, the potential gradient at the particle edge region is less clear
compared to that at the edge of the unexposed IMP shown in Fig. 2.
Thus, the reduction in Volta potential difference and Volta potential
gradient are two reasons for the protective effect offered by the mo-
lybdate inhibitor.

Weight-loss and electrochemical experiments were performed to
further evaluate the corrosion inhibition effect of molybdates on
AA6063-T5.

3.2.2.1. Weight loss tests. The long-term weight loss measurements of
AA6063-T5 samples in 0.05M NaCl solution with and without 3mM of
molybdate inhibitor were used as an indicator of how the corrosion rate
changes with time, and the data are presented in Fig. 6a. The weight
loss for the samples exposed to the chloride-containing electrolyte
without inhibitor increased with increasing immersion time. The
weight loss was significantly reduced in 0.05M NaCl +3mM
(NH4)6Mo7O24 solution. A pale-yellow-colored surface film was
formed on the surface after several hours of exposure. The surface

Fig. 4. SEM-EDX surface analysis after 4 and 24 h exposure to 0.05M NaCl solution with 3mM (NH4)6Mo7O24. (For interpretation of colours in this figure, the reader
is referred to the web version of this article).
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Fig. 5. Topography AFM maps (a, d) and corresponding MFM (b, e), and ImEFM Volta-potential maps (c, f) of AA6063-T5 surface after 4 h of exposure to 0.05M NaCl
+3mM (NH4)6Mo7O24. The line profiles show the topography and potential along the lines in the corresponding maps.

Fig. 6. Weight loss vs. time (a) and photographs of AA6063-T5 samples after immersion tests in 0.05M NaCl with and without 3mM (NH4)6Mo7O24 (b).
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film became much thicker after 24 h of exposure and had a yellow-black
color, turning totally black after ca. 100 h exposure (see Fig. 6b).

The data for samples exposed to 0.05M NaCl containing molybdate
inhibitor shows that after some initial loss, the mass of the samples
increased slightly, thus resulting in negative values of the calculated
weight loss. This is due to the formation of the conversion layer of the
inhibitor on the alloy surface. The small increase in weight loss after
520 h of exposure is probably due to the initiation of corrosion. In this
case, the results of the weight loss experiments cannot be used for a
direct quantitative determination of the inhibition efficiency or direct
correlation between the maximum pitting depth and weight loss [29].
Nevertheless, the effect of corrosion suppression exerted by molybdate
is clear.

3.2.2.2. Potentiodynamic polarization measurements. Representative
potentiodynamic polarization curves obtained after 4, 24, and 168 h
of exposure of the AA6063-T5 samples in 0.05M NaCl solutions with
and without the molybdate inhibitor are shown in Fig. 7. After 4 h of
exposure in the solution without inhibitor (Fig. 7a), active dissolution
of the AA6063-T5 alloy was observed during anodic polarization.
Longer exposure to the 0.05M NaCl solution without the molybdate
inhibitor resulted in a shift of the corrosion potential (Ecorr) towards the
cathodic region by 81 ± 18 and 109 ± 35mV for 24 and 168 h of
immersion, respectively. Moreover, the breakdown potential (Ebr) can
be distinguished at around −705mV and −580mV after 24 h and
168 h of immersion, respectively. This potential corresponds to the
breakdown of the surface film of insoluble corrosion products,
occurrence of which is clearly seen in Fig. 3, and results in
reactivation of the pitting corrosion process. At the same time the
corrosion current density, icorr, decreased from 7.3 ± 0.6 μA/cm2 after
4 h of immersion to, respectively, 3.6 ± 0.3 and 2.3 ± 0.3 μA/cm2

after 24 and 168 h of exposure. This suggests a weak passivation of the
alloy surface by insoluble corrosion products. However, the recorded
icorr values remained relatively high.

Polarization measurements in molybdate-containing NaCl solutions
showed that the molybdate inhibitor provides a clear inhibition effect
(Fig. 7b). In general, the values of Ecorr in molybdate-containing solu-
tions were 10–20mV lower than those in the inhibitor-free solutions at
the same exposure times. The extracted values of the corrosion current
density were (5.0 ± 0.4), (1.8 ± 0.2), and (5.2 ± 0.5)× 10-7 A/cm2

for 4, 24, and 168 h of exposure, respectively. The Tafel slopes of both
the cathodic and anodic branches of the polarization curves changed in
the presence of the inhibitor. These findings combined with a sig-
nificant decrease in the corrosion current density suggest efficient
passivation of the AA6063-T5 surface by molybdates, which provide

mixed inhibition kinetics. The adsorbed molybdates initially impeded
the anodic dissolution reaction occurring on active sites in the micro-
structure and retarded the cathodic oxygen reduction reaction occur-
ring on micrometer-sized cathodic IMPs and passive regions of the alloy
matrix.

Direct comparison of the polarization results in NaCl solution
without and with inhibitor allowed calculation of the inhibition effi-
ciency, IE, of the molybdate using Eq. (1) [4]:

= − ×IE i i[1 ( / )] 100%corr
corr
0 (1)

where icorr
0 and icorr are the corrosion current densities in the absence

and presence of the inhibitor, respectively. The calculated IE was ca.
93%, 94%, and 77% after 4, 24, and 168 h of exposure, respectively.

3.2.2.3. EIS analyses. Typical Nyquist plots of the EIS spectra obtained
at different immersion times in 0.05M NaCl solution without and with
inhibitor are shown in Fig. 8. Nyquist plots for the samples after 10min
and 4 h of exposure to molybdate-free NaCl solution showed two time
constants: a capacitive loop in the high and middle-frequency range and
an inductive loop in the low-frequency range (Fig. 8a). The inductive
behavior is suggested to arise from anodic processes occurring on the Al
alloy surface [4,23,30]. The origin of the time constant in the low-
frequency range changed from inductive to capacitive after 24 h of
exposure, which is explained by the blocking effect of corrosion
products adsorbed on the alloy surface and thus suppressing the
active dissolution of the matrix. Further exposure to the corrosion
medium resulted in an increase in the diameter of the semicircle. The
EIS spectra obtained in the molybdate-containing solution did not show
any inductive response and appeared as two consecutive capacitive
loops (Fig. 8b). The obtained impedance values were significantly
larger than in the case of 0.05M NaCl solution without inhibitor (note
the difference in scale in Fig. 8(a,b)), demonstrating an inhibition effect
of the molybdates. The highest values of the surface resistance in the
molybdate-containing solutions were achieved after 72 h of exposure.
The following slight decrease in the surface resistance after 168 h of
exposure indicates initiation of corrosion, likely resulting from the
increased number of microcracks in the Mo-rich layer on the surface.

The EIS data were fitted using the equivalent circuits shown in
Fig. 8c and the fit parameters are summarized in Table 2. In the used
circuits Rs represents the resistance of the corrosive media between the
Al alloy surface and the reference electrode; R1 is the charge transfer
resistance; CPE1 is a constant phase element for double layer capaci-
tance; L1 is the inductance; RL is the resistance of the adsorbed charged
species; R2 and CPE2 are the resistance and capacitance of the surface
film, respectively [4,31]. A constant phase element (CPE) was used in

Fig. 7. Potentiodynamic polarization curves obtained after 4, 24, and 168 h exposure in 0.05M NaCl without (a) and with 3mM (NH4)6Mo7O24 (b). The scale in (a)
and (b) is the same for the ease of comparison. The scan direction was from cathodic to anodic branch.
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the fitting analysis to represent the non-ideal capacitive response of the
heterogeneous surfaces. From the EIS data, IE was calculated through
the change in the charge transfer resistance [4]. The IE values calcu-
lated from the EIS data were in the range 68%–88%, depending on the
immersion time. Two different equivalent circuits were used for the
fitting of EIS spectra and caution should thus be taken for their direct
comparison. The obtained IE values vary slightly depending on the
applied method for parameter extraction as observed by comparing
polarization and EIS results. In conclusion, the electrochemical ex-
periments demonstrate good inhibition efficiency of molybdate toward
suppression of AA6063-T5 corrosion, despite the slight difference in IE
values calculated based on the two methods applied.

3.3. Surface film composition and inhibition mechanism

In order to gain a better understanding of the corrosion inhibition
mechanism of AA6063-T5, it is essential to elucidate the valence and
ionic forms of the molybdenum species formed in the solution and on

the surface of the alloy during exposure to the corrosive solution. For
that reason, theoretical calculations supported by Raman, UV-Vis, and
XPS experiments were conducted.

3.3.1. Aqueous chemistry of molybdenum compounds
Fig. 9 shows fraction diagrams for molybdenum speciation calcu-

lated without any external potential corresponding to the initial aqu-
eous conditions and by applying the OCP of AA6063-T5 immersed into
3mM (NH4)6Mo7O24 solution to simulate conditions at the electrode/
electrolyte interface. The diagram shown in Fig. 9a demonstrates that
the −MoO4

2 ion predominates in the solution above pH 6 (the pH was
about 7.2 in our solutions). The aqueous molybdate speciation is rather
complex in the pH range 3–6. In this case, a series of protonated ions,
namely −HMoO4 ,

−HMo O7 24
5 , −H Mo O2 7 24

4 , and −H Mo O3 7 24
3 are the predicted

stable species. Further acidification results in the formation of the
H MoO2 4 acid, which is the only predicted compound at pH lower than
∼3.

When the metal is immersed in the solution, several electrochemical

Fig. 8. Nyquist EIS plots in 0.05M NaCl solution without (a) and with 3mM (NH4)6Mo7O24 (b) during 168 h of exposure. The symbols correspond to experimental
data and the lines are results of curve fitting. Equivalent circuits used for data analyzes are shown in (c).

Table 2
Fitting data and calculated inhibition efficiency (IE) extracted from EIS measurements.

Exposure time (h) Rs (Ω cm2) R1 (kΩ cm2) Y1 (Ω–1cm–2sn) × 106 n1 R2 (kΩ cm2) Y2 (Ω–1cm–2sn) × 106 n2 L (kH cm2) IE (%)

0.05M NaCl
0.17 190.0 ± 14.8 2.53 ± 0.12 6.53 ± 0.15 0.96 ± 0.03 4.63 ± 0.20 – – 1987 ± 104 –
4 170.2 ± 16.1 5.65 ± 1.54 13.05 ± 1.66 0.84 ± 0.09 6.74 ± 0.32 – – 24,428 ± 941 –
24 110.0 ± 16.3 10.59 ± 2.42 6.74 ± 0.61 0.95 ± 0.01 3.47 ± 0.22 34.38 ± 4.29 0.99 ± 0.01 – –
72 126.0 ± 12.2 20.01 ± 3.59 8.45 ± 1.04 0.95 ± 0.01 9.31 ± 0.55 260.77 ± 22.76 0.88 ± 0.05 – –
168 127.6 ± 16.4 25.12 ± 3.64 8.45 ± 0.99 0.95 ± 0.02 25.72 ± 2.67 180.83 ± 15.20 0.79 ± 0.10 – –

0.05M NaCl +3mM (NH4)6Mo7O24

0.17 8.96 ± 0.68 20.62 ± 2.54 6.78 ± 0.29 0.89 ± 0.03 3.48 ± 0.10 4.10 ± 0.14 0.95 ± 0.01 – 88
4 7.02 ± 0.64 32.47 ± 2.43 4.08 ± 1.05 0.99 ± 0.01 6.13 ± 0.33 2.87 ± 0.11 0.99 ± 0.01 – 83
24 200.1 ± 34.6 66.51 ± 4.68 1.01 ± 0.l3 0.82 ± 0.05 21.74 ± 2.32 0.31 ± 0.18 0.99 ± 0.01 – 84
72 298.9 ± 28.4 83.21 ± 5.88 9.09 ± 0.56 0.87 ± 0.05 66.97 ± 3.85 0.11 ± 0.09 0.72 ± 0.09 – 76
168 300.4 ± 28.8 78.66 ± 6.61 6.41 ± 1.24 0.94 ± 0.02 165.62 ± 15.26 0.89 ± 0.12 0.73 ± 0.08 – 68

D.S. Kharitonov, et al. Corrosion Science 171 (2020) 108658

9

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


reactions at the alloy surface and homogeneous chemical reactions in
the liquid phase can take place due to the potential difference at the
electrode/electrolyte interface which approaches ∼ −0.67 V (sat. Ag/
AgCl). At this potential molybdate species can be spontaneously re-
duced to the Mo(IV) oxide MoO2 in the pH range ∼2.5–11.8 and to
metallic Mo at pH lower ∼2.5. Thus, several oxidation-reduction pro-
cesses involving Mo compounds can occur on the surface of AA6063-T5.
Note that the OCP changes with time (Fig. 7) causing possible change in
aqueous molybdate speciation. Fraction diagrams built for the OCP
values after 24 h and 168h of immersion (Fig. S1 in the Supplementary
information) revealed a shift of the Mo/MoO2 equilibrium to a higher
pH (∼4.5).

3.3.2. Raman spectroscopy
The Raman spectra of the initial AA6063-T5 surface and after dif-

ferent immersion times are presented in Fig. 10a. The different spectra
were acquired under ambient conditions at the different surface mi-
crostructural features (marked with arrows in Fig. 10(b,c)) after ex-
posure to 0.05M NaCl +3mM (NH4)6Mo7O24 solution for 4 and 24 h.
As the most d-block high-valence metal, Mo can form numerous anionic
complexes and solid oxides in aqueous solutions. The Raman peaks
were interpreted by comparing the peak positions with those reported
in the literature for various molybdenum compounds (Table 3)
[32–40].

The Raman spectrum of as-polished AA6063-T5 showed no detect-
able Raman peaks (Fig. 10a, spectrum 1) and no significant difference
was observed after 4 h of immersion in 0.05M NaCl without inhibitor
(not shown). After 4 h of immersion in 0.05M NaCl +3mM
(NH4)6Mo7O24 solution, low-intensity and rather distorted Raman
bands centered around 1039, 939, 863, 763, 618, and 448 cm−1 were
acquired at several spots on the alloy surface (Fig. 10a, spectrum 2).
These surface locations could be micrometer-sized IMPs with an over-
layer of molybdates, consistent with data presented in Fig. 3. The po-
sitions of the main peaks in the spectrum differ from those reported in
the literature (Table 3) and peak assignment should be carried out with
care. As reported by Spevack and McIntyre [41], the νsym (Mo–O) band
is used to identify the exact form of the molybdate species because of its
highest intensity and sensitivity to changes in the coordination geo-
metry, hydration degree, and degree of polymerization. This band shifts
to higher frequencies as the oxidation state of Mo and degree of poly-
merization increase [36,41,42]. Further, the recorded broad Raman
peaks are suggested to be due to the distortion of two-dimensional
hydrated molybdenum structures on the surface [39,41]. Based on this,
two bands at 939 and 863 cm−1 were assigned to symmetric and
asymmetric stretches of the terminal MoeO bond of the MoO6 unit in
hydrated Mo7O24

6−, respectively [39,40,42]. The Raman bands at 763,
448 and 350 cm−1 correspond to molybdenum compounds in lower
valence states on the surface. Pure MoO2 gives the most intense Raman

band at around 740 cm−1 [32,36], while bands in the region
744–790 cm−1 have been reported for mixed-valence Mo(VI)–Mo(V),
Mo(VI)–Mo(IV), and Mo(V)–Mo(IV) species [36,41,43,44]. No clear
references for the Mo species with Raman bands at 1039 and 618 cm−1

were found in the literature. Nevertheless, a tentative assignment of
these bands can be done [42]. As stated above, condensation of mo-
lybdates on the metal surface leads to the formation of surface poly-
molybdate structures. Minor distortion of the hydrated polymolybdate
structures and their interaction with the alloy surface may result in a
noticeable shift to higher Raman frequencies. Such a shift of up to
20 cm−1 was reported by Hu et al. for Mo-based catalysts [39], and also
recently observed by Verbruggen et al. for molybdate-phosphate con-
version coatings on steel [42]. Therefore, these bands are suggested to
originate from large hydrated polyoxomolybdate clusters of unknown
stoichiometry. To summarize, hydrated Mo(VI) polyoxomolybdates and
mixed Mo(VI)/Mo(V) or Mo(VI)/Mo(IV) oxide compounds were iden-
tified on the surface after 4 h of exposure. In addition, a thin layer of
adsorbed Mo species may be deposited on the Al matrix surface as
discussed in the ImEFM measurements section, but if so, its thickness is
not sufficient to allow detection by the Raman spectroscopy instrument
used in this study.

After 24 h of exposure two typical appearances of the Raman spectra
were found (Fig. 10a, spectra 3 and 4). First, similar spectra to those
measured after 4 h of exposure with Raman bands at 1048, 1039, 1007,
940, 913, 743, 621, and 446 cm−1 were acquired on the yellow-colored
periphery areas of the formed conversion layer (Fig. 10c). Two maxima
at 1048 and 1034 cm−1 are observed on the top of the main peak
centered around 1042 cm−1 with a broad shoulder to ca. 1120 cm−1.
This indicates that at least two polyoxomolybdate species are present
on the surface. Small sharp peaks at 1007 and 996 cm−1 were identified
as MoO3 [36], which is consistent with the yellow colour of the pre-
cipitate. A very weak band at 913 cm−1 was identified as the asym-
metric stretching of MoO4 units of Mo(VI) polyoxomolybdates [38].
The maximum intensity of the Raman band around 740 cm−1 was ob-
served at slightly lower Raman shifts than after 4 h of exposure, in-
dicating higher amount of Mo(IV) oxide compounds on the surface. This
band is rather wide and can indicate low crystallinity of these com-
pounds and possibly the presence of mixed-valence molybdenum spe-
cies, similar to the observations after 4 h. The higher intensity of the
Raman bands after 24 h exposure compared to those obtained after 4 h
is due to a larger thickness of the formed layer.

Second, the Raman spectrum marked as 4 in Fig. 10a was obtained
from the surface area covered by a visibly dark-coloured layer
(Fig. 10c). This spectrum shows sharp Raman bands at 991, 819, 377,
333, 280, 144 cm−1, which confirms high crystallinity of the com-
pound, as well as weak bands at 1007, 970, 922, and 660 cm−1. This
spectrum is characteristic for hydrated molybdenum(VI) oxide,
MoO3(H2O)3 [32,36,40,42,45,46], with a slight shift of the main peak

Fig. 9. Fraction diagrams for an aqueous solution prepared by dissolving 3mM (NH4)6Mo7O24 and 0.05M NaCl. Diagram (a) is calculated without any external
potential, and (b) at −0.450 VSHE, the measured OCP of AA6063-T5.
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positions for the main bands. This is possibly due to reduction of the
oxidization state of some Mo. The asignment is consistent with the dark
colour of the surface precipitates [32,36,41,46]. The exact composition
of this MoOx intermediate oxide is speculative. A number of different
mixed molybdenum oxides (Mo4O11, Mo5O14, Mo17O47, Mo21O61, etc.)
have been reported in the literature [47,48]. However, there is a lack of
reference Raman data for such compounds and their exact character-
ization is beyond the scope of the present study. Importantly, there are
no Raman peaks around 740 cm−1, which indicates the absence of pure
Mo(IV) oxide in the examined spot and presence of mixed-valence

compounds. Moreover, UV-Vis spectrum (Fig. S2 in the supplementary
information) recorded after 24 h of exposure is characterized by a broad
absorption wavelength domain, 200–400 nm, with the maxima at
around 250 and 300 nm. The position and width of the absorption
bands of polyoxomolybdates depend on the polymerization degree
[49]. An increase in the number of Mo atoms in the oxoanions leads to a
red shift of the band and its broadening. Comparison of the data ob-
tained with the spectrum of bulk MoO3 [50], provides some evidence
that formation of a large fraction of pure MoO3 on the surface of
AA6063-T5 is unfavorable. This is essential for the corrosion inhibition

Fig. 10. Raman spectra of as-polished AA6063-T5 surface and typical microstructure features after exposure to 0.05M NaCl solution with 3mM (NH4)6Mo7O24.
Optical micrographs (b, c) show surface areas where spectra (2–4) were acquired.
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mechanism discussed below.

3.3.3. Post-immersion XPS analysis
The XPS analysis was performed in order to complement Raman

experiments and elucidate the chemical states of Mo on the top surface
of the AA6063-T5 alloy after 24 h of exposure to 0.05M NaCl with
3mM (NH4)6Mo7O24. High-resolution XPS spectra in the binding en-
ergy (BE) range of the Al2p and Mo3d peaks are presented in Fig. 11.
The high-resolution Mo3d spectrum was deconvoluted into three peak
doublets corresponding for Mo(VI) (232.7 ± 0.1 eV), Mo(V)
(229.9 ± 0.1 eV), and Mo(IV) (229.2 ± 0.1 eV) compounds
[41,42,51]. The relative Mo(VI) : Mo(V) : Mo(IV) ratio was 1 : 2.5 : 2.8.
However, the peak assignment to specific Mo compounds is not

straightforward. The reason is that Raman data suggest that not a
single-phase but rather a mixture of different Mo compounds was
formed on the surface. As stated in [42], several Mo compounds have
the same or very similar BE. Thus, here we report only oxidation states
of molybdenum in the surface layer of the AA6063-T5 alloy. The de-
convolution of the Al2p high-resolution XPS spectra revealed doublets
located in the energy range characteristic for metallic aluminum
(72.5 eV), Al2O3 oxide (75.0 ± 0.2 eV), and AlO(OH) (76.1 eV), re-
spectively. The results indicate that the passive/adsorption layer is ra-
ther thick because the Al metal peak is barely visible.

3.3.4. Mechanism of inhibition
Our results demonstrate that molybdate belongs to the precipita-

tion-inducing inhibitor class, forming a protective insoluble film on the
metal surface. According to the electrochemical data (Figs. 7 and 8),
molybdate provides mixed inhibition impeding both anodic and
cathodic reactions. The surface analysis supports the occurrence of
several oxidation-reduction processes involving molybdenum com-
pounds on the surface of the AA6063-T5 alloy. This also indicates the
importance of dissolved oxygen in the inhibition mechanism [9]. A thin
hydrated film of aluminum oxide is formed over the Al matrix upon
immersion of the alloy sample in the studied solution. In the case of the
AA6063-T5 alloy, the large IMPs on the surface act as defect centers
where a protective oxide film is not formed. The ImEFM data shown in
Fig. 2 confirm that micrometer-sized IMPs in the AA6063-T5 structure
are electrochemically cathodic relative to the Al matrix and the inter-
phase boundaries are typically anodic. Reduction reactions will take
place on cathodic regions of the surface, while oxidation will occur on
anodic sites. This results in the initiation of localized corrosion in the
boundary regions surrounding these IMPs [4,23,27,52].

When molybdate anions are present in the solution they will in-
itially adsorb on the alloy surface due to its excess positive charge [12],
followed by their spontaneous reduction to Mo(IV) species, as follows
from the equation:

+ + → +
− + −eMoO 4H 2 MoO 2H O.4

2
2 2 (2)

Here monomolybdate −MoO4
2 ions are assumed to be the only spe-

cies present in the initial 0.05M NaCl +3mM (NH4)6Mo7O24 solution
as proposed by Medusa calculations (Fig. 9) and literature data [53].
Note that the reduction of initially adsorbed molybdate species was
only considered over the oxide-free intermetallic particles, which is
supported by the SEM/EDS observations (Fig. 4 where formation of a
Mo-rich layer over Fe-rich large IMPs was demonstrated). The near-
surface pH of the cathodic areas is higher than the bulk pH due to the
OH− ions formed during oxygen reduction. Oppositely, the local pH in
the regions next to the cathodic IMPs can significantly decrease due to
anodic dissolution of the Al matrix, which will supply H+ ions for the
above-mentioned reduction reaction [12,52]. Further, the importance
of the initial corrosion attack for the precipitation of the protective
layer of the molybdate inhibitor was observed. Reference experiments
in the solution containing only 3mM (NH4)6Mo7O24 without chloride
ions showed that a thin molybdate surface film was formed after 24 h,
and this layer was not able to provide reliable corrosion inhibition in
salt spray or electrochemical tests. This correlates well with a low
oxidizing capacity of Mo(VI) compounds in alkaline and near-neutral
solutions [20].

The thermodynamic calculations (Fig. 9) suggest that at low pH the
surface of the Al alloy should reduce the initial molybdate ions to
metallic Mo. However, no strong evidence for the occurrence of this
process was observed, which may suggest the presence of a kinetic
hindrance [20]. The results reported in Fig. 9 corresponds to the ther-
modynamic equilibrium conditions, while the studied system is non-
equilibrium but strives toward equilibrium. The formation of Mo(III)
compounds was not considered since they were reported to be formed
at more negative (∼−1.25–2.0 V (SCE)) potentials [15].

Overall, the results of this study, particularly the Raman data,

Table 3
Raman band positions (cm−1) of solid (s) and aqueous (aq) molybdenum spe-
cies.

Formula Aggregate state Band positions Ref

Molybdenum(IV)
m-MoO2 s 201, 205, 227, 343, 346, 360, 422, 455,

466, 493, 567, 582, 737
[32]

m-MoO2 s 203, 228, 345, 363, 461, 495, 571, 589,
744

[33]

Molybdenum(V)
MoOCl52− aq 253, 372, 532, 742, 982 (1M HCl) [34]

378, 436, 802, 870, 984 (3–5M HCl)

Molybdenum(VI)
α-MoO3 s 115, 129, 158, 198, 217, 245, 284, 291,

338, 365, 379, 472, 666, 820, 996, 1003
[32]

α-MoO3 s 117, 130, 159, 199, 219, 244, 285, 293,
338, 368, 379, 470, 668, 821, 997

[33]

o-MoO3 s 198, 218, 246, 270, 291, 302, 338, 374,
603, 666, 818, 820, 876, 990, 996

[35]

MoO3 s 247, 284, 292, 339, 352, 367, 380, 469,
667, 822, 996, 1004

[36]

MoO3 s 241, 284, 336, 376, 666, 821, 997 [37]
Al2(MoO4)3 s 377, 434, 822, 889, 915, 993, 1004, 1026 [38]
MoO4

2− aq 317, 837, 897 [39]
Mo7O24

6− aq 210, 362, 570, 903, 943 [39]
Mo7O24

6− aq 220, 360, 860, 900, 937 [40]
Mo8O26

4− aq 230, 370, 590, 925, 965 [39]

Fig. 11. High-resolution XPS spectra registered in the binding energy range of
Mo3d and Al2p at the surface of the analyzed sample after immersion in 0.05M
NaCl +3mM (NH4)6Mo7O24 solution for 4 h. The black solid line represents
experimental data, while deconvolution results are coloured lines.
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provide some evidence for a second step in the inhibition mechanism
over cathodic IMPs. It includes subsequent oxidation of the reduced Mo
(IV) species leading to the formation of mixed-valence molybdenum
compounds. In the simplest case, mixed Mo(VI)/Mo(V) oxide can form
as:

+ − → +
− +e8MoO 6H O 12 2Mo O 12H .2 2 4 11 (3)

This process can occur through the formation of monomeric
MoO2(OH) and dimeric [Mo2O4(H2O)6]2+ oxomolybdenum(V) species
which are later reduced to mixed-valence oxides [54]. As stated above,
several compounds with different Mo(VI)/Mo(V) ratios could be formed
on the surface, and non-stoichiometric mixed phases are observed in the
Raman measurements, as shown in Fig. 10. Formation of a large frac-
tion of Mo(VI) oxide was not considered since no strong support was
found in the experimental data.

The next step in the inhibition mechanism is the polymerization of
the adsorbed inhibitor layer. Local acidification due to the formation of
H+ in the vicinity of the corroding sites (Eq. (3)) causes local pH de-
crease. This will result in the polymerization of the adsorbed mo-
lybdenum species, and many different polyanions can be formed on the
surface as follows from the presented Raman data in Fig. 10. It is not
possible to exactly identify their stoichiometry due to the complex
nature of the oligomerization processes in the acidic solutions con-
taining molybdenum species [42,54]. Further condensation and local
saturation of the surface with molybdenum species result in increased
thickness of the film, which eventually causes the formation of crys-
talline hydrated mixed-valence molybdenum compounds. This was
clearly observed in SEM and optical images in Figs. 4 and 10, and also
detected with Raman spectroscopy. No clear sign of the presence of the
polymerized molybdenum compounds over this crystalline layer was
observed, possibly due to the low isoelectric point of the formed oxide
layer, which makes further adsorption of molybdate ions unfavorable.
No data on the isoelectric point of mixed Mo(VI)/Mo(V) oxides was
found in the literature, but it is expected to be much lower than the pH
in the region near cathodic IMPs [55].

The inhibition mechanism over the oxide-covered alloy matrix is
different and does not involve the described oxidation-reduction pro-
cesses of molybdenum species. In that case, the Al matrix is passivated
in the studied solution and an oxide layer is formed on the surface. The
high isoelectric point of the oxide-covered matrix (around 9.5) supports
adsorption of anions, including molybdates. However, the low cathodic
activity of Al2O3 does not promote the initial reduction of the adsorbed
Mo(VI) species, thus the presence of only polymerized Mo(VI) is fa-
vourable. The SEM and Raman results presented in Figs. 4 and 10 de-
monstrate that formation of the protective molybdenum-containing
surface film is not limited to only IMPs, as, for example, reported by
Lopez-Garrity and Frankel for the AA2024-T3 alloy [9]. On the con-
trary, the continuous growth of a thick passivating film over the surface
was observed for the AA6063-T5 alloy. The periphery area of the pas-
sive film acts as a propagation site for the film growth. Most probably,
additional disproportionation and/or comproportionation redox reac-
tions are taking place in regions between polymerized Mo(VI) species,
covering the Al matrix surface, and mix-valence molybdenum com-
pounds in the crystalline layer. Another possible mechanism can be
connected with the corrosion of the Al matrix in the periphery of the
passivated IMPs, causing a local change in the pH and promoting redox
processes similar to Eq. (2). Accordingly, the corrosion will be sup-
pressed by the film formed.

The comparison of the results reported in this manuscript with those
on the vanadate inhibitor reported previously [4,12,31], gives evidence
that molybdate and vanadate have similar protection efficiency
(EI=93–95% during one-day tests) for suppression of AA6063-T5
corrosion. The inhibitive action of both inhibitors is strongly associated
with cathodic IMPs in the microstructure of the alloy. However, in the
case of molybdate, an almost uniform conversion layer was formed on
the surface, which was not typical for vanadate. The mechanisms of

corrosion inhibition of AA6063-T5 provided by these inhibitors are si-
milar in the sense that in both cases it includes two-stage oxidation-
reduction processes occurring on the top of cathodic IMPs. Importantly,
the molybdate has lower toxicity and is possibly more favourable from
the ecological perspective.

4. Conclusions

In this work, we studied the effect of molybdate on the corrosion
properties of the aluminum AA6063-T5 alloy. The electrochemical data
were correlated with the microstructure of the alloy and the composi-
tion of the Mo-rich layer. The following conclusions are drawn:

1 The microstructure of AA6063-T5 includes numerous micrometer-
sized IMPs. ImEFM measurements demonstrated the electro-
chemical cathodic nature of IMPs, resulting in a high susceptibility
to micro-galvanic corrosion between the Al matrix and IMPs.

2 Electrochemical data revealed that the addition of 3mM
(NH4)6Mo7O24 in aqueous 0.05M NaCl solution leads to a sig-
nificant decrease in the corrosion rate of the AA6063-T5 alloy.
Molybdate provides mixed corrosion inhibition effects with inhibi-
tion efficiency of about 90% within 1 day of exposure.

3 Surface analysis indicated that the initiation of the inhibition pro-
cess occurs over micrometer-sized cathodic IMPs. The resulting
surface film consists of two characteristic areas: black area (con-
taining Mo(V) and Mo(VI) compounds) surrounded by a yellow
periphery region of (Mo(IV), Mo(V), and Mo(VI) compounds). The
former consisted of crystalline compounds, while the latter con-
tained a large fraction of amorphous polymerized species.

4 The mechanism of corrosion inhibition of AA6063-T5 by
(NH4)6Mo7O24 in aqueous 0.05M NaCl solution follows several
stages, with initial reduction of the adsorbed Mo(VI) species over
cathodic IMPs to Mo(IV), promoted by corrosion of the Al matrix in
the vicinity of those IMPs, following by a subsequent oxidization
with formation of mixed-valence Mo(V) and Mo(VI) compounds.
The surface of the Al matrix does not support such a redox me-
chanism of inhibition due to its low electrochemical activity.
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