Journal of Solid State Electrochemistry (2019) 23:3019-3029
https://doi.org/10.1007/s10008-019-04397-0

ORIGINAL PAPER

Orthophosphoric acid solutions of sodium orthovanadate, sodium

®

Check for
updates

tungstate, and sodium molybdate as potential corrosion inhibitors

of the Al,Cu intermetallic phase

Przemystaw Kwolek' @ - Kamil Dychton' - Maciej Pytel

Received: 18 March 2019 /Revised: 7 September 2019 / Accepted: 8 September 2019 /Published online: 7 October 2019

© The Author(s) 2019

Abstract

Orthophosphoric acid solutions of sodium orthovanadate, sodium tungstate, and sodium molybdate are tested as potential
corrosion inhibitors of the Al,Cu intermetallic phase. Corrosion inhibition is observed for 0.2 M solutions of Na;VO, and
Na, WO, by increasing the pH to > 2. When the pH is < 2, the aforementioned salts increase the corrosion rate of the intermetallic
phase. A 0.2 M solution of Na; VO, causes the precipitation of vanadium phosphate on the surface of the Al,Cu phase at pH = 1.

Keywords Intermetallics - Selective corrosion - Sodium molybdate - Sodium orthovanadate - Sodium tungstate -

Heteropolyanions

Introduction

The intermetallic Al,Cu phase is an important microstructural
component of AI-Cu—-Mg—Mn and Al-Zn—-Mg—Cu wrought
alloys because it ensures good strength by forming fine pre-
cipitates in the alloy matrix [1]. However, since it is nobler
than the matrix, it promotes local dissolution and reduces the
corrosion resistance of alloys [2, 3]. It is also well known that
the formation of Al,Cu plays an important role in many Al-
Cu-based cast alloys [4-9]. The distribution of the Al,Cu
phase in the interdendritic spacing affects both the mechanical
and corrosion behaviour of the alloys [4-7]. This effect is not
proportional, meaning that the microstructural refinement lev-
el and the cathode-to-anode area ratio strongly affect the
mechanical-to-corrosion response [4, 8, 9]. At the same time,
the intermetallic Al,Cu phase is itself susceptible to selective
corrosion, and when immersed in acidic, neutral, and alkaline
solutions, its surface is transformed into a highly porous me-
tallic copper [2, 10].

The corrosion and wear resistance of components contain-
ing aluminium alloys can be improved by an appropriate
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surface treatment, which often requires acid etching, such as
in the stripping of anodic coatings. In this case, a corrosion
inhibitor is required for the metallic substrate, such as com-
monly used chromium trioxide [11]. However, due to its tox-
icity, new environmentally friendly inhibitors that are usable
in acidic solutions must be developed, which requires under-
standing their influence on the corrosion behaviour of both the
alloy and its microstructural constituents.

In this work, three inorganic salts, namely sodium
orthovanadate (Naz;VOy,), sodium tungstate (Na,WO,) and
sodium molybdate (Na,MoQO,), were tested as potential cor-
rosion inhibitors of the intermetallic Al,Cu phase. A 0.5 M
solution of orthophosphoric acid (H;PO,4) was used as the
corrosive environment because it is used in practice to strip
anodic coatings [12].

The chemistry of the transition metals vanadium, niobium,
tantalum, molybdenum and tungsten, in their highest oxida-
tion states in aqueous solutions is very complex. When adding
increasing amounts of a mineral acid to aqueous solutions of
orthometalates (aka monometalates), addition and condensa-
tion processes progress and isopolyoxoanions are formed.
They are built by a transition metal, oxygen and hydrogen.
For the various equilibria, the resulting isopolyoxoanions are
categorised in terms of their stoichiometric coefficients as de-
scribed by the general equation (Eq. (1)):

- 2pq)-
PMOZ + gH —[MyOsp-ga] ¥ + 2120 (1)
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where M =V, Nb, Ta, Mo or W. The degree of protonation Z of
a particular species is defined by the ratio ¢/p.
Heteropolyoxoanions incorporate one or more elements, in
addition to the transition metal, oxygen and hydrogen.

The corrosion inhibition of aluminium alloys using
isopolyoxovanadates was extensively studied in NaCl solutions
[13-17]. In the mildly acidic solutions at low vanadate concen-
trations, tetrahedrally coordinated species, such as [H,VO,4] and
[V40,,]*", inhibited the cathodic process [14]. Decavanadate
jons, such as [HV,¢0,s]° and [H,V40,s]*", which are stable
in mildly and strongly acidic solutions, do not exhibit an
inhibiting effect on the 2024 alloy [13, 14]. Tetrahedrally coor-
dinated isopolyoxovanadates decrease the corrosion potential
and corrosion current density of intermetallic Al,Cu in 0.5 M
NaCl solutions (pH = 9.17) and increase the pitting potential with
little influence on the current density in the passive region of the
anodic polarisation curve [15].

Isopolyoxotungstates were tested as corrosion inhibitors of
aluminium in neutral and acidic solutions [18, 19]. Again,
several stable species in aqueous solutions are possible, but
the most common are paratungstate-A [W7024]67 and
metatungstate [a-H,W,040]°" [20]. In acidic solution,
isopolyoxotungstates increase the anodic and cathodic
overpotentials and thus decrease the corrosion rate of Al, but
the inhibition efficiency is low (ca. 50%) [19]. In a 0.5 M
NaCl solution, these species increase the pitting potential of
aluminium due to adsorption at flawed areas and developing
pits [18].

Isopolyoxomolybdates have rarely been tested as potential
corrosion inhibitors of aluminium in acidic solutions. The most
important isopolyoxomolybdates that can be formed are
dimolybdate [Mo0,0,]%", trimolybdate [Mo03040]%,
tetramolybdate [Mo40, N heptamolybdate (also called
paramolybdate) [Mo,044]®", octamolybdate [MogO4s]*~ and
decamolybdate [Mo,¢0+4]%; also, many large clusters, such as
[M0360112(H20)16]*", [M0}54(NO);40420(OH)25(H20)70]>>
and Nayg[HMo036501032(H20)240(SO4)sg]-ca. 1000H,0 (x =
16), can be formed [20-23]. Regarding their inhibiting proper-
ties, it was demonstrated that in 1 M HCI, isopolyoxomolybdates
increased the corrosion rate of aluminium [24], but in a chloride-
free borate buffer (possibly containing a small amount of
H;PO,), the corrosion rate of aluminium and its alloys decreased.
It was concluded that isopolyoxomolybdates behaved as
passivators when Mo atoms were incorporated into the surface
film [25].

Heteropolyoxoanions can be formed by about 60 elements on
the periodic table, but one of the most important is phosphorus.
Vanadium forms heteropolyoxoanions less frequently than molyb-
denum and tungsten, and known species include [PV14,04]" and
[HePV,504;]"" [20]. The most notable example of a
heteropolyoxotungstate is [PW1,04]> ; however, in the presence
of excess H;PO,4, which occurs when sodium tungstate is used as
the corrosion inhibsitor in orthophosphoric acid, [PsWgOs]'*” can
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be formed [20]. Neither heteropolyoxovanadates nor
heteropolyoxotungstates have been tested as corrosion inhibitors
of aluminium; thus, heteropolyoxomolybdates are somewhat ex-
ceptional from this point of view. The most well-known
heteropolyoxomolybdate is [PMo;,04]’ ", which is a more pow-
erful oxidant than [PW,040]° and can be easily reduced to
phosphomolybdenum blue species [PMo1,04]”", which are
widely used in analytical chemistry [26]. The corrosion inhibition
of aluminium and 2024 aluminium alloy in the H;PO4—Na,MoO,
system has been demonstrated [24, 27-29]. Interestingly, iso- and
heteropolyoxomolybdates also decrease the dissolution rate of an-
odic coatings in solutions of orthophosphoric acid [30].

Experimental

Al,Cu electrodes were obtained by an electrical arc melting
process in water-cooled copper crucibles using a tungsten
electrode under an Ar atmosphere (p = 60 kPa).
Stoichiometric amounts of Al and Cu (99.999 wt% purity,
Alfa Aesar) were weighed to obtain approximately 4.5 g of
the alloy with a theoretical Cu content of 53.4 wt%. The feed-
stock material was re-melted four times to obtain a homoge-
neous material. A small amount of a eutectic mixture of Al,Cu
and Al(Cu) solid solution crystals was obtained together with
the hypereutectic crystals of the Al,Cu phase. The former was
dissolved during subsequent heat treatment in air (7= 823 K, ¢
=30 h). X-ray diffraction confirmed that Al,Cu was obtained
(International Centre for Diffraction Data (ICDD) card 04-
001-0923). Subsequently, the specimens were cut using an
electrical discharge machine and mounted in an epoxy resin.
The surface area of the electrodes was approximately
0.79 cm?. Prior to the corrosion tests, they were abraded by
SiC papers (320 and 500 grit), washed with water and isopro-
pyl alcohol, and then dried with flowing air.

Corrosion tests were performed in a conventional three-
electrode electrochemical cell open to air with a water jacket
and equipped with platinum counter electrodes (20 cm?). The
reference electrode (Ag/AgCl in 3 M KCIl) was placed in a
Luggin probe filled with 1 M KNOj solution. The volume of
tested solutions was 100 cm® at a temperature 7of 303 K. The
electrochemical cell was placed in a Faraday cage and con-
nected to a Bio-Logic SP-300 potentiostat.

Na3;VO,4, Na, WO, and Na,MoQO, were dissolved in 0.5 M
orthophosphoric acid. Concentrations equal to 10, 50, 100 and
200 mM were obtained. The open-circuit potential (OCP) of
Al,Cu was recorded for 10 h, and within this period, the im-
pedance spectra were measured. The first one was obtained at
¢t =20 min, and subsequent ones were obtained every 2 h. The
frequency domain of the spectra was between 200 kHz and
10 mHz with 5 mV of a root mean square (RMS) of sinusoidal
perturbation of potential. The impedance spectra were validat-
ed using a Kramers-Kronig transformation (KK Test software)
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[31, 32]. Only spectra obtained under stationary conditions are
presented in this work. They were approximated using the
appropriate equivalent circuit in Zview software (Scribner
Associates). Values of the fitted parameters were normalised
to the geometric surface area of the specimen, i.e. 0.79 cm®.
The quality of the fit was estimated using two parameters: x>
(chi squared) and S. The former, in the Zview software, is
defined as the square of the standard deviation between the
measured and calculated data. The latter is the weighted sum
of squares of differences between measured and calculated
data, where the weighting factors are the moduli of calculated
impedances.

The influence of pH on the corrosion kinetics of the Al,Cu
phase was established based on additional corrosion experi-
ments. The following solutions were used: 0.5 M H3PO,/
0.2 M NazVOy and 0.5 M H3P04/0.2 M Na,WOy, at pH 1.0
as well as 0.5 M Na3PO, at pH 2.2 and 3.9. The pH was
adjusted using concentrated H,SO,.

The aluminium and copper concentrations in solutions after
corrosion tests were measured using inductively coupled
plasma-optical emission spectroscopy ICP-OES (Ultima 2
Horiba Jobin Yvon). Due to a significant matrix effect, the
standard addition method was applied. The morphology and
chemical composition of the surface of corroded Al,Cu spec-
imens were determined using scanning electron microscopy
(SEM) on a HITACHI S-3400N equipped with energy-
dispersive X-ray spectrometer (EDX) (Thermo Noran
System 7).

Results and discussion
Corrosion rate of intermetallic Al,Cu

Sodium orthovanadate, sodium molybdate and sodium tung-
state form isopolyoxoanions and heteropolyoxoanions when
they are dissolved in orthophosphoric acid solution. They
were tested as corrosion inhibitors of intermetallic Al,Cu.
The concentration of aluminium c4; and copper cc, in the
solution was determined as a function of the initial concentra-
tion of the monometalates after 10 h of immersion (Fig. 1).
The intermetallic phase in the acidic solution was susceptible
to selective corrosion. Aluminium atoms were preferentially
dissolved, and the electrode surface was enriched with copper
and became porous. In 0.5 M H5PO,, for instance, c5; was
approximately 300-fold higher than c¢,. Thus, it can be con-
cluded that the cay/cc, depends on the added inorganic salt and
its initial concentration.

Sodium orthovanadate, when used at a low concentration
(10 mM), significantly increased the corrosion rate of the in-
termetallic phase (Fig. 1a). However, when its concentration
was > 100 mM, it inhibited the corrosion process.
Additionally, under such conditions, the Al,Cu phase did

not selectively corrode. Sodium tungstate influenced the cor-
rosion kinetics of the intermetallic phase in a similar manner.
However, it was a less efficient inhibitor than Na;VO, (Fig.
1b). Interestingly, when its concentration was < 200 mM, a
white powder precipitated, along with the corrosion of the
intermetallic phase. However, the powder contained neither
aluminium nor copper and was mainly composed of tungsten
(ca. 17 at%) and oxygen with a small admixture of phosphorus
and sodium. Thus, it was likely one of the
heteropolyoxotungstate forms. Sodium molybdate, in turn,
increased the corrosion rate of the Al,Cu phase in the whole
studied concentration range (10-200 mM) and was excluded
from further analysis.

On the one hand, the monometalates Na; VO, and
Na,WO,, when dissolved in an acid, increase its pH. On the
other hand, the Al,Cu phase is passive over a wide pH range
between 2 and 10 [33]. Therefore, understanding the corrosion
behaviour of Al,Cu required determining the pH of the solu-
tions prior to the corrosion experiments (Fig. 2). The corrosion
inhibition may be related to an increase in the pH of the solu-
tions. This possibility was further explored using electrochem-
ical impedance spectroscopy (EIS).

Electrochemical analysis

The corrosion kinetics of the Al,Cu phase was studied in 0.5 M
H5POy, 0.5 M H3P0O,4/0.01 M Na;VO, and 0.5 M H;P0,/0.2 M
Na3zVO, at pH = 1.0, 1.3 and 3.9, respectively, as well as 0.5 M
H3PO4/005 M N32W04 and 0.5 M H3PO4/02 M N32WO4 at
pH = 1.2 and 2.2, respectively. Additional corrosion tests were
performed in 0.5 M H3P0O,/0.2 M Na;VO, and 0.5 M H;PO,/
0.2 M Na,WO, acidified to pH = 1.0 as well as 0.5 M Na;PO,
acidified to pH = 3.9 and 2.2.

Immediately after immersion in acidic solution, the Al,Cu
corroded via hydrogen and oxygen depolarisation. The appear-
ance of the electrode surface changed from shiny to dull and
copper-like, which was caused by the selective dissolution of
aluminium atoms. The porous structure, composed of Cu, was
formed on the surface of the electrode (Fig. 3a). The open-circuit
potential of the electrode increased with time (Fig. 4a). When it
was >— 267 mV vs. a Ag/AgCl reference electrode (equilibrium
potential of standard hydrogen electrode at pH = 1), the corrosion
mechanism changed to oxygen depolarisation. The same mech-
anism was responsible for corrosion of AL,Cu in 0.5 M H;PO,4/
0.01 M Na3;VO, and 0.5 M H5P0O4/0.05 M Na,WO,. When the
initial concentration of sodium orthovanadate was equal to
0.2 M, the open-circuit potential achieved the highest value.
The OCP was relatively low, in turn, in 0.5 M H3P0,0.2 M
Na,WOj, at pH = 1.0 (Fig. 4b).

Electrochemical impedance spectroscopy was used to
study the influence of the chemical composition of the solu-
tions on the corrosion mechanism of Al,Cu. First, the modu-
lus of the imaginary part of impedance was analysed as a
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Fig. 1 Concentration of Cu and Al in 0.5 M H3PO, solutions after # = 10 h immersion of intermetallic Al,Cu, 7'= 303 K, as a function of the initial

concentration of a Na;VO,4 and b Na, WO,

function of frequency (Fig. 5). It can be observed that in the
high-frequency range > 10 kHz, |Z"| decreased as the frequen-
cy decreased. It is usually regarded as an artefact related to the
impedance of the reference electrode, stray capacitance from
the cable connected to the voltage amplifier and its input ca-
pacitance [34]. Therefore, this frequency range was excluded
from the approximation. However, Orazem et al. observed and
discussed similar behaviour for selectively corroded cast iron.
In their results, the high-frequency part of the spectrum, in the
form of the incomplete capacitive loop in the Nyquist plot,
was related to the microporous film present on the surface of
the cast iron and the cathodic charge-transfer process [35].

A subsequent linear increase in log |Z"| can be observed for
the selectively corroded Al,Cu phase, usually between 70 kHz
and 100 Hz (Fig. 5) [35]. The impedance spectra of such
porous electrodes can be approximated using the de Levie
model; however, the important parameters characterizing the
electrochemical process, such as the charge-transfer resistance
R and the double-layer capacitance Cy;, cannot be estimated
easily [36]. Lasia et al. proposed a so-called two CPE model,
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Fig.2 The pH of the solutions of Na;VO, and Na,WO, in 0.5 M H3PO,
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in which a high-frequency capacitive loop is related to a po-
rous film on the surface of the electrode and a low-frequency
loop is related to its corrosion [37, 38]. In our case, however,
using the “two CPE” model gave high approximation errors of
the electrical equivalent circuit (EEC) elements. Therefore, the
high-frequency range of the impedance spectra was not ap-
proximated. Only in the case of a solution containing 200 mM
Na;VOy at pH = 1.0 was a well-established capacitive loop in
this range of frequencies visible.

Another straight line in Fig. 5 can be observed over a wide
range of frequencies down to ca. 1 Hz. This corresponds to the
double-layer capacitance Cyg, connected in parallel to the
charge-transfer resistance R... However, due to the frequency
dispersion, the negative value of the slope is < 1; thus, a
constant phase element (CPEy4;) was used instead of a capac-
itor in the EEC (Figs. 6 and 8). The impedance of the CPE is
given by Eq. (2) [39, 40]:

1

Zcpg = TGo)™ (2)

where T'is the parameter related to the electrode capacitance, w
is the angular frequency and « indicates the deviation from
purely capacitive behaviour. When « = 1, Tequals the capac-
itance. It seems reasonable that time constants for the faradaic
process were distributed along, rather than normal to, the sur-
face of the electrode. Thus, the following equation can be
applied to obtain the double-layer capacitance Cy (Eq. (3))
[40-42]:

1-a

RRy \'*
Co = T [ st 3
a= (RSJFRCt (3)

where R; is the solution resistance, R, is the charge-transfer
resistance, Ty is the parameter of the constant phase element
representing the electrical double layer and « is the exponent
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Fig. 3 Scanning electron
micrograph of the Al,Cu surface
after 10 h exposure ina 0.5 M
H;PO4and b 0.5 M H;PO,/0.2 M
NazVOgatpH=1.0and 7=
303K

of the CPE. It should be noted here that when & < 0.85,
calculation of Cy, using Eq. (3) can lead to significant error
[43].

An additional time constant was observed for frequencies <
1 Hz. The inductive behaviour in the Nyquist plots (e.g.
Fig. 6a) was approximated by the inductor Z; in series with
aresistor R,. These are related to the adsorption of intermedi-
ate species due to the anodic dissolution of metal and/or cor-
rosion inhibitor species [40]. The same model can be applied
to a passive electrode. The resistance then takes into account
the kinetics of changes to the fractional surface coverage or
film resistivity with time, whereas inductance is related to the
time constant of this process [44]. The low-frequency induc-
tive behaviour of corroding metal is frequently observed (e.g.,
[24, 45] and [46] in the case of aluminium in acidic solutions
and intergranular corrosion of stainless steel, respectively).

In the case of 200 mM NazVOy, at pH = 3.9, the inductor-
containing equivalent circuit was not applicable. A much bet-
ter approximation was achieved using the alternative model
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for the passive electrode, where a constant phase element was
applied instead of a capacitor (Fig. 6b) [40]. The physical
meaning of CPE, and R; is not straightforward, but they are
related to the charge-transfer resistance, the change in the
electric current passing through the interface caused by a
change in the fractional coverage of the surface, film resistiv-
ity, or thickness, as well as the time constants related to these
processes [40]. An additional time constant, visible for
200 mM Na3;VO, at pH = 1.0 (Fig. 5) for f'< 100 mHz, was
not approximated.

The impedance spectra obtained for the Al,Cu phase in the
solutions without corrosion inhibitors at pH > 2.2 (0.5 M
NazPO,) were well approximated with a simple, Randles-
type equivalent circuit (Figs. 5 and 6c, d).

The impedance spectra obtained for the corrosion of Al,Cu
in 0.5 M H3P0O4/0.2 M Na,WO, and 0.5 M H;P0,/0.2 M
Na; VO, with their approximation using an electrical equiva-
lent circuit are presented in Fig. 6a, b, respectively. Relatively
high values of the impedance, especially for the sodium
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Fig.4 Open-circuit potential of Al,Cu in 0.5 M H3;PO, at 7= 303 K as a function of time, pH and initial concentration of a sodium orthovanadate and b

sodium tungstate
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orthovanadate, suggest efficient corrosion inhibition.
However, similarly high impedances were obtained for the
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AlCu in 0.5 M Na3PO, acidified to pH = 2.2 and 3.9 (Fig.
6¢, d).

The double-layer capacitance calculated for the Al,Cu
phase immersed in 0.5 M Na;PO, at pH = 2.2 was very high
when compared to the typical value for smooth metal surfaces
(20 uF cm %) [37] and increased with time from 2195 to
6389 uF cm °. Lasia reported even higher values that reached
2.4F cm 2 [37,38]. This is related to the enormous increase of
surface area of the electrode caused by the selective dissolu-
tion of Al (Fig. 3a). The double-layer capacitance increases
with time as the surface area of the electrode increases. In this
work, capacitances were divided by the geometric surface
area, i.e. 0.79 cm”. The real value, however, changes with time
and can be between several hundred and several thousand
times higher when compared to the initial value. The exact
value remains unknown. Therefore, the increase of Cy; with
time is observed. In fact, it is only related to the aggressiveness
of the corrosive environment.

For 200 mM of Na, WOy in turn, the double-layer capaci-
tance was equal to ca. 190 uF cm 2 and did not change with
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Fig.6 Nyquist plots for the corrosion of Al,Cu as a function of time in a, b 0.5 M H;PO,4 and ¢, d 0.5 M Na3PO,4 at 7= 303 K; continuous lines represent
an approximation of the obtained data, impedances were multiplied by the geometric surface area
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Fig. 7 Corrosion kinetics of Al,Cu in 0.5 M H3PO,4 at 7= 303 K for the exemplary chemical composition of the solutions: a double-layer capacitance
and b charge-transfer resistance; capacitances were divided and resistances multiplied by the geometric surface area

time. Analogously, the charge-transfer resistance after ¢ =
576 min was high for the solution containing Na, WO, (370
vs 347 Q ¢cm?, Table 1). It indicates that there was no such a
severe dealloying of the intermetallic phase as described
above. The corrosion rate was calculated based on the concen-
tration of aluminium c4; and copper cc, in the solution and
was equal to 21.58 and 8.27 g m 2 day ' for 0.5 M NasPO,
and 0.5 M H3P0O4/0.2 M Na,WOy, respectively, at pH = 2.2.
Thus, a rather weak inhibition effect was achieved with an
inhibition efficiency equal to 62%.

The inhibition effect was not observed for pH = 3.9 in
0.5 M H;P0O,4/0.2 M Na3;VO,. The corrosion rate of the
Al,Cu phase was higher when compared to the solution with-
out this salt at the same pH (2.61 g m 2 day ' with the
Naz;VO, and 2.34 g m 2 dayfl without the Na;VOy,). The
charge-transfer resistance was also higher for the solution
without sodium orthovanadate (Fig. 7b). The double-layer
capacitance, calculated for the Al,Cu phase immersed in
0.5 M H;P04/0.2 M Na;VO,, was between 12 and
14 uF cm 2, which is close to the value typical for smooth
metal surfaces (20 uF cm ) [37]. Interestingly, much higher
values, between 200 and 350 uF cm 2, were obtained for the
Al,Cu phase at pH = 3.9 in the solution without sodium
orthovanadate when there was no selective corrosion. The
same effect was reported in the literature for Al,Cu immersed
in 0.1 M NaCl solution. The high electrical double-layer ca-
pacitance was attributed to the formation of hydroxide ions on
the surface due to the oxygen reduction reaction [47].

05 M H3PO4/02 M Na3VO4 and 0.5 M H3PO4/02 M
Na, WOy, solutions were then acidified to pH = 1.0. The im-
pedance spectra of the Al,Cu were compared with those ob-
tained for 0.5 M H3PO, (Fig. 8). It can be seen that sodium
tungstate, when dissolved in orthophosphoric acid at pH = 1,
increased the corrosion rate of the intermetallic phase. High
values of the double-layer capacitance indicate selective cor-
rosion (Fig. 7a). The charge-transfer resistance decreased with

time from 51 to 19 Q cm? (Table 1). The corrosion rate is 3-
fold higher when compared to that of a 0.5 M H3POy solution.

In the case of sodium orthovanadate (200 mM, pH = 1.0), the
values of Ry, L; and R; increased with time (Table 1; Fig. 7b),
whereas Cy only slightly increased between 9 and 12 uF cm .
This was caused by the formation of the protective layer on the
AL Cu surface. The layer was composed mainly of vanadium,
phosphorus, oxygen and sodium, where the P/V atomic ratio
was close to unity. The high-frequency capacitive loop (f'>
1 kHz), emerging at the impedance spectra (Fig. 8d), was related
to the microporosity of this layer. However, the corrosion protec-
tion was only moderate, since the areas uncovered can be easily
found on the surface (Fig. 3b). The corrosion rate of AL,Cu in
0.5 M H3PO4 was 47.12 ¢ m > day ' and decreased to
39.93 gm 2 day " in the solution containing initially 200 mM of
Na3VO4.

The most severe Al,Cu corrosion occurred in 0.5 M
Na,WO, (pH = 1.2) and 0.5 M H5P04/0.2 M Na,WO, (pH
= 1.0) since the pH was strongly acidic, and the species
formed in the solution acted as additional depolarisers in
the corrosion cell. The surface area of these electrodes in-
creased with time and was 1-3.5 thousand times higher when
compared to the smooth surface (assumed capacitance
20 pF cm 2 [37]). Thus, the highest values of the double-
layer capacitance among the samples in this study were ob-
tained (Fig. 7a). It should be noted here that fitted values of
were < 0.85 for 200 mM Na,WO,, pH=1, =159, 298, 437
and 576 min as well as 10 mM Na3;VO,, pH=1.3,7=437 and
576 min. Thus, the errors of Cg4; values in these cases can be
significant [43]. The charge-transfer resistance, for selec-
tively corroded specimens, decreased with time due to in-
crease of the real surface area, and after 10 h, reached low
values between 10 and 30 Q cm?. This is not related with the
change of corrosion mechanism. R ; values presented in
Table 1 were multiplied by the geometric surface area.
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Fig. 8 Nyquist plots for the corrosion of Al,Cu in 0.5 M H3PO, at pH = 1 and 7= 303 K as a function of time and initial concentration of Na;VO,4 and
Na, WOy; continuous lines represent an approximation of the obtained data; impedances were multiplied by the geometric surface area

It can be concluded that corrosion inhibition of intermetal-
lic AL,Cu in the H3PO4—Na3;VO, system did not occur. The
vanadium in the studied solutions, where the pH was between
1 and 4 and its total concentration was between 10 and
200 mM, existed in two forms. The decavanadate
[H2V10023]4_ ion is stable for pH > 2 and a total concentration
of vanadium > ca. 10 mM, whereas VO,* occurs in a more
acidic solution and lower total V concentration. Upon addition
of Naz;VO, to 0.5 M H3PO,, the solution turned dark red-
brown. This indicates the formation of [HPV14O42]97
heteropolyoxovanadate [20]. However, neither the
isopolyoxovanadates nor the heteropolyoxovanadates
inhibited the corrosion of the AL,Cu. At a sufficiently acidic
solution (pH = 1), the vanadium species were reduced on the
surface of the electrode, and probably vanadium(IV) phos-
phate VOHPO4xH,O (x = 0.5, 4) was formed [48]. This result
may be useful from the point of view of the preparation of
conversion coatings on aluminium alloys.

In the case of sodium tungstate, the formation of
heteropolyoxotungstate was confirmed using UV-Vis

spectroscopy. The absorption band at ca. 260 nm appeared
after dissolution of Na,WO, in 0.5 M HsPOy,. Thus, [o-
PW,,040]° was present in the solutions, where the initial
concentration of the monometalate was < 100 mM. When
the pH of the solution was raised above 1.5-2.0, it was revers-
ibly converted to a lacunary [o-PW;030]” " anion, which also
has an absorption band at approximately 260 nm [20]. This
anion may be responsible for the weak inhibition effect ob-
served for 200 mM of Na,WOQO, at pH = 2.2. However, the
contribution of isopolyoxotungstate species present in the so-
lution cannot be excluded.

Summary

Sodium orthovanadate, sodium tungstate and sodium molyb-
date were tested as corrosion inhibitors of intermetallic Al,Cu
in 0.5 M H3PO,. When their concentration in orthophosphoric
acid is too low, severe dealloying of the Al,Cu phase occurs.
The inhibition effect, observed for 0.5 M H;P0,4/0.2 M
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Naz;VO, and 0.5 M H3PO4/0.2 M Na,WQOy,, is mainly related
to the pH increase in the solution to the range, where the
corrosion rate of the Al,Cu phase is low. However, these re-
sults do not necessarily exclude the above-mentioned
isopolyoxoanions and heteropolyoxoanions as corrosion in-
hibitors of aluminium alloys in acidic solutions. Their influ-
ence on the corrosion behaviour of an Al-Cu solid solution
and other intermetallics in H;PO, should also be studied.
Sodium orthovanadate seems to be the least likely to replace
CrOs in stripping solutions for anodic coatings, since precip-
itation of insoluble salts during etching negatively affects the
gravimetric determination of the coating weight.
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