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Abstract

The effect of CrO3~, MoO;~ and WOj3 ™ anions on the inhibition of aluminium corrosion in 0.5 M NaCl solution
was investigated. The study comprised potentiodynamic polarization, potentiostatic current—time measurements
complemented by SEM-EDAX and XPS investigations. It was found that, the pitting potential of an Al electrode in
0.5 M NaCl solution shifts in the positive direction by addition of CrO;~, MoO;~ and WO; ™~ anions, and the shift in
potential increases with increase in concentration. A pronounced inhibiting influence was achieved on addition of
CrO}~, MoO}™ and WO? ™ anions to the electrolyte during potentiostatic current-time measurements. Chromate
anions exhibit a great passivating influence during //¢ measurements. This can be explained by the fact that the
chromate anion, as a powerful oxidizing agent, is capable of oxidizing the corrosion sites to give a stable Al,O5 film.
The inhibition observed on addition of molybdate anions is attributed to the adsorption and reaction of MoOj~
anions on the electrode surface forming a molybdate layer which selectively impedes the ingress of Cl™ ions and
hence inhibits the pitting attack. The adsorption of WOi_ anions at flawed areas and developing pits was found to

be the main factor for the observed inhibition.

1. Introduction

Aluminium owes its widespread use and its excellent
corrosion resistance to the air formed film that is
bonded strongly to its surface. This film is relatively
stable in aqueous solutions over a pH range 4-8.5 [1]. In
such solutions the surface film is insoluble but may be
locally attacked by aggressive anions, primarily chlo-
rides. The effect of CI™ ions on the pitting corrosion of
aluminium and its alloys have been the subject of several
studies [2-9]. Many authors [5-9] accept that the
mechanism of pit initiation involves: (i) adsorption of
chlorides on the oxide surface due to the influence of the
electric field at the oxide—solution interface [10]; (ii)
formation of a hydroxychloride aluminium salt, which
goes into the solution; and (iii) dissolution of the oxide
at places where the film is thinner.

Inhibitors that prevent localised attack have been
shown to have different effects depending on the stage of
the process they inhibit. Hunker and Bohni [11] reported
that additives inhibit pit initiation, pit growth, or both.
Chromate anions are considered as a good inhibitor for
the pitting corrosion of aluminium in chloride solutions,
but they have the disadvantage of being poisonous.
Therefore, interest has been directed towards the use of

other inhibitors with no adverse effects. Based on
similarity in chemical structure and expected behaviour
between chromate ion and the ions of group VI
members of the periodic table, attention was focused
on molybdate and tungstate ions. Because of their low
toxicity to aquatic species, molybdate and tungstate are
being used increasingly as corrosion inhibitors for a
variety of metals, including aluminium [12-16]. Several
investigators have concentrated on studying the inter-
action of molybdate with aluminium [17-23]. On the
other hand, very little basic work has been devoted to
the study of the electrochemical behaviour of aluminium
in chloride solutions containing tungstate. Therefore, it
seemed of interest to study the effect of chromate,
molybdate and tungstate anions on the electrochemical
behaviour of aluminium in chloride solutions and to
provide additional information on the mechanism of
inhibition.

2. Experimental details

Measurements were made on ultrapure aluminium
99.99%. The electrodes were abraded successively with
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metallographic emery paper of increasing fineness up to
800 grit, then degreased with acetone and washed with
running distilled water. The electrodes were cathodically
polarized at —2.0 V vs SCE for 2 min in the test
electrolyte, 0.5 M NaCl, before potentiodynamic polar-
ization and potentiostatic current-time measurements.
The electrochemical cell was made of Pyrex glass fitted
with a platinum auxiliary electrode, separated from the
electrolyte by a sintered glass diaphragm, and a satu-
rated calomel reference electrode (SCE). All solutions
were prepared from Analar grade reagents and distilled
water.

Potentiodynamic polarization measurements were
performed using an EG&G potentiostat/galvanostat
273A, controlled by the model 352m corrosion mea-
surement software package. A scan rate of 1 mV s~/
was employed and the potential was scanned from
—2.0 V up to the breakdown potential. Potentiostatic
current—time tests were carried out using a potentiostat—
galvanostat (Amel model 2053) with an X-Y recorder
(Kipp & Zonen). The treated electrodes were polarized
at =740 mV vs SCE in the electrolyte for 20 min.
Appropriate amounts of dissolved Na,CrO4, Na,MoQOy4
or Na,WO, salts were then added to the electrolyte
maintaining the Cl™ ion concentration constant. The
solution was agitated slowly by a magnetic stirrer to mix
the additives with the electrolyte. A scanning electron
microscope (model Philips XL.30) attached with energy
dispersive X-ray analyser (EDAX) was utilized to
examine the electrode surface.

XPS analysis was carried out using a model 550
ESCA/SAM spectrometer (Physical Electronics, USA).
The system employed a magnesium X-ray anode
(hv = 1253.6 eV). Binding energies were normalized to
that of atmospheric hydrocarbon at 284.6 eV. The
vacuum in the analysis chamber was always better than
0.7 uPa. The energy scale was adjusted to match the Au
4f; ), peak at 83.8 eV.

3. Results and discussion
3.1. Polarization measurements

The effect of adding different concentrations of CrO3~,
MoO;:~ and WO;™ anions on the polarization behaviour
of Al electrode in 0.5 M NaCl solution was investigated.
Figure 1 displays the potentiodynamic polarization
curves of Al electrode in 0.5 M NaCl solution without
and with different concentrations of CrOj-
(10-4=10~" M). The polarization curve of Al electrode
in 0.5 M NaCl solution is characterized by a flat passive
region and the potential at the end of this region,
—750 mV vs SCE, represents the breakdown potential at
which the onset of pitting attack takes place. The pitting
potential of the Al electrode moves in the positive
direction on addition of CrO}~ and the shift in the
potential increases with increase in concentration. This
signifies the passivating effect of CrO?f anions on the
pitting attack of Al electrode in chloride solutions.

Addition of MoOf[ causes a large shift in the pitting
potential of Al electrode in the positive direction,
Figure 2, indicating the greater inhibiting influence of
MOO?‘* anions. The pitting potential shifts in the
positive direction with increase in MoOj~ concentration
and the maximum shift is recorded at C = 107! M
MoO;", where the electrode remains passive until a
potential value of —240 mV is reached. This can be
attributed to the formation of a thick layer of molybdate
on the electrode surface, during cathodic polarization,
which restricts the adsorption of CI™ ions at the
electrode surface and hence inhibits pitting.

The polarization curves of Al in 0.5 M NaCl solution
free from and containing different concentrations of
WOff anions are displayed in Figure 3. The pitting
potential moves in the positive direction on addition of
WO?[, signifying the inhibiting effect of tungstate
anions. The extent of displacement of the pitting
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Fig. 1. Potentiodynamic polarization curves of Al electrode in 0.5 M NaCl solution and different concentrations of CrOi’. Curves (—) without
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Fig. 2. Potentiodynamic polarization curves of Al electrode in 0.5 M NaCl solution and different concentrations of MoOi’. Curves (—) without
MoO2™, (- - - ) 107* M MoO2™, (- - ) 107> M MoO3~, (---) 1072 M MoO3~, () 5 x 1072 M MoO?™ and (—---) 10~! M MoOj".
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Fig. 3. Potentiodynamic polarization curves of Al electrode in 0.5 M NaCl solution and different concentrations of WOi" Curves (—) without
WO, (----) 10* M WO, (- ) 1073 M WO, (---) 1072 M WO]™ and (—--—) 10! M WOI".

potentials is not as high as that observed with compa-
rable concentrations of MoO?~ anions.

3.2. Current—time measurements

The potentiostatic current—time measurements during
metastable activation repassivation were used to evalu-
ate the inhibiting influence of CrO3~, MoO}~ and WO3~
under highly aggressive test conditions. This can give
valuable information about the mechanism of inhibi-
tion. The aluminium electrode was polarized for 20 min
at =740 mV in 0.5 M NaCl solution. These conditions
are sufficient to promote the onset of pitting attack.
Appropriate amounts of CrO3", MoOi’ or WOﬁ’ were
then added to the test electrolyte maintaining the Cl™
ion concentration constant. The applied potentials were
still maintained at —740 mV vs SCE. Typical 1/¢ profiles

are shown in Figure 4. As shown, before addition of the
inhibiting agents, the curves exhibit a rapid decrease in
the anodic current in the early moments. Then the
current fluctuates with high frequency having an ampli-
tude of approximately 70 pA, indicating the onset of
metastable pitting attack. On addition of CrO2~, 0.1 M,
after 20 min, the anodic current decreases rapidly
without fluctuations and takes a constant value
(1.7 uA), indicating the immediate inhibition to the
pitting attack. This can be explained by the fact that the
chromate anions, as a powerful oxidizing agent, are
capable of oxidizing the corrosion sites to give a stable
passive film of Al,O3 which covers the whole electrode
surface. The SEM-EDAX examination of the surface
after potentiostatic //¢ measurements at —740 mV in
0.5M NaCl and 0.1 M CrOi_ solution supports the
above discussion, Figure 5. As can be seen in the SEM
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Fig. 4. Potentiostatic current-time plot of Al electrode polarized at
—740 mV in 0.5 M NaCl solution to which 0.1 M CrO3~ was added
after 20 min.

micrograph of Figure 5(a), complete passivation is
achieved since there is no attack on the surface. A very
low amount of Cr was detected on the surface by the
corresponding EDAX profile, Figure 5(b), indicates that
the oxidizing power of chromate as a passivator is the
main cause in the inhibition process.

Molybdate shows almost the same inhibiting influence
as chromate but the value of the anodic current after
addition of MOO?[, 0.1 M, is higher than that observed
in the case of CrOi*, Figure 6. Moreover, slight
fluctuations in the current were noticed but these were
of low frequency and magnitude with an amplitude of
about 1 pA. This indicates that the inhibiting effect of
MoO;:" is not as strong as that of CrO; . The SEM—
EDAX examination of the surface after potentiostatic
I/t measurements at =740 mV in 0.5 M NaCl and 0.1 M
MoOﬁf solution is displayed in Figure 7. A mud-crack
structure is seen in Figure 7(a) and a high concentration
of Mo is detected by the corresponding EDAX analysis,
Figure 7(b). This indicates the adsorption and reaction
of MoO?~ anions at the electrode surface and formation
of a salt layer, but complete passivation is not achieved.

XPS analysis of the surface layer of the Al electrode
after polarization at =740 mV in 0.5 M NaCl solution, to
which 0.1 M MoOj~ solution was added after 20 min,
can give additional information about the chemistry of
the surface film formed on the electrode. The Mo(3d),
Al(2p) and O(ls) spectra are shown in Figure 8. The
Mo(3d) spectrum, Figure 8(a), revealed three peaks at
230.1, 232.6 and 234.4 eV, identified as MoO,, MoOff
and MoOs, respectively [24, 25]. It is clearly seen, from
the intensity of the three peaks, that the major constit-
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Fig. 5. (a) SEM micrograph of Al electrode obtained after potentio-
static polarization at —740 mV in 0.5 M NaCl + 10~! M CrOi’. (b)
EDAX analysis of the area shown in the micrograph.

uent present is MoOi_ species. Therefore, it can be
concluded that MoOj;~ anions adsorb onto the surface
and form a molybdate layer, which selectively impedes
the ingress of CI™ ions and hence inhibits the pitting
attack. It was stated that MoOyj~ restricts the ingress of
Cl” by forming a highly charged film [26]. Also, a
molybdate species has been found in the passive film of
Al-Mo alloys in chloride solutions and has been shown
to govern the pitting process [24, 27]. In both the Al-Mo
alloys and Al exposed to molybdates in solution, the
breakdown potential is driven to more noble potentials,
and becomes resistant to pitting attack. The similarity in
the two cases is further evidence that the molybdate in
the film serves to selectively restrict the ingress of Cl™,
thereby preventing pitting.

The Al(2p) spectrum of Figure 8(b) shows two peaks
at 72.2 and 74.4 eV which belong to Al in the substrate
and Al,Os;, respectively [28]. The peak associated with
Al,O3 contributes most of the signal, indicating the
formation of a relatively thick passive film.

The oxygen peak obtained from the electron spec-
troscopy chemical analysis, Figure 8(c), has a width of
3.5 eV, indicating that it is caused by a sum of several
overlapping peaks and confirming the presence of
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Fig. 6. Potentiostatic current-time plot of Al electrode polarized at
—740 mV in 0.5 M NaCl solution to which 0.1 M MoO3~ was added
after 20 min.

oxygen in different forms. This conclusion is supported
by the XPS peaks in Figure 8(a) and (b) which indicate
that the most probable chemical forms of oxygen are
Mo0,, MoO; ", Mo0,0; and Al,Os.

The introduction of WOﬁ_, 0.1 M, to the test electro-
lyte after polarization at —740 mV for 20 min, has a
small effect in promoting the onset of passivation of the
metastable pits. As shown in Figure 9, on addition of
WO?~, the anodic current decreases but remains fluctu-
ating with an amplitude of approximately 7 pA. This
signifies that complete passivation conditions are never
achieved.

The effect of additive concentration on the inhibition
of Al during 7/t measurements was studied. It was
observed that the inhibiting effect of these additives
increases with increase in concentrations (from 10~*
to 107! M) and that at the same concentration, the
inhibiting effect of the additives increases in the follow-
ing order:

CrO;” > MoO;™ > W03~
This can be attributed to the greater oxidizing power of

CrOj~ as a passivator compared to MoO3~ and WO3~
anions.

3.3. Mechanism of inhibition
It seemed of interest to highlight the role of CrOﬁ*,

MoO;~ and WOj~ in the inhibition process. During the
polarization of aluminium electrode at —740 mV in
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Fig. 7. (a) SEM micrograph of Al electrode obtained after potentio-
static polarization at —740 mV in 0.5 M NaCl + 107! m MoOﬁ’. (b)
EDAX analysis of the area shown in the micrograph.

0.5 M NaCl solution, species such as AI(OH)CI™ and
AICI*" may exist, giving rise to the relatively stable
Al(OH),Cl complex, reported in pit initiation studies
[29, 30]. It has been postulated [29] that the initiation of
the pitting of aluminium in chloride solutions proceeds
in four consecutive steps: (i) the adsorption of CI~ on
the oxide film; (ii) the chemical reaction of the adsorbed
anion with the AI*" in the oxide lattice; (iii) the thinning
of the oxide film by dissolution and (iv) the direct attack
of the exposed metal by the aggressive anion with the
formation of transient complexes which rapidly undergo
hydrolysis. Thus,

AP +4CI7 — AICI; (1)
AICI; +2H,0 — AI(OH),Cl+2H* +3CI~  (2)

The incorporation of these complexes into the oxide film
may result in the generation of flaws at which the
adsorption of the passivating agent occurs competing
with the adsorption of the chloride anions at the same
points.

Chromate solutions, in the acidic conditions generat-
ed in developing pits, are powerful oxidizing agents and
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Fig. 8. XPS spectrum of (a) Mo(3d), (b) Al(2p) and (c) O(ls) measured for Al electrode after potentiostatic current-time measurements at

—740 mV in 0.5 M NaCl and 10~' M MoQ3~ solution.
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Fig. 9. Potentiostatic current-time plot of Al electrode polarized at
—740 mV in 0.5 M NaCl solution to which 0.1 M WO3~ was added
after 20 min.

therefore, the CrO} ™~ anion is involved in an oxidation—
reduction reaction which leads to the formation of a
stable hydrated oxide film as follows:

2A1+2CrO;” + 10H" — ALO; - 3H,0

+2Cr*" +2H,0  (3)

The inhibiting effect of MoOﬁ_ is due to the adsorp-
tion of molybdate at the electrode surface forming a
barrier layer which impedes the adsorption of Cl™ ions
on the electrode surface. Moreover, the partial oxidizing
effect of molybdate enhances the oxidation of the
corrosion sites to a stable oxide film according to the
redox reaction:

2Al4+3MoO; 4+ 6H" — Al,Os3 - 3H,0 + 3 MoO;
(4)

In the case of WO? ", the adsorption of WO; ™ anions
at flawed areas and developing pits is the main factor for
the observed inhibition effect. However, the formation
of a complete surface layer of WO?[ looks to be very
difficult, and hence complete passive conditions are
never achieved. This can be confirmed by SEM-EDAX
examination of the electrode surface after potentiostatic
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Fig. 10. (a) SEM micrograph of Al electrode obtained after potentio-
static polarization at —740 mV in 0.5 M NaCl + 107! m WOAZ[. (b)
EDAX analysis of the white areas shown in the micrograph.

I/t measurements in 0.5 M NaCl and 0.1 M WO3 ™. As
can be seen in the SEM micrograph of Figure 10(a), the
adsorption of WO3~ occurs on the active sites, at which
the localized attack occurred, and causes plugging of the
pores. The white precipitate in the micrograph were
analysed as a tungsten compound by the accompanying
EDAX profile, Figure 10(b), indicating the tungstate
surface layer at these sites.

Furthermore, the low inhibition influence of WO3~
compared with CrOff, MOO?[, can be also attributed to
the low oxidizing nature of WO3~. WO?" is considered
as a nonoxidizing inhibitor and, hence, cannot oxidize
the corrosion sites at the electrode surface.

4. Conclusions

The outcome of the present work can be summarized as

follows:

(1) The pitting potential of the Al electrode moves in the
positive direction by addition of CrO3~, MoO;~ and
WO3~ anions to the electrolyte, and the shift in
potential increases with increase in concentration.
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(i) Chromate anions exhibit a large passivating influ-
ence during potentiostatic /¢ measurements. This
can be ascribed to the fact that chromate anions are
a powerful oxidizing agent and capable of oxidizing
the corrosion sites to give a stable Al,O5 film.

(iii) The inhibition observed on addition of MoOézf
anions is attributed to the adsorption and reaction
of MoOf[ at the electrode forming a molybdate
surface layer which selectively impedes the ingress of
Cl™ ions.

(iv) XPS results confirm the presence of MoO,,
MoOj3~ and MoOj at the electrode surface after 7/
measurements and the major constituents is MoO;~
species.

(v) The adsorption of WOi_ anions at flawed areas and
developing pits is the main factor for the observed
inhibition, but complete passive conditions are never
achieved.
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