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Systematic investigations on the inhibitive efficiency of different Ce(III) salts against the corrosion of
AA2024 in 0.01 M NaCl are performed. Various concentrations (from 10�5 to 10�2 M) for each Ce-salt
are investigated after different exposure periods up to 600 h. Their inhibitive abilities were evaluated
by: Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) combined with
SEM observation and EDX analysis. A strong influence of the Ce-salts anionic parts on the inhibitive effi-
ciencies and the mechanism of the protective behaviour are found. The inhibitive efficiencies of the Ce(III)
salts are ordered as: Ce(NO3)3 > (NH4)2Ce(NO3)5 > Ce2(SO4)3 > CeCl3.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Because of their remarkable strength and mechanical resistivity,
combined with relatively low weight and low prices, the alumin-
ium alloys have found a wide spread applications in various house-
hold and technique fields. Regarding their popularity these alloys
follow immediately the steels and the cast iron. But they possess
low corrosion resistivity. Cu, Mg, Si, Fe, Mn, etc. used as alloying
elements form intermetallic phases dispersed in the alloys’ bulk.
They render the mechanical stability and resistivity to the Al-alloys
but become centres of initiation and further propagation of local-
ised corrosion when the latter are in contact with media containing
Cl� ions. That is why the alloys require an appropriate corrosion
protection prior to application. The experience has shown that
Cr(VI) species appear to be excellent inhibitors of the corrosion
of aluminium and some other alloys [1–4]. Due to their toxic char-
acter and carcinogenic activity their usage has already been
banned in many countries. Numerous organic [5–11] and inorganic
compounds are tested [12–14] with the aim to discover an envi-
ronmentally friendly alternative of the chromates. The rare-earth
elements, some of which are widely spread in nature, have proven
to be the most perspective inhibitors of Al-corrosion.

The pioneer works on the employment of rare-earth salts as
inhibitors of aluminium corrosion belong to Hinton et al. [15,16].
The latter have investigated the protective activity of CeCl3 against
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uniform and pitting corrosion of zinc containing AA7075 alumin-
ium alloy. Similar investigations on other compounds of rare-earth
elements [17–21] and other aluminium alloys [22–24] have been
also undertaken. Reliable results have been achieved when cerium
compounds, such as chlorides [22,24], nitrates [25–27], sulphates
[28], and even some double Ce-salts [29,30] have been used. The
attention in these investigations has been mainly focused on the
role of the cerium cation on the corrosion inhibitive ability while
the effect of the respective anions has not been taken into an ac-
count. A few investigations report that the counter ions of some
cerium salt can reveal some influence. It is found [27] that the cer-
ium ions inhibitive effect is masked by the presence of oxygen con-
taining anions when Ce(NO3)3 or Ce2(SO4)3 is used. There are data
concerning the influence of the anionic compositional part of var-
ious Ce(III) salts on the characteristics of Ce-conversion coatings
deposited on AZ31 [31]. Similar investigations are reported for
AA6082 aluminium alloy [32] as well. The authors have established
that the best coatings are obtained in solutions of CeCl3, whereas
these of Ce2(SO4)3 have revealed the worst results. It is also men-
tioned there that the mechanism of the nitrate ions action remains
unclear.

However, no thorough investigation regarding the influence of
the anionic compositional part of Ce-salts on their inhibitive effi-
ciency is found in the literature. The aim of this paper is to report
results obtained in systematic comparative investigations evaluat-
ing the inhibitive ability of various cerium salts in their third oxi-
dation state (CeCl3, Ce2(SO4)3, Ce(NO3)3 and (NH4)2Ce(NO3)5)
against the corrosion of AA2024 aluminium alloy in 0.01 M NaCl
solution.
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Fig. 1. Evolution of OCP within the exposition time for AA2024 samples immersed
in different media.
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2. Experimental

2.1. Chemical composition, preliminary treatment of specimens and
solution preparation

The exact composition of the AA2024 alloy presented in Table 1
was analysed by inductively coupled plasma–optical emission
spectroscopy (ICP–OES) after dissolution of the alloy in an acidic
medium.

All AA2024 specimens investigated were preliminary abraded
by SiC emery papers (starting with paper of 220 grit size, going
through that of 360 and 500 and finishing with paper of 800 grit
size). Then they were degreased for 10 min in ethanol:ether (1:1)
mixture, and rinsed vigorously with tap and then with distilled
water. Finally, they were exposed to the corrosive medium in ab-
sence and in presence of an inhibitor.

Aqueous solutions of 0.01 M NaCl containing different amounts
(from 1 � 10�5 M to 1 � 10�2 M) of the cerium (III) salts were used
as model corrosive media. All cerium salts were products of Alfa
Aesar (Karlsruhe, Germany): 99.00% purity grade CeCl3�7H2O,
99.00% purity grade Ce(NO3)3�7H2O, 99.99% purity grade Ce2(SO4)3

�8H2O and reagent grade (NH4)2Ce(NO3)5�4H2O.
2.2. Equipment and methods of measurement

2.2.1. Electrochemical measurements
The electrochemical measurements were performed in a 100 ml

flat three-electrode cell. Limited zones of the metallic plates of an
area of 2.0 cm2 exposed to the corrosive medium served as work-
ing electrodes. A platinum net cylinder was used as a counter elec-
trode. Its surface area was two orders of magnitude higher than
that of the working electrode. A commercial Ag/AgCl 3 M KCl elec-
trode (model 6.0733.100, product of Metrohm) was used as a ref-
erence electrode. Its potential value is 0.2098 V in respect to
standard hydrogen electrode, SHE, and is referred further in the
text as SSC.

The polarisation curves were recorded by a potentiostat/galva-
nostat AUTOLAB PG 30/2 of ECOCHEMIE (Netherlands) supported
by a frequency response analyzer FRA-2. A Faraday cage was used
in order to avoid external electromagnetic and electrostatic dis-
charges influence on the electrochemical cell. All measurements
were carried out at room temperature.

The establishment of a constant value of the open circuit poten-
tial, OCP, is aimed. The OCP – t dependences obtained in distilled
water, 0.01 M NaCl, and cerium containing 0.01 M NaCl solution
are presented in Fig. 1

It shows that the curve has an identical form in the three media
chosen. The potential increases with the time increase, reaches a
maximum and then decreases to a constant value. This potential
change with time is attributed to oxide layer formation upon the
immersion of the respective sample in the corrosive medium and
the simultaneously proceeding attack by the chloride ions con-
tained in the solution. The OCP – t curves obtained show that stable
and reliable results can be obtained after at least 8–10 h of expo-
sure to the respective solutions. To exclude the influence of the
working electrode polarisation accurately, all the electrochemical
measurements were performed after 24 h of samples exposition
to the corrosive medium.

The polarisation curves were recorded in a narrow interval
around the open circuit potential (OCP ± 0.03 V) at a scan rate of
Table 1
Composition of the aluminium alloy investigated determined by ICP – OES.

Element Cu Fe Mg Mn Ni Si Al

Content (wt.%) 3.716 0.404 1.259 0.537 0.055 <0.01 balance

Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
aluminium alloy, Corros. Sci. (2013), http://dx.doi.org/10.1016/j.corsci.2013.01
1 mV/s. In case of lower scan rate application well expressed cur-
rent deviations were registered, which did not provide the accurate
determination of the corrosion potential, Ecorr, and the polarisation
resistance, Rp. Afterwards the respective impedance spectra were
recorded. This was done in the frequency range from 104 to
10�2 Hz distributed in 7 frequencies per decade with signal ampli-
tude of 10 mV in respect to OCP. The acquisition of the impedance
spectra was followed by cathodic polarisation curves recording in
the range from OCP + 30 mV to OCP - 500 mV at a scan rate of
1 mV/s. Finally after retaining the OCP value, anodic polarisation
curves are recorded in the range from OCP - 30 mV up to
OCP + 700 mV at a scan rate of 1 mV/s. This experimental sequence
enabled the achievement of high correspondence between Ecorr

determined by the polarisation curves and OCP measured prior to
the performance of the polarisation measurements. The values of
the polarisation resistance Rp were estimated as an average result
of at least three identical measurements on individual electrodes.

2.2.2. Morphological characterisations
SEM images were recorded using scanning electron microscopy

(TESCAN, SEM/FIB LYRA I XMU). The local composition was studied
using energy dispersion X-ray spectroscopy, EDX (Quantax 200 of
BRUKER detector) connected to the SEM-device.

3. Results and discussion

3.1. Polarisation measurements

The discussion of the experimental results is done on the basis
of the concepts of AA2024 aluminium alloy pitting corrosion and
the inhibitive action of Ce(III) ions.

The intermetallic inclusions of the S-phase (Al2CuMg) are
responsible for the local corrosion of the Al-alloy. As precipitated
particles these inclusions occupy a 3% of the entire metal surface.
In neutral or weakly acidic media containing Cl� ions, Mg and Al
from these particles undergo chemical [22] or electrochemical
[33] dissolution. This results in the particles copper enrichment.
Hence, they become microcathodes where the conjugated partial
reaction of oxygen reduction occurs:

O2 þ 2H2Oþ 4e� ! 4OH� ð1Þ

This reaction brings about pH increase which in turn favours the
dissolution of the oxide layer and the aluminium matrix around
the particles, i.e. the following reactions [33] start to proceed:

Al2O3 þ 2OH�ðadsÞ ! 2AlO�2 þH2O ð2Þ
rt of various Ce(III) salts on the corrosion inhibition efficiency of AA2024
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2AlðmetallicÞ þ 3H2O! Al2O3 þ 3H2 " ð3Þ

Due to reaction (1) almost insoluble Ce oxides and hydroxides
appear at the cathodic areas in presence of cerium salts:

Ce3þ þ 2OH� ! CeðOHÞþ2 ð4Þ

Ce3þ þ 3OH� ! CeðOHÞ3 # ð5Þ

They create a barrier between the actively decomposing S-
phase particles (corrosion pits) and the surrounding corrosive
medium hindering thus the entire corrosion process.

Fig. 2 shows cathodic polarisation curves recorded on alloy
samples after 24 h of exposition to the model corrosive media con-
taining 5 � 10�5 M (a) and 1 � 10�2 M (b) concentration of differ-
ent cerium salts.

It is seen that the corrosion potentials of the specimens exposed
to solutions of different Ce-salts differ from that of the referent
solution (0.01 M NaCl). These differences outline better with the
increase of corresponding cerium salt concentration. Fig. 2b shows
also that Ecorr recorded in CeCl3 containing solution shifts by
100 mV towards more negative values when referred to that of
the electrode exposed to the referent corrosive medium. There is
a shift of Ecorr but in positive direction in solutions of cerium salts
of oxygen containing acids. This fact is indicative of a difference in
the mechanism of the inhibitive action of the cerium salts
investigated.

The current densities of polarisation curves depend also on the
anionic compositional part of the cerium salts studied. At lower
concentrations (5 � 10�5 M) the polarisation curves obtained in
solutions of different cerium salts almost coincide with the refer-
ent one in the higher potential range. It looks as if the Ce(III) salts
have almost no effect on the corrosion process. This result can be
explained by the assumption that the deposition of cerium hydrox-
ides of clearly expressed characteristics is a relatively slow process
[34]. Therefore, only some of the cathodic zones on the metallic
surface are covered by Ce-deposits after the initial 24 h of exposi-
tion, while the majority of them having lower activity remain
uncovered. That is the reason for the almost identical rates of the
corrosion processes in absence and in presence of any Ce-salt at
low concentration.

At a higher concentration of the inhibitors (1 � 10�2 M) in fact
all cathodic zones are already covered by Ce-deposits after the ini-
tial 24 h of exposition. This results in a significant change of Ecorr

and the corrosion rate. They differ substantially from those found
in the referent NaCl solution as shown in Fig. 2b.

Fig. 2b reveals also that at a definite potential value the cathodic
current densities have values different from that of the referent
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Fig. 2. Cathodic polarisation curves of AA2024 specimens after 24 h of exposure in
concentration of the respective Ce(III) salts.
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curve. For instance, in the case of (NH4)2Ce(NO3)5 the current density
at E = 1.1 V is an order of magnitude higher than that of the referent
one. The cathodic current densities recorded in presence of Ce(NO3)3

are even higher. A question arises: is it possible to observe inhibition
of the entire corrosion process by (NH4)2Ce(NO3)5 and Ce(NO3)3 irre-
spectively of the fact that the higher cathodic current densities indi-
cate enhancement of the cathodic conjugated partial reaction?
Looking for the answer a phenomenon typical for metals with apti-
tude to form superficial oxide films is considered. It is found that
depending on the concentration some oxidizers act simultaneously
as accelerators of the cathodic partial reaction and as inhibitors of
the anodic dissolution of the metal [35]. To verify that this is the
mechanism of the inhibitive action of (NH4)2Ce(NO3)5 and Ce(NO3)3

one has to compare the shape of the anodic and the respective catho-
dic polarisation curves recorded under identical conditions. Fig. 3
shows anodic polarisation curves of AA2024 samples after 24 h of
exposition to 0.01 M NaCl model corrosive medium containing
5 � 10�5 M (a) and 1 � 10�2 M (b) of Ce-salts.

It is seen from Fig. 3 that at very low concentrations (Fig. 3a) the
anodic polarisation curves obtained in presence of the cerium salts
discussed have a form similar to that of the referent curve. In all
these curves two sharp increases of the anodic current densities
at definite potential values are outlined. One of these appears at
Ecorr and is related to the dissolution of the S-phase intermetallics,
whereas the other one is observed at the pitting nucleation poten-
tial, Epit, and corresponds to the dissolution processes at the inter-
granular boundaries in the matrix crystals [36]. It is worth noting
that the anodic current densities in the range between Ecorr and Epit

are different for the Ce-salts studied. This difference is even better
expressed in case of higher concentrations (Fig. 3b). It is seen that
the curves recorded in solutions containing (NH4)2Ce(NO3)5 and
Ce(NO3)3 are almost horizontal which can be accepted as indicative
of the absence of any intergranular corrosion at the crystal bound-
aries in the basic Al-matrix. Besides, Ecorr is strongly shifted in ano-
dic direction when compared to Ecorr of the referent curve. The facts
considered as well as the corresponding cathodic polarisation
curves show that (NH4)2Ce(NO3)5 and Ce(NO3)3 act as depolarisers,
similarly to the oxygen dissolved in the electrolyte. On the other
hand, due to the copper re-deposition as a result of the corrosion
of the intermetallic particles [34] and the basic Al–matrix [14],
the total cathodic area becomes larger than the anodic one. These
copper re-deposits provide an additional area for the cathodic pro-
cesses [37]. Oxygen reduction can take place on these copper re-
deposits which leads to Cu2O film formation. It passivates their
surface and hinders further oxygen reduction. The film considered
cannot appear in presence of NO�3 ions in the electrolyte solution
because of the following reaction [38]:
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Fig. 3. Anodic polarisation curves of AA2024 specimens, after 24 h of exposure into 0.01 M NaCl solutions without and with (a) 5 � 10�5 M and (b) 1 � 10�2 M concentration
of the respective Ce(III) salts.

Table 2a
Average values of the polarisation resistance with their standard deviation (Rp ± S)
obtained for AA2024 samples after different periods of exposition into 0.01 M NaCl
containing 1 � 10�3 M concentration of different Ce-salts.

Time (h) (Rp ± S) � 104 (X cm2)

Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3

24 14.2 ± 1.2 6.60 ± 0.56 20.7 ± 1.6 5.10 ± 0.56
72 21.8 ± 1.95 13.4 ± 1.1 18.3 ± 1.3 6.00 ± 0.52

144 29.3 ± 2.51 17.9 ± 1.3 13.7 ± 1.0 6.60 ± 0.61
240 36.8 ± 3.31 31.6 ± 3.6 16.7 ± 1.2 9.70 ± 0.77
360 39.4 ± 3.6 33.8 ± 3.6 17.4 ± 1.3 10.7 ± 1.21
480 43.1 ± 4.7 35.6 ± 3.9 17.6 ± 1.3 18.3 ± 1.5
600 46.4 ± 4.8 43.2 ± 4.6 19.35 ± 1.5 29.7 ± 2.3
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3Cu2Oþ 14Hþ þ 2NO�3 ! 6Cu2þ þ 2NOþ 7H2O ð6Þ

The NO�3 anions present in the electrolyte dissolve the superficial
copper oxide film to keep the copper surface uncovered and hence
available to a continuous oxygen reduction proceeding. That is the
reason for the registration of higher current values in the cathodic
polarisation curves recorded in presence of (NH4)2Ce(NO3)5 and
Ce(NO3)3 when compared to those of the referent one (Fig. 2b). As
the copper re-deposits occupy a significant fraction of the surface,
the cathodic current density is very low and causes a negligible shift
of Ecorr in cathodic direction. The area occupied by the anodic zones
is small and consequently the anodic corrosion current density is
much higher than the cathodic one. It is high enough to cause a sig-
nificant shift of Ecorr in anodic direction. The potential of the anodic
zones can reach values that enable anodic oxide film formation and
hence electrode passivation, i.e. the control of the corrosion process
becomes an anodic one.

The polarisation curves in Figs. 2 and 3 illustrate in a qualitative
form the difference in the corrosion behaviour of the alloy samples
after 24 h of exposure to solutions of 0.01 M NaCl containing differ-
ent Ce(III) salts. The quantitative determination of the inhibitive
efficiency of the Ce salts studied requires the determination of
the polarisation resistance, Rp, average values. They are estimated
on the ground of polarisation curves recorded in a narrow interval
around the OCP value (OCP +/�0.030 V). The Rp values obtained
provide the determination of the coefficient of protective ability,
c, and the inhibition efficiency, g, in accordance with Eqs. (7) and
(8), respectively:

c ¼
Rinh

p

R0
p

ð7Þ

gð%Þ ¼ ð1�
R0

p

Rinh
p

Þ � 100 ð8Þ

where R0
p is the polarisation resistance determined in the referent

solution, while Rinh
p is the polarisation resistance measured in each

Ce-inhibitor containing solution.
Compared to g, the coefficient c expresses better the inhibitive

activities differences and which is why is more relevant as a basis
for comparison. The values of c and g are found for all Ce-salts
investigated in concentration of 1 � 10�3 M and 5 � 10�5 M for
exposure time ranging from 24 to 600 h.

Tables 2a and 2b present the values of Rp, c and g in case of
exposure of the specimens studied to 0.01 M NaCl model corrosive
media containing 1 � 10�3 M of different Ce-inhibitors. Tables 3a
and 3b show the respective values obtained for 5 � 10�5 M
presence of the salts investigated. The average values shown in
Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
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both tables are obtained on the ground of at least three measure-
ments on individual AA2024 specimens.

The data in Table 2b reveal that g increases constantly during
the entire exposition of the samples to the corrosive media. This
fact can be explained assuming that the cathodic areas exhibit dif-
ferent activities [39]. The less active cathodic areas are even addi-
tionally suppressed in presence of the more active ones. When the
latter areas are already suppressed by the Ce-hydroxide deposits,
the less active cathodes become the main cathodic centres. Supple-
mental quantities of Ce-hydroxide deposits on these locations lead
to further increase of c and the total resistance at the metal/elec-
trolyte interface. The data in Table 2 show also that c values of
the respective cerium salts are influenced by their anionic part.

For AA2024 specimens exposure time between 144 and 600 h,
the cerium (III) salts can be conditionally divided into two groups
in respect to their inhibitive efficiency: (i) more efficient with c
ranging from 27 to 39, and (ii) less efficient with c ranging from
5 to 16. The higher efficiencies of (NH4)2Ce(NO3)5 and Ce(NO3)3 re-
sult from the presence of NO�3 group, which as mentioned above,
influences the inhibition mechanism. During the initial hours of
exposition (up to 72 h), Ce2(SO4)3 appears to be the most efficient
inhibitor among all Ce(III) salts investigated. This phenomenon can
be explained by the fact that the sulphate anions suffer preferable
adsorption when compared to Cl� ions [40] and the formation of a
salt film on the electrode surface becomes possible. It reveals a
weak additional protective activity hindering the aggressive Cl�

ions access to the surface.
The data in Tables 3a and 3b show that the influence of the Ce-

salts anionic compositional part becomes indistinguishable at low-
er concentrations (5 � 10�5 M). After 24 h of exposure the c values
of the respective Ce-salts vary in a very narrow range from 4.02 to
4.98. Notable differences of the c values arise after more extended
times of exposure. The comparison of the data in Tables 2 and 3
rt of various Ce(III) salts on the corrosion inhibition efficiency of AA2024
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Table 2b
Inhibition efficiency g (%) and the coefficient of protective ability c, obtained for
AA2024 samples after different periods of immersion in 0.01 M NaCl containing
1 � 10�3 M concentration of different Ce-salts.

Time (h) Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3

g c g c g c g c

24 91.7 12.0 82.3 5.6 94.3 17.7 77.1 4.4
72 94.6 18.6 91.3 11.5 93.6 15.6 80.5 5.1

144 96.0 25.0 93.5 15.3 91.5 11.7 82.3 5.6
240 96.8 31.5 96.3 27.4 93.0 14.3 87.9 8.3
360 97.0 33.7 96.5 28.9 93.3 14.9 89.1 9.1
480 97.3 36.8 96.7 30.4 93.4 15.0 93.6 15.6
600 97.5 39.7 97.3 37.0 93.9 16.5 95.9 25.4

Table 3a
Average values of the polarisation resistance with their standard deviation (Rp ± S)
obtained for AA2024 samples after different periods of exposition into 0.01 M NaCl
containing 5 � 10�5 M concentration of different Ce-salts.

Time (h) (Rp ± S) � 104 (X cm2)

Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3

24 5.83 ± 0.67 5.38 ± 0.58 4.70 ± 0.51 5.53 ± 0.63
72 8.82 ± 0.95 7.46 ± 0.82 8.33 ± 0.78 6.20 ± 0.70

144 18.9 ± 1.62 13.5 ± 1.1 10.7 ± 1.2 7.37 ± 0.81
240 22.9 ± 1.71 20.2 ± 1.9 14.2 ± 1.1 9.24 ± 0.76
360 30.3 ± 3.1 27.7 ± 2.5 15.2 ± 1.3 10.4 ± 0.91
480 31.6 ± 3.4 30.9 ± 3.2 17.4 ± 1.6 12.5 ± 1.1
600 45.8 ± 5.2 42.7 ± 4.9 18.7 ± 1.6 –

Table 3b
Inhibition efficiency g (%) and the coefficient of protective ability c, obtained for
AA2024 samples after different periods of immersion in 0.01 M NaCl containing
5 � 10�5 M concentration of different Ce-salts.

Time (h) Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3

g c g c g c g c

24 80.0 4.98 78.3 4.60 75.1 4.02 78.8 4.73
72 86.7 7.54 84.3 6.37 86.0 7.12 81.0 5.30

144 93.8 16.2 91.0 11.5 89.1 9.14 84.0 6.30
240 94.9 19.6 94.2 17.3 91.7 12.1 87.3 7.90
360 96.0 25.9 95.7 23.7 92.3 13.0 88.8 8.90
480 96.3 27.0 96.2 26.4 93.3 14.9 90.7 10.7
600 97.4 39.2 97.3 36.5 93.8 16.0 – –
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shows that the g values for the dilute solutions are generally lower
than those of the more concentrated one. But at prolonged expo-
sure, i.e. 600 h, the g values for both Ce-inhibitors concentrations
increase and become almost identical. It seems that their inhibitive
effects become identical, too. However, completely different rea-
sons determine these close values. The higher g values of the more
concentrated Ce-solutions (1 � 10�3 M) result from the high inhib-
itive abilities of the Ce(III) salts. As pointed above this effect is
really weak at lower concentrations (5 � 10�5 M) but as the corro-
sion products exert an additional effect the high g values observed
in this case are in fact apparent.
3.2. Superficial morphology

Fig. 4 shows a SEM image of AA2024 specimen after 600 h of
exposure to 0.01 M NaCl containing 1 � 10�3 M Ce(NO3)3.

Two kinds of island-like sediments are distinguished (Fig. 4a).
The EDX analysis reveals that the brighter but smaller deposits
(designated by ‘‘1’’) have higher cerium concentration – 10.56%
(Fig. 4b). It originates from the cerium oxides/hydroxides
deposited on the intermetallic S-phase. The larger dark grey
Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
aluminium alloy, Corros. Sci. (2013), http://dx.doi.org/10.1016/j.corsci.2013.01
deposits designated by ‘‘2’’ contain 50.07% wt. of aluminium and
48.66% wt. of oxygen (Fig. 4c). The composition is similar to that
of Al2O3 and results from the re-passivation of another kind of pits.
Their appearance is attributed to the defects of the oxide film.

Obviously, there are two kinds of pits of completely different
etymology. Those of the first kind form on the sites of the metallic
surface where the S-phase intermetallics are situated. This kind
originates from the intermetallics dissolution. These particles oc-
cupy only 3% of the entire metal surface. The other fraction of
the metal surface is covered by a native oxide layer which contains
various defects. Furthermore, this film has higher electronic con-
ductivity compared to that of pure aluminium [41]. Both, the de-
fects and the enhanced electronic conductivity in the superficial
oxide film promote formation of pits of nature differing from that
of the pits resulting from the S-phase dissolution. The mechanism
of this process is considered in Ref. [42].

The defects of the oxide film and the Cl� locations enable the
proceeding of the following reaction:

Al0 ! Al3þ þ 3e� ð9Þ

The aluminium ions migrate towards the surface of the metal/
electrolyte interface. They are subsequently hydrolysed to form
either soluble hydroxides (Eq. (10)) or solid corrosion product
(Eq. (11)):

Al3þ þH2O! AlðOHÞ2þ þHþ ð10Þ
Al3þ þ 3H2O! AlðOHÞ3 þ 3Hþ ð11Þ

These reactions convert the pitting formation process to ‘‘acidic
pitting’’. At the same time, the Cl� ions penetrate the acidic pits
and form dissolved AlCl3 as illustrated in Fig. 5.

Obviously, the composition of the electrolyte inside the ‘‘acidic’’
pits is different from that in the bulk of the corrosive medium.
These acidic pits are meta-stable and cannot reach the critical size
required for further growth and consequently they re-passivate.
Hence, they do not influence the local alkaline corrosion on the
S-phase intermetallics. According to Ref. [41], the following equi-
librium can establish at the metal surface/corrosive medium
interface:

Al2O3 þ 6Hþ þ 6Cl� $ AlCl3 þ 3H2O ð12Þ

Therefore, whether the acidic pits will continue to grow by AlCl3

formation or will re-passivate by Al2O3 film formation depends on
the medium conditions.
3.3. Impedance measurements

As the impedance measurements enable to distinguish the pro-
cesses at the electrochemical system interfaces some spectra are
recorded after 24, 72, 144, 240, 360 and 600 h of specimens expo-
sure to a model corrosive medium composed of 0.01 M NaCl with
the addition of 1 � 10�3 M of the cerium salts studied. Fig. 6 and
7 show the impedance spectra in Nyquist and Bode plots, respec-
tively obtained in case of four different times of exposure.

It is obvious from Fig. 6 that the radius, r, of the capacitive semi-
circles in the Nyquist plots and the impedance modulus |Z| at
f = 10�2 Hz for the corresponding Bode plots (Fig. 7) are different
for the salts studied although the concentration and the exposure
time are identical. These two terms (r and |Z|) are used for rough
estimation of the inhibitive efficiency of the various inhibitors.
Structural impedance modelling is performed for precise quantita-
tive interpretation of the impedance spectra. The selection of the
equivalent schemes is done on the ground of the shape of the
rt of various Ce(III) salts on the corrosion inhibition efficiency of AA2024
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Fig. 4. SEM image (a) and EDS spectra (b and c) of AA2024 specimen, after 600 h of exposition to 0.01 M NaCl solution, with 1 � 10�3 M concentration of Ce(NO3)3.

Fig. 5. An illustrative model of acidic pitting formation in the case of AA2024 aluminium alloy corrosion.
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experimental impedance spectra. The equivalent circuits used for
modelling of the spectra obtained are presented in Fig. 8.

It is seen from Fig. 8a that the complex response of the system is
modelled by one time constant s = Rct Cedl that is the response of
the metal/electrolyte interface. The time constant s = Roxy Coxy as-
cribed to the superficial oxide film is not self standing but is rather
overlapped with that of the metal/electrolyte interface. Similar
overlaps have been observed for other electrochemical systems
[43]. They appear when the capacitances of both time constants
have comparable values [44]. Fig. 8b shows the equivalent scheme
used for modelling of the impedance spectra in case of Ce2(SO4)3. It
contains an additive Rsl Csl unit related to the salt film formed on
the surface of the alloy sample. This film consists of aluminium hy-
droxyl sulphates so that it has low ohmic resistance and weakly
expressed barrier ability.
Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
aluminium alloy, Corros. Sci. (2013), http://dx.doi.org/10.1016/j.corsci.2013.01
In both equivalent schemes, constant phase elements, Q, are
used instead of pure capacitances, C. Their impedance is a frequency
dependent term and can be described by the following equation:

Q ¼ Y�1
0 ðjxÞ

�n ð13Þ

where Y0 and n are constants independent on the angular frequency
x. For values in the range of 0.8 < n 6 1, the constant Y0 has the
physical meaning of capacitance. The substitution of C by Q is appli-
cable in cases when the phase shift of the current in respect to the
voltage is less than 90�, i.e. when there is a non-ideal capacitor.

The diffusion processes are described by Warburg element (W)
which can be expressed as follows:

W ¼ 1
YW
ðjxÞ�1=2 ð14Þ
rt of various Ce(III) salts on the corrosion inhibition efficiency of AA2024
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Fig. 6. Impedance spectra in Nyquist plots for samples of the alloy for different times of exposure to model corrosive media, composed by 0.01 M NaCl with 1 � 10�3 M
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where YW is a frequency independent parameter, as well. The inclu-
sion of the Warburg element in the equivalent circuit in Fig. 8a re-
sults in remarkable accuracy of the fitting procedures. The lack of
whatever sloped (45�) linear dependence between Z0 and Z0 0 in the
Nyquist diagrams, typical for the Warburg element, originates from
the fact that the entire spectra are shifted to very low frequencies.
However, no experiments are carried out at frequencies lower than
10�2 Hz, because the determination of a single extra spectral point
requires time (in the range of hours) that may not provide the
exclusion of any changes in the system’s state.

The values of the impedance parameters obtained in impedance
spectra modelling (in case of 24 and 240 h of exposure time) are
summarised in Table 4.

The data in Table 4 show that the values of the capacitance of
the electric double layer are completely reliable and they corre-
spond to the capacitance of a typical metal/solution interface.
The table shows the numerical values of the v2 criterion which
provides to evaluate the measurements accuracy. The values
v2 = 10�3 and v2 = 10�4 show that the modelling performed is al-
most perfect.

The impedance spectra confirm the results obtained by the
polarisation measurements. Fig. 9 juxtaposes graphically the val-
ues of Rp obtained by the polarisation measurements and those
of Rct determined by the impedance measurements. It is seen that
there is concordance between these terms. It is evident that the
data-points corresponding to Rp and Rct are ordered in a straight
line of a slope of 1 which is further evidence that Rp and Rct have
similar values. The calculations show that the average difference
between them does not exceed 10%.

The variation of the impedance parameters during the entire
exposure of the samples to the corrosive media (from 24 to
600 h) is presented in Figs. 10 and 11. Fig. 10 illustrates the fact
Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
aluminium alloy, Corros. Sci. (2013), http://dx.doi.org/10.1016/j.corsci.2013.01
that the charge transfer resistance increases during the exposure
of the samples, i.e. their inhibitive efficiencies increase. In respect
to this parameter, the line of the Ce(III) salts studied is as follows:
Ce(NO3)3 > (NH4)2Ce(NO3)5 > Ce2(SO4)3 > CeCl3.

The permanent increase of Rct values can be explained in view of
the improvement of the oxide film characteristics resulting from
the deposition of Ce-oxides/hydroxides on the less active cathodic
areas at the alloy surface as well as from the obstruction of the
oxide layer micro-cracks by corrosion products [45].

The unique exclusion from this trend refers to solutions con-
taining Ce2(SO4)3. Cerium sulphate appears to be the most efficient
inhibitor during the initial 24 h. But then its inhibitive efficiency
decreases, and subsequently, after about 140 h, it starts slowly to
increase again (even until the 600th hour). This behaviour of Ce
sulphate can be attributed to the fact that a salt film is formed
on the samples surface. It has weak barrier abilities and cannot
provide efficient protection. Its resistance is a several ohms (see
Table 4) and is orders of magnitude lower than Rct.

The variation of the electric double layer capacitance at the me-
tal/electrolyte interface with the specimens’ exposure time to the
model corrosive media containing 1 � 10�3 M of the cerium salts
investigated is presented in Fig. 11.

Fig. 11 shows that the capacitance of the electric double layer,
Cedl (Qedl, respectively) decreases with the exposure time in the
solutions of Ce(NO3)3, (NH4)2Ce(NO3)5, or CeCl3. In accord with
the considerations referred to the impedance modelling, Cedl in-
cludes the value of the capacitance of the superficial oxide layer,
Coxy, as well. The observed decrease of Cedl can be explained taking
into an account that the specific capacitance of a flat capacitor is
expressed by:

C ¼ e0e
d

ð15Þ
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Fig. 7. Impedance spectra in Bode plots for samples of the alloy for different times of exposure to model corrosive media, composed by 0.01 M NaCl with 1 � 10�3 M
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Fig. 8. Equivalent circuits used for structural impedance modelling. Rel – electrolyte resistance; Rct – charge transfer resistance; Rsl – resistance of the superficial salt layer; Qedl

– constant phase element of the double electric layer; Qsl – constant phase element of the superficial salt film and W – Warburg element.

Table 4
Numerical values of the impedance parameters obtained from the impedance modelling procedure.

Fitting parameters 24 h 240 h

Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3 Ce(NO3)3 (NH4)2Ce(NO3)5 Ce2(SO4)3 CeCl3

Rel (X cm2) 283 245 266 286 270 235 264 268
Rct (kX cm2) 128.1 57.4 216.6 42.4 329 270 181 100.7
Qedl 10�4 (sn X�1 cm�2) 0.44 0.41 0.091 0.36 0.33 0.31 0.18 0.32
nedl 0.86 0.87 0.86 0.88 0.86 0.89 0.84 0.86
Rsl (X cm2) – – 294 – – – 176 –
Qsl 10�4(sn X�1 cm�2) – – 0.30 – – – 0.12 –
nsl – – 0.88 – – – 0.86 –
W .10�3(X s�1/2 cm�2) 0.35 0.36 – 1.0 0.042 0.059 – 0.24
v2 10�3 2.6 9.1 0.02 7.3 2.7 10.4 1.8 8.4
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where e0 is the electric constant, e is relative dielectric permeability
of the medium, while d is thickness of the dielectric medium. In
Please cite this article in press as: M. Machkova et al., Effect of the anionic pa
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accordance with Eq. (15), the capacitance decreases because of
the increase of the oxide film thickness during the exposure time.
The unique exclusion refers to the capacitance of the electric double
layer in case of Ce2(SO4)3 solutions. It is obvious that after some ini-
tial changes, the capacitance remains constant in the entire interval
ranging from 250 to 600 h. During this period, the thickness of the
oxide film does not increase. It can be explained with the fact that
the superficial salt film, although of low resistance, prevents the in-
crease of the oxide layer.

4. Conclusions

The salts of Ce(III) ions reveal different inhibitive efficiencies
against the AA2024 corrosion. At lower concentrations of the cer-
ium salts (5 � 10�5 M) in the model corrosive medium, the mech-
anism of the protective action of all cerium salts studied is
identical. It is attributed to the deposition of Ce-hydroxides at
the cathodic areas of the metallic surface. At higher concentrations
(1 � 10�2 M) Ce(NO3)3 and (NH4)2Ce(NO3)5 reveal behaviour which
differs from that of the other two Ce(III) salts. They act simulta-
neously as accelerators of the cathodic reactions of the corrosion
process and inhibitors of the anodic reaction of alloy dissolution.
It is found that NO�3 ions participate directly in the cathodic reac-
tions of the corrosion process hindering the formation of Cu2O bar-
rier layer on the re-deposited copper at the sample’s surface. The
anionic compositional part of the Ce(III) salts studied affects not
only the inhibitive efficiency, but the inhibition mechanism as
well. It is found that two kinds of pits are formed on the surface.
The first one is attributed to the intermetallics inclusions corrosion,
whereas the second one refers to the presence of defects in the
oxide film. These pits are meta-stable and cannot reach the critical
size required for further growth. They re-passivate easily, so that
they do not affect the local alkaline corrosion of the S-phase
intermetallics.

After extended periods (24–600 h) of exposure of the samples to
the corrosive medium the inhibitive efficiency of the solutions
containing Ce(NO3)3, (NH4)2Ce(NO3)5 and CeCl3 increases gradu-
ally, whereas that containing Ce2(SO4)3 passes through a maxi-
mum. In that particular case a salt film is formed on the sample
surface. This film has weakly expressed barrier ability, although
it hinders the aggressive Cl� ions access to the substrate surface.
The line of the Ce(III) salts studied in respect to their inhibitive
efficiency against AA2024 corrosion is as follows: Ce(NO3)3 >
(NH4)2Ce(NO3)5 > Ce2(SO4)3 > CeCl3.
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