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Highlights

e In-situ and ex-situ confocal Raman measurements revealed chemical states of
vanadium compounds;

e The inhibition effect is mostly provided by a polymerized film with mixed V(V)
and V(IV) species;

e Intermetallic particles in the alloy have a strong influence on the vanadate
inhibition process;

e Deposition of polymerized vanadate compounds is mainly connected with

micrometer-sized IMPs;
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e The inhibition mechanism involves first reduction and then re-oxidation of the

vanadium species.

Abstract

Chemical interactions between aqueous vanadium species and aluminium alloy AA6063-T5
were investigated in vanadate-containing NaCl solutions. Confocal Raman and X-ray
photoelectron spectroscopy experiments were utilised to gain insight into the mechanism of
corrosion inhibition by vanadates. A greenish-grey coloured surface layer, consisting of V** and
V*® polymerized species, was seen to form on the alloy surface, especially on top of cathodic
micrometre-sized IMPs, whereby suppressing oxygen reduction kinetics. The results suggest a
two-step mechanism of corrosion inhibition in which VV*° species are first reduced to V*4 or V*3
species above cathodic IMPs, and then oxidized to mixed-valence V*/V** polymerized

compounds.

Keywords: A. Aluminium, A. Alloy, B. Raman Spectroscopy, B. SEM, B. XPS, C. Vanadate
Inhibitor

Introduction

Corrosion protection schemes based on vanadium compounds have been extensively
studied in recent years [1-10]. In particular, soluble vanadates [3,5,7], vanadate-based
conversion coatings [6,11], pigments [12,13], ion-exchange primers and layered double
hydroxides filled with vanadates [14-17] have shown good inhibition performance towards the
suppression of localized corrosion of Al alloys. The aqueous solution chemistry of vanadium
compounds is quite complex, and dissolved vanadates can undergo a number of hydrolysis,
condensation and redox reactions depending on the concentration, pH, temperature and ionic
strength of the solution [9,18-24], which complicates elucidation of the exact mechanism of
corrosion inhibition. So far, most studies have focused on the speciation of vanadate ions in

aqueous solutions [5,8-10,24,25], and the effectiveness of corrosion inhibition has been reported
to be strongly dependent on the presence of tetrahedrally-coordinated V*° anions such as VO,
V,05 and (VO,)" [1,2,8-10,24-27]. Such anions decrease the kinetics of the cathodic oxygen

reduction reaction, which is the dominant cathodic reaction in the corrosion process at near-

neutral pH, thereby suppressing the coupled anodic reactions, such as Al dissolution and de-
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alloying of Mg from Al.CuMg (S-phase) intermetallic particles (IMPs) in alloy AA2024
[1,2,5,8,9]. As a consequence, this counteracts further increase of copper concentration in such
IMPs and thus formation of cathodic Cu-rich clusters that would have been active sites for the
oxygen reduction reaction [1,8,28]. However, for other types of Al alloys, for example AA6063,

vanadates have been reported to provide a mixed inhibition [4,7,10].

The speciation of aqueous vanadate compounds has been extensively studied and
several mechanisms have been proposed, but the interaction of vanadates with metal surfaces has
remained less understood [3,5,9,24,26]. For instance, Guan et al. reported that vanadium in its
oxidation state +5, in the form of hydrated VO(OH)3(OH>)., initially adsorbs on the surface and
then spontaneously polymerizes to form a hydrated vanadium oxide layer during conversion
treatment [6]. Furthermore, lannuzzi et al. observed that vanadate species can adsorb on the
surface of alloy AA2024-T3 following a Langmuir isotherm, and they concluded that a
monolayer of adsorbed vanadates in unknown oxidation states led to the corrosion inhibition [5].
An alternative mechanism was proposed by Ralston et al. who reported that the interaction of
tetrahedrally-coordinated vanadate ions occurred primarily with S-phase intermetallics, but no
identification of adsorbed surface species was reported [8,9]. Vanadate species were proposed to
have reduced from +5 to +4 oxidation state above Cu-rich IMPs [24,26]. Recently, Feng et al.
studied the corrosion inhibition of Mg alloy AZ31 in NaVOs/NaCl solutions and proposed a
reductive adsorption mechanism of inhibition [27]. The presence of V*°, V** and V*2 species on
the surface was confirmed by X-ray photoelectron spectroscopy (XPS). The latter is similar to
what has been observed in vanadium-based catalysts, which have been used extensively in
organic conversion processes [29-34].

The mechanism of corrosion inhibition in relation to the state of vanadium in the
surface-protective film on low-copper containing aluminium alloys has, to our knowledge, not
been reported. Raman spectroscopy is a powerful tool for identification and characterization of
the structure of vanadium species in aqueous solutions as well as at surfaces [18,24,26,33,35—
40]. In-situ Raman spectroscopy is a very powerful technique to study a metal surface during its
corrosion in aggressive environments, despite lateral and depth resolution limitations of the order
of 1 um. In particular, in-situ Confocal Raman Microscopy (CRM) has been employed for
identification of vanadium compounds presented in surface layers and for monitoring their
changes during chemical processes [41,42]. Utilization of the in-situ analytical technique allows
direct identification of surface compounds and minimizes the contact with atmospheric oxygen,

being reported to influence the oxidation state of adsorbed vanadate species [24].
3
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In our previous work [7] a detailed microstructure characterization of aluminium alloy
AA6063-T5, was provided in order to better understand localized corrosion phenomena. It was
further shown that the vanadates provided mixed corrosion inhibition effects, mitigating both
oxygen reduction on IMPs and anodic dissolution reaction in chloride-containing environment.
In this paper, one step further towards understanding the inhibition mechanism of vanadates have
been taken and in-situ CRM data in aqueous 0.05 M NaCl with and without the vanadate
inhibitor are presented and discussed. Local surface distribution and speciation of the vanadate
inhibitor have been determined, aiming at elucidation of the corrosion inhibition mechanism at

the microscopic scale.

Experimental

Materials.— Aluminium alloy AA6063-T5 was supplied as an extruded sheet material by
Taspo Radiotors (Minsk, Belarus). The nominal chemical composition of the alloy is given as
(Wt.-%): 0.45 Si, 0.50 Fe, 0.10 Cu, 0.10 Mn, 0.60 Mg, 0.1 Cr, 0.15 Ti, and Al (balance).
Specimens in sizes of 20 mm x 20 mm x 2.5 mm were cut from thw sheet and used in all
experiments. The samples used for CRM and XPS were ground down to 1200-grit using SiC
sandpapers, rinsed with deionized water, and then dried in air. The samples used for
microstructure characterization were further electropolished in an electrolyte mixture composed
of 20 vol.-% perchloric acid and 80 vol.-% ethanol at 20 V and -15 °C for 30 seconds. For
corrosion tests, 0.05 M NaCl and 0.05 M NaCl + 3 mM NaVO3 solutions were prepared from
chemically pure NaVO3z (> 98%) and NaCl (> 99%), provided by Sigma-Aldrich. Purified water
with 18.2 MQ-cm resistivity (Milli-Q system) was used for preparation of the solutions as well
as rinsing of the samples. The solution with NaVOs was, prior to experiments, stored for 24
hours in order to reduce the influence of non-equilibrium conditions on the speciation of
vanadate ions. The pH was intentionally not adjusted since even slow droplet addition of dilute
acid can cause high local acidification with uncontrollable change of vanadate speciation
[9,22,24,43]. The pH of the solutions was measured by an automatic titration system Schott
Titroline Easy (SI Analytics, Germany). Vanadium (II1I, IV and V) oxides and NHsVO3 (all >
98%) were obtained from Belreachim and used to obtain Raman reference spectra. The VO(SOa)

reference solution was synthesized from V20Os using the following reaction [44]:

V205 + 2H2S04 + H2C204 — 2VOSO4 + 2CO2 + 3H20 (1)
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Microstructure characterisation.— Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) analyses were performed for microstructure
characterisation of as-polished samples using a JEOL JSM-7001F instrument, equipped with an
Oxford Instruments XMax EDX Silicon Drift Detector with 80 mm?2 window size. EDX maps
were recorded at 3.5-10 kV accelerating voltage and high probe current over tens of minutes to

obtain chemical information with high spatial resolution.

Post-exposure surface examination. The surface of two electropolished specimens was
indented with two fiducial markers as a point of reference for SEM analyses. Then one sample
was immersed in 100 mL 0.05 NaCl solution and the other was immersed in 0.05 NaCl with
3 mM NaVOz inhibitor under ambient conditions. Both samples were removed from the
respective solution after 1 hour, gently rinsed with deionized water, dried in air, and then
examined in an FEI Nova 400 SEM equipped with an Everhart-Thornley detector (ETD) and a
through-the-lens (TLD) detector. The ETD was used to gather information from the surface with
crystallographic information whereas the TLD was used to show the outermost surface (a few
nm’s). After the SEM analyses, the samples were again immersed into the solutions and exposed
for further 23 hours. The experiments were terminated after 24 hours of total immersion time and
the samples were examined again in the SEM. All samples were analysed within 2 hours upon

removal from the solutions.

Calculation of vanadium speciation in aqueous solutions.— The predominance and
fractional chemical equilibrium diagrams for vanadium species in aqueous solution were
calculated using the Medusa Software (KTH Royal Institute of Technology, Sweden) based on
the SOLGASWATER algorithm with 200 calculation steps along each axis. Values of the
thermodynamic equilibrium constants were obtained from the embedded Hydra database. The
conditions used for the calculation were chosen to represent those used experimentally. This
establishes the solution speciation at equilibrium that then can be compared with the vanadium

compounds identified on the alloy surface.

Post-immersion XPS analysis.— High resolution XPS analysis was performed on
AA6063-T5 samples directly after exposure to 0.05 M NaCl + 3 mM NaVOs electrolyte for 6
hours. The following exposure to atmospheric air was minimized and lasted less than 120
seconds. XPS spectra were registered using an Escalab 250Xi spectrometer from ThermoFisher
Scientific, equipped with an Al Ko X-Ray source (spot size 250 um), operating at a pass energy

of 10 eV and an energy step size of 0.05 eV. Charge compensation was provided by means of a
5
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flood gun, with final calibration performed for adventitious carbon at the C1s peak (BE = 284.6
eV) [45,46]. The Avantage software from ThermoFisher Scientific was used for peak

deconvolution.

In-situ and ex-situ CRM analysis.— CRM measurements were performed using a
WITec alpha 300 system (WITec GmbH, Germany) equipped with a 532 nm green excitation
laser and tubular lens with focal distance of 164.5 mm. The system used has 0.5 microns lateral
resolution and 0.7 in depth resolution limitations. The spectra were recorded using a 60x water-
immersion objective lens for in-situ measurements and 20-100x objective lenses for ex-situ
scans. Typical integration times were in the range of 0.2 s. The data was analyzed using the
Witec Project Plus 4.1 software. Cluster analysis followed by de-mixing was performed in order
to distinguish different chemical components, which allowed construction of spatial distribution
bitmaps for these components. The bitmaps were overlapped into composite pixel patterns to

visualize the distribution of the components over the analyzed areas.

In-situ CRM measurements were performed on 1200-grit ground samples upon
immersion in aqueous 0.05 M NaCl and 0.05 M NaCl + 3 mM NaVO3 solutions for 6 and 24
hours, respectively, in order to identify the changes in vanadate speciation with time. Moreover,
in-situ CRM depth scans along several lines were performed to gain further insights into the
mechanism of the vanadate film formation at selected local sites. Ex-situ CRM mapping was also
done after 24 hours of immersion to check the effect of oxidation in air. In this case, the samples
were removed from the solution, gently rinsed with Milli-Q water, and then scanned immediately
in lab-air environment. All in-situ and ex-situ Raman measurements were replicated on two

different areas of two different samples.

Results and discussion

Microstructure. An overview of the microstructure is given in Figure la, showing the
presence of numerous secondary phases finely dispersed within the entire grain structure, with
Figure 1b,c showing small and large IMPs. In our previous works [7,47], a comprehensive
microstructure characterization was provided and it was shown that secondary phases in
AA6063-T5 mainly consisted of micrometre-sized Fe-rich Als01MnSig74, Al1.6sMgaZnz 31, and
FeAlsz intermetallic phases as well as nanometre-sized CuAlz, ZnAl,, and Mg.Si precipitates. The

majority of the micrometre-sized phases were enriched in Fe, Mn, and Si, as those shown in
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Figure 1b,c. Such microstructure precipitates in AA6063-T5 were shown to be active sites for

the corrosion initiation and propagation [7,47] and, thus, they are in focus in the present study.

Aqueous chemistry of vanadate compounds. The pH of the as-prepared 0.05 M NaCl
solution was 6.5-6.7, and it decreased to ~ 6 after 24 hours of corrosion testing. The solution
with 3 mM NaVOs addition was colourless and had an initial pH of 7.2. The absence of colour
indicated the formation of tetrahedrally-coordinated V*° vanadate species during the dissolution

of NaVOs with no clear signs observed for other compounds [9].

Figure 2 shows a fraction diagram for vanadium speciation and a computed potential-
pH diagram for the studied solutions. The fraction diagram (Figure 2a) was calculated without
any external potential. The results represent equilibrium fractions of the components
corresponding to the initial aqueous condition. The diagram shows that the aqueous vanadate
speciation is rather complex and strongly pH-dependent. Only V*° species are formed in 0.05 M
NaCl solution under the conditions used in the calculation. Tetrahedral monovanadate

VO, (OH), , trivanadate V,0} ", tetravanadate V,0};, and octahedral decavanadate ions (V,,05%

and V, O, (OH)* ) are the predicted stable species at around pH 6. It has been reported [48] that

in near-neutral solutions cyclic trimers \V,05 are rapidly converted to tetramers V,O;, . Gradual
alkalization to pH =~ 9, which is possible at cathodic areas during the corrosion process [49,50],

can lead to the formation of other V*° species such as VO,(OH)* and HV,0% . Only monomeric

vanadate VO,(OH)*" species are present above pH 10. A decrease in pH to 3-6 is possible at

anodic sites due to local acidification as a result of hydrolysis of dissolved metal ions [49-51],

and this may lead to polymerization into different types of polyvanadate ions.

The eventual influence of the corrosion product AI** on the speciation of vanadium
compounds in the solution was also considered in the calculations. Initial concentrations of AI**
in the range of 0.1 — 1000 mM were used as input parameter for the calculation, but in all cases
only corrosion products in form of insoluble AI(OH)s were predicted in the pH range 4-10.
Formation of V-Al compounds in aqueous solutions at ambient temperature is
thermodynamically unfavourable [52,53].

When the alloy is immersed in the solution containing the vanadate, anodic and
cathodic electrochemical reactions at the alloy surface and homogeneous chemical reactions in

the liquid phase may take place. The OCP of the AA6063-T5 alloy in this solution approaches

7
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~-0.41 VsHe [7], and hence the vanadate speciation near the alloy surface can be altered. At this
potential vanadate species get spontaneously reduced to the V(I11) oxide V203 according to the
calculated equilibrium E-pH diagram shown in Figure 2b. Note that during the corrosion process
the system is not in equilibrium, however, it strives towards equilibrium and the calculations
show towards which state the system is moving. The V*3 compounds are strong reducing agents
which are stable only in de-aerated solutions over limited pH and potential ranges [19,21,54]. In
contrast, in aerated solutions V*3 species have been reported to become rapidly oxidized by
dissolved oxygen, leading to the formation of more thermodynamically stable V** compounds
[21]. Our confocal Raman spectroscopy and XPS measurements detected both V** and V*°
compounds at the alloy surface, suggesting that oxidation of V*3 compounds by dissolved

oxygen may have occurred under the experimental conditions.

Post-corrosion SEM analyses.

Figure 3 shows SEM micrographs of the same surface area before and after immersion
in 0.05 M NacCl solution without the inhibitor. Microstructural details, such as grain boundaries
and IMPs, could be easily discerned before immersion in the solution. Furthermore, some
nanometre-sized globular features were seen on some micrometre-sized IMPs (Figure 3d). These
features were not seen when the alloy was examined for microstructure characterization (Figure
1), but must have been formed during storage in ambient air environment and are denoted as

oxidation products in this report.

The sample suffered from corrosion during exposure to the aqueous NaCl solution.
Numerous corrosion products were formed on the surface already after 1 hour of immersion, as
shown in Figure 3, and the grain orientation was obscured by the corrosion attack. SEM analyses
with higher magnification revealed small particles on the surface that are likely corrosion
products. The corrosion attack was more pronounced after 24 hours of immersion (Figure 3).
Localized attack on the periphery of some large IMPs was observed (Figure 3b—d), and corrosion
products were precipitated in the vicinity of these intermetallics. The surface became rougher
and large IMPs protruded more from the surface, which suggests preferential metal dissolution
of the matrix around the IMPs. The dissolution rate on adjacent sites to the IMPs was
significantly higher than on other regions of the surface. Corrosion most likely initiated at the
IMP/matrix interface, proceeded along the interphase regions and extended towards the matrix.
However, some selective localized attack was also seen on the IMPs (Figure 3d). The extent of
the localized attack varied for different IMPs (Figure 3b-c), indicating electrochemical nobility

variations among these secondary phases, which is in-line with the Volta potential data presented
8
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in our previous studies [7,47]. The observed localized corrosion is also consistent with micro-
galvanic corrosion, being typically triggered by relatively large cathodic type IMPs in Al alloys
[49,51,55].

On the contrary, no pronounced corrosion attack was observed, neither general nor
localized, after the immersion in 0.05 M NaCl with 3 mM NaVOs (Figure 4). Until the
termination of the experiment, the grain orientation contrast was preserved and no significant
change in the IMP/matrix interphase was observed after 24 hours of exposure, which clearly
showed the corrosion inhibition effect of vanadate species in the chloride-containing electrolyte.

Only minor corrosion products were observed on a few discrete sites as illustrated in Figure 4b.

Post-immersion XPS analysis. The XPS analysis was performed in order to elucidate
the vanadate chemical states on the surface of the aluminum alloy as a result of 6 hours of
exposure to 0.05 M NaCl with 3mM NaVOs electrolyte. High-resolution XPS spectra were
recorded in the binding energy (BE) range of the Al2p, V2p, and O1s peaks in order to

differentiate between various chemical states. The results are presented in Figure 5a—c.

Figure 5a refers to the V2p spectrum, registered at the surface of the sample. The spectra
was deconvoluted into two peak doublets, where BE (517.2 eV) of the primary component is
characteristic for the +5 oxidation state of vanadium [24,76,77]. A smaller component ascribed
to the +4 oxidation state was also identified [26, 27]. The relative V*° : V** ratio was 6.5 : 1. The
deconvolution of the Al2p high-resolution XPS spectra, presented on Figure 5b, was carried out
using two peak doublets located in the energy range characteristic for metallic aluminum (72.5
eV) and Al,O3 oxides (75.0 + 0.2 eV), respectively. Finally, the Ol1s spectra revealed the
presence of three different chemical states, a feature characteristic for thin oxide layers on metal
surfaces, Figure 5c [76,80,81]. The major component, present at 532.7 eV primarily originates
from hydroxyl oxygen OH-, with possible small influence from C-O contamination resulting
from exposure to atmospheric air. This peak is typically shifted approximately +1.0 eV versus
the metal oxide, O2 component [80,82]. The last component, observed at significantly higher
BE, around 534.3 eV, represents oxygen contained within chemisorbed H>O molecules [83].
Results of the deconvolution are summarized in Table 1. Similar to other adsorption studies of
vanadate oxides on aluminium metal surfaces, in addition to the surface oxide (Al2Oz3), the layer
formed in our study is primarily composed of hydroxide precipitates while the amount of
chemisorbed water is relatively low, testifying for low corrosion susceptibility of aluminium in

presence of vanadate species [76,80].
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Reference Raman spectra. The exact assignment of the vanadate-related Raman peaks
is complicated because vibrational bands for different vanadium compounds are located very
close to each other and can sometimes overlap. The peaks in the Raman spectra were interpreted
by comparing the general appearance and peak positions with those reported in the literature for
vanadium compounds (Table 2) [18,29-31,38,41,56-68], and with our own reference spectra
collected using commercially available vanadium compounds (Figure 6 and Table 2).

For solid vanadium III, IV and V oxides, spectra with intense peaks at 995-993, 686—
694 and 410 cm™ were recorded (Figure 6a—c). For the compounds in the V*° oxidation state,
typical bands at 932, 902, and 437 cm™* were observed for NH,VOs, whereas three strong peaks
in the range 950893 and peaks at 738 and 437 cm™ were noted for NaVOs3 (Figure 6d-¢). Peaks
at 990, 904, 594, 537, 485, 445, and 326 cm™ were detected for the acidic solution containing
VO(S0Os), where vanadium is in the oxidation state +4 (Figure 6f). Only two broad bands at 500
640 and 900-1200 cm™2, which are typical for mixtures of V*° polyvanadate ions, were seen in
the 0.05 M NaCl + 3 mM NaVOg solution (Figure 69g).

In-situ CRM analysis. As reported for the AA2024 alloy [1,24,26], and expected from
our observations on the AA6063-T5 alloy [7,10], the inhibition efficiency of vanadates is
strongly connected to the IMPs. The vanadate species may adsorb on the entire surface, but
appears to form precipitates of reaction products mainly on and around large IMPs, serving as
active centers with high rate of local electrochemical reactions that generate corrosion products
[49,51]. Therefore, regions visually containing large intermetallics, being primarily cathodic
with respect to the Al matrix [7,47], were chosen for in-situ and ex-situ CRM measurements. As
an example, Figure 7 shows optical images of such an area obtained after 24 hours of exposure
to 0.05 M NaCl + 3 mM NaVOs solution before and after excessive rinsing with flowing water.
Before rinsing, accumulation of vanadate at one given spot was observed as a green-grey area
(Figure 7a). After removal of the precipitate layer by rinsing, a large IMP feature was observed
on this location (Figure 7b). This confirms the heterogeneous nature of the precipitated
vanadium-containing layer, which in particular appeared over some large IMPs. The exact IMP
compositions were not determined during the Raman studies, but extensively discussed in our
previous publications [7,47], and most of the micrometer-sized IMPs were of Fe-rich Al-Mn-Si-
type, as briefly mentioned here (Figure 1). The in-situ CRM spectra obtained after 24 hours of
immersion in aqueous 0.05M NaCl solution without vanadate inhibitor showed only one

pronounced band at 782 cm™ associated with corrosion products in the form of AIOOH [69].

10
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After 6 hours of immersion in 0.05 M NaCl + 3 mM NaVOz solution, the vanadium-
containing surface layer appeared to have a rather complex chemistry as revealed by CRM
(Figure 8). The optical micrograph (Figure 8a) shows a greenish-grey colored precipitate on top
of the alloy surface, which is a typical color for V*3 and V** species [19]. Further information
about the vanadium compounds was obtained from CRM spectra. Spectrum 8b1 has a weak peak
at 970 cm™?, two strong peaks at 953 and 921 cm™* and additional peaks at 633, 510 and 243 cm™.
The relative intensity of the three main peaks in the region 800-1000 cm™ suggests co-existence
of vanadium compounds with mixed oxidation state at the analyzed site. As can be seen from
Table 2, the band at 970 cm™ can be due to the presence of either decavanadates (V*°) or V**
species. However, the strongest peak at 995 cm, typical for decavanadate ions, was not
observed. XPS measurements (Figure 5) and thermodynamic calculations (Figure 2) also
supports the reduction of V*° species. Thus, the 970 cm™ band is assigned to the V=0 stretching
vibration of crystalline V** compounds [67], whereas the other peaks correspond to the V=0 and
V-O-V vibrations that are typical for poly-vanadate V*° ions such as V4O12* and Vs015>
[18,33,61]. It should be mentioned that the ionic strength of the solution affects the position of
the Raman bands by stabilizing vanadate species with high negative charge [36]. Addition of
NaCl to a vanadate-containing solution can thus shift the equilibria of V*° species towards a
larger n-value in (VO3)n" oligomers [70], which in turn can shift the Raman signal to higher
frequencies [18]. The non-stoichiometry or structural disorder of the formed vanadium species

have also been reported to affect peak positions [65].

The Raman spectra 8b2 and 8b3 (Figure 8b) provide evidence for the presence of
polymerized vanadium species. The broad band at 850-980 cm™ has previously been reported as
an indicator for two-dimensional distorted polymeric vanadium species [24,26,39,71-74]. The
shoulder of the main band at 990 cm™ (spectra 8b2) indicates the presence of a crystalline phase
[26,31,35,37,65,68]. According to our data for VO?* (Figure 6) and [38, 67] this band together
with the weak peaks at 594 and 320 cm™ are assigned to crystalline polymeric V** species,
which are able to form cross-linked chain structures (V204 x H20), [65]. Other bands are similar
to those in the 8b1 spectrum and emanate from V*° species. The absence of sharp peaks in the
8b3 spectrum indicates higher degree of polymerization of the vanadium compounds compared
to those giving rise to the 8b2 spectrum. The exact valence state of vanadium in these species
remains to be a contentious matter [26]. Reduction of V*° ions to VV** species creates V*=0
bonds that are weaker than V*°=0 bonds [39]. Lee et al. observed a shift of the broad peak with

the highest intensity towards lower frequencies during the reduction process [39]. Thus, the shift
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observed for the 8b3 spectrum compared to the 8b2 spectrum suggests an increased amount of

V*4 species.

The CRM map (Figure 8c) shows enhanced reduction of VV*° species and polymerized
V** species distributed across an area most likely containing IMPs (red and green color). An in-
situ CRM depth scan of the area with a thick precipitate layer, indicated with a dotted line in
Figure 8a, is shown in Figure 8d. The vanadium-containing surface film had a locally layer-like
structure with a thickness of 6-8 pum. Polymerized V** vanadate species (green color in the
image) were formed in the bottom region where localized corrosion/dissolution may have
occurred. The top layer consisted primarily of a mixture of polymerized compounds (red color)
with some Vs015° ions (yellow color). The blue color represents the alloy surface. The results
suggest that, after 6 hours of immersion, a several um thick and chemically heterogeneous

vanadium-rich precipitation layer formed on top of large IMPs.

After 24 hours of immersion, a similar greenish-grey colored vanadate precipitation
layer was also observed (Figure 9). The CRM data indicate two typical types of vanadate
compounds over different surface regions. Spectrum 9bl (Figure 9b), extracted from the
precipitate layer, shows Raman bands at 944, 835, 695, 434 and 373 cm™. The peaks at 944 and
695 cm™ are typical for V*> compounds [31,35,37,71,75], where the bands at 835, 434 and
373cm™? have been observed for V** species [35,37,38,56]. Thus, the results suggest the
formation of mixed V**/V** compounds on top of large IMPs [35,37,71,75]. Spectrum 9b2,
extracted from a small spot (green area in Figure 9c), exhibits some symmetric and asymmetric
stretching vibrations of polymeric tetrahedrally-coordinated species, (VOs*), at 880 and
830 cm™, respectively. Together with the symmetric §-vibration of VO4* at 355 cm™, which is
common for polymeric V*-Mg species, these features suggest the presence of Mgs(VO4)2 or
MgsV209 [66,68]. The sharp Raman peaks observed in spectra 9b1 and 9b2 indicate a partially
crystalline structure of the precipitate compounds [39].

The CRM map presented in Figure 9c shows that the thick precipitate layer formed over
the large IMPs is composed mainly of mixed V*°/V** compounds, with a small portion of Mg-V
compounds. The depth profile in Figure 9d shows that both types of compounds were found at
specific surface sites where they were distributed throughout the film. Thicker layers of
precipitation products were observed to breakdown or detach from the alloy surface. In

summary, according to in-situ CRM data, exposure in vanadate-containing solution resulted in
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gradual reduction of adsorbed vanadate species and formation of mixed-valence V*°/V*

polyvanadates.

Post-immersion CRM analysis. Results of the ex-situ CRM measurements performed
immediately after removal from the solution and after 24 hours of aging in air are exemplified in
Figure 10. The green-colored surface layer observed in-situ (Figure 8, 9) was not observed ex-
situ (Figure 10a), which suggests removal of a loosely bound vanadate layer during rinsing with
deionized water. Two typical CRM spectra (Figure 10b), representing the green and red colors in
the CRM map (Figure 10c), were obtained in an area containing large IMPs. Raman signals from
vanadate compounds were also detected in the areas of surface defects, such as polishing marks.
Spectrum 10b1 shows a broad band at =840 cm™ corresponding to polymeric vanadate species,
whereas the band at =935 cm™ is associated with the distorted V**=0 stretching mode [38, 67].
Spectrum 10b2 shows a broad band at 780-840 cm™, which is typical for polymeric vanadate
species in mainly the +5 oxidation state. Thus, after short time in air both V** and V*° species
were found on the surface. In contrast, polymeric vanadate species primarily in the +5 oxidation
state were detected after 24 hours of exposure in air, as shown in Figure 10d-f. Thus, the ex-situ
CRM measurements confirm that reduced vanadates in the precipitated layer become oxidized

into +5 oxidation state during aging in air.

Mechanism of corrosion inhibition of AA6063-T5 by vanadates. Corrosion inhibition
by Me™O}® anions (Me = Cr, Mo, Mn and V) usually involves reduction of the initial inhibitor

ions at the metal surface, leading to the formation of protective films of insoluble oxides and/or
hydroxides [84-88]. It has been reported that neither vanadates nor molybdates provide
inhibition in de-aerated solutions [2,9,87]. Therefore, dissolved oxygen is key for corrosion
inhibition, and this implies a second step in the inhibition mechanism that involves oxidation of
the initially reduced species. Such a mechanism is similar to the action of V*°-based catalysts.
Their catalytic activity is based on the reduction of O, and conversion between oxidation states
of vanadium from +5 to +4 or +3 and then back to +5 during the catalytic cycle
[29,30,32,33,41,71]. A catalyst-like oxidation-reduction mechanism has also been suggested for
the inhibition of AA2024 [24] and the Mg alloy AZ31 [27] by vanadates.

Corrosion inhibition is provided mainly by tetrahedrally coordinated V*° aqueous
vanadates [1,4,8-10,25], and therefore these species are important at the initial inhibition stage.
Previously [8,9,24,26], the inhibition mechanism of vanadates has been strongly connected with

the presence of Cu-rich IMPs. Indeed, our previous studies [7,10] and data reported here suggest
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high effectiveness of vanadates towards suppression of the corrosion of the low Cu content alloy
AAG6063-T5. Unlike the XPS or EDX analysis, in which the samples need to be removed from
the corrosive medium and dried, our in situ CRM results presented in this report allowed us to
follow the evolution of the surface vanadate film structure and composition. The data suggests
that the inhibition mechanism involves several steps and is strongly associated to the
microstructure, especially large IMPs. The proposed steps of the film formation process are
schematically illustrated in Figure 11. On the alloy surface, an air-formed Al oxide film may

exist as Al is spontaneously oxidized to form a thin oxide film according to the reaction:
2Al+3H,0 - AlLLO, +6H" +6e” (2)

However, the presence of large IMPs and lack of a protective oxide film in the boundary regions
surrounding the IMPs may trigger localized corrosion [44,50], leading to extensive corrosion
attack. With the vanadate inhibitor in the solution, initial adsorption of dissolved V*° species
occurs on the surface (Figure 11a,b). The isoelectric point of the native oxide film on Al alloys is
about 9.5 [89]. Thus, the surface has an excess positive charge at pH =~ 6, which promotes
adsorption of negatively charged vanadate anions. Being strong oxidants, adsorbed V*° species
are spontaneously reduced to V** species on the surface, especially on local acidic sites:

VO, (OH), +2H" +e- -> VO, +2H,0, (3)

V, 05, +2nH" +ne” - nVO, +nH,O (n = 3, 4, 5), (4)

Further electrochemical reaction can reduce V** species to V*3 species (Figure 2b):

2VO, +2H" +2e” — V,0, + H,0. (5)

Note that reduction of initially adsorbed V*° species was considered only over the oxide-free
intermetallic particles. This aspect is different from the mechanism reported for the Mg alloy
AZ31, where high amount of Mg allows for a reductive adsorption of vanadate over the alloy
matrix. The AA6063-T5 alloy contains micrometer-sized cathodic IMPs and some nanometer-
sized anodic IMPs, and interphase boundaries are typically anodic [7,47]. Cathodic IMPs can
promote reduction reactions, so such reactions take place preferentially on the large IMPs. In the
boundary regions, the local pH may decrease as a result of anodic dissolution [49,50], supplying
H* ions for the above-mentioned reduction reactions. Therefore, the large IMPs could facilitate
the electrochemical reduction of high-valence vanadate species. The micro-galvanic corrosion
induced by the large cathodic IMPs lead to local enrichment of the reduced vanadate species on
top of and around the large IMPs (Figure 11c). However, in aerated agqueous solutions, the
reduced V*2 species spontaneously become oxidized by dissolved oxygen to VV** species, which
are indeed observed by CRM and XPS analysis (Figures 5, 8, 9). The comproportionation

reaction, V*3 + V** — 2V*4 is also possible. Water molecules induce structural changes in the
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adsorbed vanadium species, promoting formation of hydrated pseudo-octahedrally coordinated
complexes [34,90,91]. The adsorbed V*° vanadate ions lead to corrosion suppression during the
first hours [7,10], probably due to their preferential inhibition effect on the reactive sites, i.e.,

micro-galvanic couples associated to large cathodic IMPs.

Our CRM results provide evidence for the second step in the surface film formation. It
includes subsequent oxidation of the reduced V** species leading to formation of mixed-valence

vanadate compounds, which is supported by the oxygen reduction reaction (Figure 11d,e):

nVO, +H,0 —2¢- ->V.0, ,+2H" (n=3, 4, 6), (6)
0,+2H,0+4e” —»40H". (7)

Several mixed V*°/V** compounds, for example V307, V4Oy or VeOis, with different V*3/v*
ratios, could be formed according to Eqg. 6 [35,92], and nonstoichiometric mixed phases are
observed in the CRM measurements (Figure 8). Since the oxidation and reduction reactions
mostly take place on the alloy surface, and are enhanced on the surface of IMPs and the
surrounding boundary regions, the microstructure of the alloy has a strong influence on these

reactions.

Local acidification due to formation of H* in the vicinity of the corroding sites causes

polymerization of the adsorbed vanadate species as predicted by the Medusa calculations (Figure

2), leading to formation of oligomers that probably are mixed V*° {[VO(OH)3(HZO)2]}n and V**

{[VO(OH)Z(HZO)S]}mspecies [19-21]. As the degree of oligomerization increases, condensation

and local saturation of the vanadium species occur and the film thickness increases, which
eventually causes formation of crystalline hydrated mixed-valence vanadium compounds (Figure
11f). Formation of such a layer-like surface film was observed by in-situ CRM depth scans
already after 6 hours of immersion (Figure 8d). As the film thickness increases, it appears to
eventually break down, presumably at the interface between the amorphous and crystalline
phases (Figure 11g). Evidence for this was observed after 24 hours of immersion (Figure 9).
Such loosely bound vanadate layers cannot provide long-term corrosion protection, in agreement
with the weight loss measurements showing a decreasing inhibition efficiency after prolonged
time [7]. These results suggest that the initially formed polymerized vanadate film is most
important for the inhibition efficiency, which is consistent with data reported for the AA2024
alloy [5].

15


http://mostwiedzy.pl

Our in-situ CRM results indicate the formation of a thick vanadate-based film only over
large IMPs, which mostly exhibit cathodic character relative to the Al matrix [7,47,93]. They
behave as local cathodes [28,87], promoting the reduction reactions of vanadates. Note that the
inhibition mechanism over the oxide-covered alloy matrix does not involve the oxidation-
reduction reaction of vanadium species as described above. However, it is possible that a very
thin vanadate film of V*° species is also formed on the Al matrix surface, which is not thick
enough to be detectable by CRM, but readily observed by XPS (Figure 5). The high inhibition
efficiency observed in electrochemical measurements [7] suggests the presence of such a very
thin inhibitor film on the alloy surface. The low isoelectric point of V*° species (=2.3) makes
further adsorption and growth unfavorable on the alumina-covered surface, and the poor catalytic
nature and conductivity of alumina suppresses possible reduction of the adsorbed V*° species
[87]. All these features emphasize the important role of the IMPs in the localized corrosion of the

Al alloy and the inhibition efficiency of vanadates.

Conclusions
1. No clear signs of corrosion attack on the surface of the aluminium alloy AA6063-T5
was observed after one-day of immersion in 0.05 M NaCl with 3 mM NaVOs. Vanadate species

suppressed anodic dissolution reaction of both the Al matrix and IMPs.

2. During immersion of the AA6063-T5 alloy in 3mM NaVOs + 0.05 M NaCl solution,
formation of a micrometer-thick precipitate vanadate film occurred selectively over and around
the large cathodic IMPs. Formation of a thin film over the oxide-covered Al matrix is also likely

as evidenced by XPS.

3. The vanadate inhibitor provided corrosion inhibition of AA6063-T5 by a complex
mechanism, which involves a two-step process, with VV*° vanadates being first reduced to V** or
V*3 species on the surface of cathodic IMPs followed by a subsequent oxidization with formation
of mixed-valence V**/V** polymerized compounds. The precipitated vanadate film in the first
hours of inhibition has a layered structure with a V**/VV** polymerized amorphous bottom layer
and a crystalline layer of hydrated mixed-valence vanadium compounds, forming the outermost

surface.

4. The inhibition effectiveness of vanadates towards AA6063-T5 is mostly provided by

the polymerized vanadate film, being formed during the first hours of immersion in the vanadate-
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containing solution. The crystalline layer formed later is easily removed from the surface, and,

thus, does not contribute to a long-term corrosion protection.

5. Aging in air of the vanadate-pretreated AA6063-T5 alloy surface resulted in
oxidation of surface V** species by oxygen and formation of polymerized V*° species over large
IMPs.
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FIGURE CAPTIONS

Figure 1. (a—c) SEM micrographs showing the microstructure of the AA6063-T5 alloy with

chemical information (EDX) provided for the Fe-Si-Mn intermetallic phase shown in (c).

Figure 2. (a) Volume fraction and (b) E-pH diagrams for an aqueous solution containing 3 mM
NaVOz and 0.05 M NaCl. The volume fraction data were calculated without any external

potential. The green dashed lines enclose the region of water stability.

Figure 3. SEM analyses before and after immersion in 0.05 M NaCl solution without vanadate
inhibitor: (a, b) ETD images and (c, d) TLD images showing the surface of the specimen. The
scale bar at the left also applies to the images at the right. Note the two fiducial marks, one on

the top and the other on the bottom, in all three images in (a).

Figure 4. SEM analyses before and after immersion in 0.05 M NaCl solution with 3 mM NaVO3
inhibitor. (a) ETD images and (b, ¢) TLD images showing the surface of the specimen. The scale
bar at the left also applies to the images at the right. The arrows in panel (b) point towards an

example of a surface precipitate site.

Figure 5. High-resolution XPS spectra registered in the binding energy range of (a) V2p (b) Al2p
and (c) Ols at the surface of the analyzed sample. The spectra include results from the
deconvolution model as thin solid lines, with the black solid line showing the overall fitting

results. The sample was immersed in 0.05 M NaCl + 3 mM NaVOs solution for 6 hours.

Figure 6. Reference Raman spectra of solid vanadate compounds, with the oxidation state given
in brackets: (a) V203 (V*3), (b) VO2 (V*%), (c) V205 (V*™), (d) NH4VO3 (V*), (e) NaVOs (V*),
and vanadate-containing solutions: (f) VO(SO4) (V*4), (g) 0.05 M NaCl + 3 mM NaVOs (V*°).

Figure 7. (a) Optical micrographs of the AA6063-T5 surface exposed to 0.05 M NaCl + 3mM
NaVOs solution for 24 hours illustrating typical observations during the experiments. The dark color
shows vanadate species adhering to the surface. Rinsing with deionized water exposes the IMP under
the vanadate layer (b). The highlighted region shows the surface area selected for CRM examinations

during in-situ (a) and ex-situ (b) measurements.
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Figure 8. (a) In-situ optical micrograph of the AA6063-T5 surface after 6 hours of exposure to
aqueous 0.05M NaCl + 3mM NaVOs solution, (b) Raman spectra of the detected surface
components, local surface (c) and depth (d) components distribution images constructed from their
characteristic Raman signals. In (c, d) yellow color represents compound with spectrum b1, red color
compound with spectrum b2, green color compound with spectrum b3, and blue compound with

spectrum b4. The dashed line in (a) shows where the Z-scan in panel d was conducted.

Figure 9. (a) In-situ optical micrograph of the AA6063-T5 surface after 24 hours of exposure to
aqueous 0.05M NaCl + 3mM NaVOsz solution, (b) Raman spectra of the detected surface
components, local surface (c) and depth (d) components distribution images constructed from their
characteristic Raman signals. In (c, d) red color represents compound with spectrum bl and green
color compound with spectrum b2. The dashed line in (a) shows where the Z-scan in panel d was

conducted.

Figure 10. Optical micrographs (a, d), ex-situ Raman spectra of the detected surface components (b,
e), and local components distribution images constructed from their characteristic Raman signals (c,
f), obtained immediately after removal from the solution (a—c) and after 24 hours of aging in air (d—
f). In (c) green color represents compound with spectrum b1 and red color compound with spectrum
b2. In (f) red color represents compound with spectrum in (e). The samples were immersed in 0.05 M
NaCl + 3 mM NaVOs solution for 24 hours and gently rinsed by deionized water before being

analyzed.

Figure 11. Schematic illustration of the vanadate film formation process on the surface of the
AA6063-T5 alloy.
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TABLES

Table 1. Surface chemical composition estimated from high-resolution XPS analysis in BE
range of the Al2p, V2p and O1s photoelectron peaks. The sample was immersed in 0.05 M NaCl

A\ MOST

+ 3 mM NaV Oz solution for 6 hours prior to analysis in vacuum.

Analyzed | Chemical | BE Contribution
peak state (eV) (atom %)
Al° 72.5 7.1
3/2
Alzp AlLOs | 750 |25.2
V (V) 517.2 | 5.2
3/2
Vap V(IV) |5160 |08
0% 531.7 | 314
O1ls OH- 532.7 |28.1
H.0 5343 |22
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Table 2. Raman band positions (cm™) of solid (s) and aqueous (aq) vanadium species.

Formula Aggregate | V-O-V V=0 Ref
v Symmetric | v Asymmetric | | Not specified
Vanadium (111)
V203 S 995, 694, 530, This
494, 410 paper
V20; S 589, 501, 412, [56]
328, 295, 239,
213
V20; S 595, 501, 327, [57]
290, 234, 210
Vanadium (1V)
VO; S 993, 686, 410 This
paper
VO S 993, 697, 524, [26]
480,402
VO S 612, 497, 392, [38]
308, 221, 191,
142
Vo S 650, 460, 310 1001, [67]
972
VO aq 990, 904, 594, This
537, 485, 445, paper
326
V409 s 1000 693 501, 139, 119 [65]
258,
231,
Vanadium (V)
V205 S 994, 694, 526, This
409 paper
V205 S 703, 527, 485, | 997 [31]
405, 305, 283
V205 S 920, 800, 600, | 1028 [41]
550
a-NaVOs S 507, 547 634 376, 955, 940 [64]
358,
344,
253
B-NaVOs S 557,431 737 257, 948, 911, 887, [63]
203 288
NaVOs S 950, 915, 893, This
738, 563, 437, paper
294
NH4VOs S 932,902, 473 This
paper
NH4VOs S 647 496 260, 928, [59]
210 898,
385
AIVO, S 986, 923 880, 893 414 1006 [29]
AIVO, S 991, 954, 926, | 1020 [68]
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907, 853, 569,

406, 329,

FeVO4 S 969, 934, 899, [68]
850, 738, 773,
663, 500,

MgV20s S 836, 730, 452, | 952 [30]
265, 174

CaV20s S 537, 474, | 886, 871, 933 953 [62]

359 750, 704
MgzV20s S 881, 861, | 517 349 273,116 [66]
845, 826

Mg2V20q S 859, 823 337 272,197, 142 [66]

Mgs(VOs4)2 | s 859, 834, 357, [68]
284, 149

Cus(VOs)2 |s 867, 805, 368, | 1020 [68]
316

NaVOs; aq 500-640 (wide), This

(3 mM) 900-1200 paper
(wide)

(VO3)a™ aq 945 905 630, 540, 490, [60]
330

(VO3)a™ aq 830 464 947, 840, 627, | 988 [61]
475

V401" aqg 947 [18]

(strongest
band)

V10028% aq 967, 835, 454 994 [61]

V10026> aq 967, 593, 315 995 [18]

HV 10028 835, 454 994 [61]

35



http://mostwiedzy.pl

