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Abstract. The pitting corrosion of pure Al in neutral 0.50 M Na2SO4
solution in the absence and presence of NaCl, NaBr and NaI under the
influence of various experimental variables, including X– ions con-
centration, temperature and anodic step potential (Es,a), has been stud-
ied using potentiodynamic and potentiostatic techniques, complement-
ed with Energy Dispersive X-ray (EDX) examinations of the electrode
surface. Potentiostatic measurements showed that the overall process
can be described by three stages. The first stage corresponds to the
nucleation and growth of a passive oxide layer. The second and the
third stages involving pit nucleation and growth, respectively. Nuclea-
tion of pit takes place after an incubation time (ti). The rate of pit
nucleation (ti

–1) increases with increasing halide concentration, tem-
perature, and applied potential. The pit growth current density (jpit)
increases linearly with t1/2, indicating that the pit growth can be
described in terms of an instantaneous three dimensional growth under
diffusion control. The effect of Cr2O7

2–, CrO4
2–, WO4

2–, and MoO4
2– as

inorganic inhibitors on the pitting corrosion inhibition of pure Al in
(0.5 M Na2SO4 + 0.2 M NaCl) solution has also been studied. The
presence of these anions results in an increase in the incubation time,
and a decrease in the pit growth current density of Al to an extent
depending on the nature and the concentration of the inorganic
inhibitors. The inhibition efficiency of these inhibitors decreases in the
order: Cr2O7

2– > CrO4
2– > WO4

2– > MoO4
2–.

1. Introduction

Pure Al and Al alloys find a wide spread spectrum of technological applications
because of their particular properties such as low density, good appearance and
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corrosion resistance. The breakdown of the passivating oxide films on Al and
its alloys, by aggressive anions such as halides at sufficiently positive anodic
potentials is frequently responsible for the failure of Al and its alloys in aqueous
halide solutions, because it usually leads to severe pitting of the underlying
metal. Pitting corrosion has been studied for several decades by many
researchers and detailed information is available[1-12]. 

Various attempts have been made to study the influence of different ions in
solution on the electrochemical, inhibiting or enhancing pitting corrosion of Al
and its alloys[13-22]. Sehgal[23,24] and others[25,26] used the foil penetration tech-
nique to study the pit growth in Al alloys in NaCl solutions in the absence and
presence of dichromate ions and other oxidizing agents and showed that the foil
penetration time decreased, and therefore the rate of pit growth increased with
increasing applied anodic potentials. The authors reported that dichromate ions
have little influence on the pit growth rate at controlled anodic potentials, even
when added in large concentrations. However, dichromate ions effectively
inhibited pitting at open circuit when present in very small amounts. 

Recently, S.S. Abd El Rehim et al.[27] studied the influence of halide ions
and some inorganic inhibitors on the corrosion behaviour of Al and its alloys in
Na2SO4 solutions by means of EIS (Electrochemical Impedance Spectroscopy)
measurements at OCP. The authors repored that in the absence of halide ions,
the rates of corrosion of Al samples enhance with increasing concentration,
acidity, and alkalinity of Na2SO4 solution. The addition of the halide ions
increases the corrosion rates of the Al samples.

The work described in this report was undertaken to apply the potentiostatic
measurements to study the kinetics of pit nucleation of pure Al in quiescent
deaerated neutral Na2SO4 solutions by halide ions under the influence of differ-
ent experimental variables. It was also the purpose of the present work to throw
more light on the specific role that some inorganic inhibitors, such as dich-
romates, chromates, molybdates and tungstates, play on the corrosion inhibition
processes occurring at the electrode-electrolyte interface. The importance of
such study is rendered necessary by the wide utility of Al in different types of
construction and industries.

2. Experimental

The working electrode employed in the present work was made of spec pure
Al (99.998% purity). The investigated material was cut as cylinderical rod,
welded with Cu-wire for electrical connection and mounted into glass tubes of
appropriate diameter using Araldite to offer an active flat disc shaped surface of
(0.25 cm2) geometric area, to contact the test solution. Prior to each experiment,
the pretreatment of the working electrode was performed by mechanical
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polishing (using a polishing machine model POLIMENT I, BUEHLER POL-
ISHER) of the electrode surface with successive grades of emery papers down
to 1200 grit up to a mirror finish, followed by alkali attack by immersing the
electrode for 3 min in 0.01M NaOH at 30ºC. The electrode was then, rinsed
with acetone, distilled water, and finally dipped in the electrolytic cell. 

The experiments were performed in a 100 cm3 volume cell at 30ºC±1, using
Pt wire and a SCE as auxiliary and reference electrodes, respectively. The SCE
was connected via a Luggin capillary, the tip of which was very close to the sur-
face of the working electrode to minimize the IR drop. All potentials given in
this paper are referred to this reference electrode. 

The experiments were carried out in 0.50 M Na2SO4  solutions in the absence
and presence of different concentrations of NaCl, NaBr and NaI. Various con-
centrations (0.001-0.01 M) of Na2MoO4, Na2WO4, Na2CrO4, and K2Cr2O7
were used as corrosion inhibitors. All solutions were freshly prepared from
analytical grade chemical reagents using doubly distilled water and were used
without further purification. For each run, a freshly prepared solution as well as
a cleaned set of electrodes were used. Each run was carried out in deaerated
stagnant solution purged with purified argon for 30 min at the required
temperature (±1ºC), using water thermostat. pH values of  solutions were meas-
ured by using an ORION RESEARCH digital ion analyzer (Model 501).

The potentiodynamic current/potential curves were recorded by changing the
electrode potential automatically from –2000 to 2000 mV with scanning rate of
1.0 mV s–1. The potentiostatic current/time transient measurements were carried
out after a two step procedure, namely: the working electrode was first held at
the starting potential (–2000 mV) for 60 s to attain a reproducible electro-
reduced electrode surface. Then the electrode was suddenly polarized in the
positive direction to a step anodic potential Es,a at which the current transient
was recorded. A Potentiostat / Galvanostat (EG&G model 273) and a personal
computer were used. M352 corrosion software from EG&G Princeton Applied
Research was used for the potentiodynamic polarization and the current/time
transients measurements. Some experiments were repeated at least three times
and the results were reproducible.

The composition of the passive oxide film grown on the surface of Al in
(0.50 M Na2SO4 + 0.04 M NaCl) solutions in the absence and presence of 0.004
M K2Cr2O7, Na2CrO4, Na2MoO4 and Na2WO4 was tested by EDX
examinations using a Traktor TN-2000 energy dispersive spectrometer.  For
EDX examinations, the Al samples were submitted to the same surface
treatment used in the potentiodynamic anodic polarization experiments, then
immersed for 5 min in electrolytic solution at 25ºC under potentiostatic regime
at –1.60 V (i.e., within the potential range of the passive region), and finally
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washed thoroughly and submitted to 5 min of ultrasonic cleaning in order to
remove loosely adsorbed ions.

3. Results and Discussion

3.1. Potentiodynamic Anodic Polarization Measurements

Figure 1 illustrates the potentiodynamic anodic polarization curves recorded
for Al in 0.50 M Na2SO4 solution (pH = 6.8) containing different concentrations
(0.001-0.10 M) of NaCl between –2000 and 2000 mV (SCE) at a scan rate of 1.0
mV s–1 and at 30ºC. Similar results were obtained  for NaBr and NaI solutions.
Figure 2 represents typical potentiodynamic responses of Al in solution con-
taining 0.50 M Na2SO4 without and with 0.04 M NaX (X– = Cl–, Br–, or I–) at a
scan rate of 1.0 mV s–1 and at 30ºC. The data reveal that the anodic span of the
responses exhibits an active/passive transition. The active dissolution region in-
volves an anodic peak (peak A) which is related to the formation of a hydrated
Al2O3 film on the electrode surface[28]. EDX analysis of the electrode surface
within the potential range of peak A confirmed the existence of such passive
film (see the details in section 3.3.). In the absence of halide ions (curve 1 in Fig.
1 and 2), the passive region extends up to 2000 mV with almost constant current
density (jpass) without exhibiting a critical breakdown potential or showing any
evidence of pitting attack. Similar results had been reported previously [11].
Figures 3 and 4 show, respectively, the variation of both the current density of
peak A (jpA) and its potential (EpA) with log CNaX for Al in 0.50 M Na2SO4
solution at 30ºC. Data of Fig. 3 and 4 clearly show that the addition of the halide
ions increases jpA and shifts its peak potential (EpA) towards negative (active) di-
rection, thus stimulating the active dissolution of Al in Na2SO4 solution. This
stimulation (i.e., the peak current density and its negative potential shift) in-
creases with increase in the concentration of the halide ions.

The present data demonstrate that the addition of Cl– ions up to a certain
specific initial concentration (< 0.01 M; see curves 1-4 in Fig. 1) has practically
no significant influence of the Al passivity but tends to increase jpass. These
findings could be attributed to general weakness and thinning of the passive
film as a result of adsorption of Cl– ions on the oxide surface. The adsorbed
halide ions tend to enhance the dissolution of the oxide film via the formation of
soluble complexes with the Al3+ ions present in the crystal lattice of the Al2O3
passive film (as will be seen later). Beyond the specific concentration, the E/j
curves exhibit remarkable changes in the passive region. When a certain critical
potential (Eb) is reached, the passive current density (jpass) begins to rise sud-
denly without any sign for oxygen evolution, indication passivity breakdown
and initiation of pitting attack. Once a pit is nucleated, pitting growth is
believed to proceed in the active dissolution mode. Initiation of pitting attack
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Fig. 1. Potentiodynamic anodic polariza-
tion curves of pure Al in 0.50 M
Na2SO4 solution containing differ-
ent concentrations (0.001-0.10 M) of
NaCl recorded between –2000 and
2000 mV (SCE)  at a scan rate of 1.0
mV s–1 and at 30ºC.

(1) 0.001 M NaCl; (2) 0.002 M;
(3) 0.004 M; (4) 0.008 M; (5) 0.01 M;
(6) 0.02 M; (7) 0.04 M; (8) 0.08 M; (9) 0.10 M.

Fig. 2. Potentiodynamic anodic polariza-
tion curves of Al in 0.50 M Na2SO4
solution without and with 0.04 M
NaX (X– = Cl–; Br–, or I–) recorded
between  –2000 and 2000 mV (SCE)
at a scan rate of 1.0 mV s–1 and at
30ºC.

(1) 0.00 M NaX; (2) 0.04 M NaI;
(3) 0.04 M NaBr; (4) 0.04 M NaCl.

Fig. 3. Variation of the current density of
peak A (jpA) with log CNaX for Al in
0.50 M Na2SO4 solution at 30ºC.

Fig. 4. Variation of the potential of peak A
(EpA) with log  CNaX for Al in 0.50
M Na2SO4 solution at 30ºC.
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could be ascribed to adsorption of X ions on the oxide/solution interface under
the influence of electric field (at the oxide/solution interface) in competition
with the passive species OH–, H2O dipoles and SO4

2– ions for surface sites on
the hydrated oxide[10,29]. The adsorption process is followed by chemical
reaction between the adsorbed X– and Al oxide cations on the hydrated oxide
surface. These processes lead to the formation of Al (OH)2X–

2 complexes[30]. 

  Al3+
(in crystal lattice of the oxide) + 2X– + 2OH– = Al (OH)2X–

2 (1)

The soluble complexes immediately separate from the oxide lattice and readi-
ly go in solution[31]. The process of localized dissolution of the oxide film via
the formation of soluble species continues until the passive film locally dis-
solves. Once the passive film is locally dissolved, pit nucleates at the critical
breakdown potential Eb and dissolution of the substrate metal begins. The pref-
erential sites for halide adsorption are likely to be areas of oxide surface defects
and films where the oxide thickness is smaller than in adjacent areas, and there-
fore the assistant electric field across the oxide/solution interface is higher[32].
The pit growth and the sudden rise in anodic current occur as a result of an
increase in the X– ion concentration, resulting from its migration and a decrease
in the pH as a result of hydrolysis of Al3+ ions at the incipient pits.

Inspections of the data obtained display that the breakdown potential Eb
depends considerably on the type and concentration of X– ions. It is found that
more positive Eb are recorded as the Cl– ion is replaced successively by Br– and
I– ions, indicating that the aggressiveness of the halide ions towards the stabil-
ity of the passive films of Al decreases in the order: Cl– > Br– > I–. These
results indicate that Cl– ion is the most aggressive anion, while I– is the least
aggressive one inspite of the fact that Br– and I– ions are more polarizable and
hence adsorbable than Cl– ion. The ionic radius of the halide ions seems to be
an important parameter, since the ionic radii decrease in the order: I– > Br– >
Cl–. Therefore, it is reasonable to assume that the smaller the size of the
aggressive ion, the higher is its ability to breakdown the passive layer[33]. In all
cases, the Eb shifts towards more negative (active) potentials with increasing X–

ion concentration, as shown in (Fig. 5). These results agree with the data
reported previously[11].

3.2. Potentiostatic Current Transients

In order to gain information about the kinetics of pitting corrosion of Al by
the halide ions, current densities were measured as a function of time at con-
stant step anodic potentials Es,a under different experimental conditions. Figure
6 illustrates the effect of step anodic potentials Es,a (in the range between –1.75
and –1.38 V(SCE)) on the current vs. time transients of Al in 0.50 M Na2SO4



On the Pitting Corrosion Behaviour of Pure Al... 53

solution in the absence (Fig. 6a) and presence of 0.04 M NaCl (Fig. 6b) at 30ºC.
Similar results were obtained for Br– and I– ions. The results show that in the
absence of Cl– ions (Fig. 6a), the transient current decreases rapidly at first and
then tends to attain a steady state value (jss). The value of the steady state cur-
rent density (jss) increases with increasing Es,a. The decrease in the currents are
related to nucleation and growth of a hydrated oxide film on the anode surface.
These data indicate that in 0.50 M SO4

2– solution, aluminium can be polarized
anodically without showing any evidence of pitting corrosion. 

Fig. 5. Dependence of the breakdown potential (Eb) on log CNaX for Al in 0.50  M Na2SO4
solution at 30ºC.

Fig. 6(a). Effect of step anodic potential
(Es,a) on the current/time curves
of Al in 0.50 M Na2SO4 solution
in the absence of NaCl at 30ºC.

(1) Es,a = –1.75 V; (2) Es,a = –1.70 V; (3) Es,a
= –1.65 V; (4) Es,a = –1.60 V; (5) Es,a =
– 1.55 V.

Fig. 6(b). Effect of step anodic potential
(Es,a) on the current/time curves
of Al in 0.50 M Na2SO4 solution
in the presence of 0.04 NaCl at
30ºC.

(1) Es,a = –1.65 V; (2) Es,a = –1.60 V; (3) Es,a
= –1.55 V; (4) Es,a = –1.48 V; (5) Es,a =
– 1.46 V; (6) Es,a = – 1.44 V; (7) Es,a = –1.42
V; (8) Es,a = –1.40 V; (9) Es,a = –1.38 V.
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However, in the presence of 0.04 M Cl– ions (Fig. 6b), the current-time
curves depend on the value of Es,a. For Es,a < Eb (curves 1-3), the current den-
sity decreases to a steady state value, indicating that for these anodic potential
steps, the Cl– ions are not sufficient to breakdown the passive layer. In these
cases, if the contribution of the double layer charging process is neglected, the
overall transient current density can be related to two main processes, namely
the passive layer growth (Jgr) and aluminium electrodissolution through the
passive layer (Jdis),

J =  Jgr + Jdis (2)

The growth of the passive layer can be assigned to the formation of a hydrat-
ed oxide solid phase on the electrode surface. The electrodissolution of the
anode through the passive layer can be explained in terms of cation diffusion
from the metal/film interface to the film/solution interface. These two processes
can proceed independently on the entire electrode surface. It seems that the rate
of these two processes are nearly the same at the steady state current so as to
keep the thickness of the passive film nearly constant.

For Es,a > Eb (curves 4-9 in Fig. 6b), the transient current density initially
decreases to a minimum value at a certain incubation time (ti), and then
increases. The general trend of an increasing current suggests that pit growth is
the dominant process and a number of well-developed pits could be observed
following this active period. The incubation time is caused by the time required
for local removal of the passive film via the sequence of X– adsorption, penetra-
tion and formation of a readily soluble complexes. Later, pit growth, and con-
sequently the sudden rise in the transient current density is observed. In this
case, the overall transient current density is given by three contributions:

J =  Jgr + Jdis + Jpit (3)

where Jpit is the pit growth current density (the rising part of the current/time
curves).

Further experiments were performed to clarify the influence of X– ion con-
centration on the current transients of Al at 30ºC and at Es,a = –1.46 V (this
potential is more positive than Eb); results are given in Figures 7 and 8. The
effect of temperature on the current transients of Al at Es,a = –1.46 V was also
carried out (see Fig. 9). It is found that the pit growth current density, Jpit ,
follows a current relationship with a square root of time (Fig. 10-12 are
representative examples). The linear relationship suggests that the pit growth is
an instantaneous three-dimensional growth under diffusion control[33]. 
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Fig. 7. Current/time curves recorded for Al
in 0.50 M Na2SO4 solution in the
absence and presence of different
concentrations of NaCl at 30ºC and
at Es,a = –1.46 V.

(1) 0.01 M; (2) 0.02 M; (3) 0.04 M;
(4) 0.08 M; (5) 0.10 M.

Fig. 8. Current/time curves recorded for Al
in 0.50 M Na2SO4 solution without
and with 0.04 M NaX (X– = Cl–,
Br–, or I–) at 30ºC and at Es,a =
–1.46 V.

(1) 0.00 M NaX; (2) 0.04 M NaI; (3) 0.04 M
NaBr; (4) 0.04 M NaCl.

Fig. 9. Effect of solution temperature on
the current/time curves of Al in
(0.50 M Na2SO4 + 0.04 M NaCl)
solution at 30ºC and at Es,a = –1.46
V.

(1) 10ºC; (2) 20ºC; (3) 30ºC; (4) 40ºC;
(5) 50ºC.

Fig. 10. Dependence of the pit growth cur-
rent density (jpit) on t1/2 for pure
Al in (0.50 M Na2SO4 + 0.04 M
NaCl) solution at 30ºC and at dif-
ferent anodic  step potentials.

(1) Es,a = –1.48 V; (2) Es,a = –1.46 V;
(3) Es,a = –1.44 V; (4) Es,a = –1.42 V;
(5) Es,a = –1.40 V.
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These results agree well with Hills model[34] which can be ascribed by the
equation:

Jpit = At1/2 (4)

Where A = 23/2 z F π No D3/2 C3/2 M1/2 ρ1/2, where No is the number of the
sites available for pitting corrosion, D, C, M, and ρ are the diffusion coefficient,
the concentration, the molecular weight, and the density of the dissolved materi-
als and the other terms have their usual meaning. Regarding to the data of Fig.
10-12, it can be an interception on the X-axis at zero Jpit, confirming that an
incubation time is necessary before pit growth to occur. It is obvious that the
incubation time ti decreases (and hence the rate of pit growth increases) with
increasing Es.a, concentration, and temperature. These observations can be
confirmed by plotting the rate of pit nucleation (i.e., the number of events per
unit time) defined as (1/ti) for Al vs. Es,a, concentration, and temperature, as
shown in (Fig. 13-15), respectively. Figure 13 denotes that the rate of pit
nucleation enhances with increasing Es,a. These results agree well with the

observations of Nisancioglu and Holtan[28]. The dependence of the rate of pit
nucleation on Es,a suggests that there is a distribution of nucleation sites of dif-
ferent energies which nucleate at distinct potential[35]. In other words, the more
positive is the applied potential, the more will be the active sites available for
pit nucleation. Moreover, an increase in Es,a may increase the electric field
across the passive film, and therefore enhances the adsorption of the X– ions on

Fig. 11. Dependence of the pit growth cur-
rent density (jpit) on t1/2 for pure Al
in 0.50 M Na2SO4 solution con-
taining various concentrations of
NaCl at 30ºC and at Es,a = –1.46 V.

(1) 0.01 M; (2) 0.02 M; (3) 0.04 M;
(4) 0.08 M; (5) 0.10 M.

Fig. 12. Dependence of the pit growth cur-
rent density (jpit) on solution tem-
perature for pure Al in (0.50 M
Na2SO4 + 0.04 M NaCl) solution at
Es,a = – 1.46 V.

(1) 10ºC; (2) 20ºC; (3) 30ºC; (4) 40ºC;
(5) 50ºC.
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Figure 14 infers that, the rate of pit nucleation increases with increasing the
concentration of Cl– ions. Moreover, the results obtained showed that at a given
X– ion concentration, the rate of pit nucleation decreases in the sequence: Cl– >
Br– > I–, confirming the results obtained from polarization measurements, that
the aggressiveness of the halide ions towards the stability of the passive films of
Al decreases in the same sequence. Figure 15 shows that the rate of pit nuclea-
tion increases with increasing the temperature. The data can be interpreted on
the basis of the fact that the stability and protectiveness of the passive layer of

the passive electrode surface. Kolics[10] demonstrated that the adsorption of Cl–

ions on aluminium oxide surface increases with increasing anodic polarization,
even above the pitting potential.

Fig. 13. Dependence of the rate of pit
growth (l/ti) on Es,a for pure Al in
(0.50 M Na2SO4 + 0.04 M NaCl)
solution at 30ºC.

Fig. 14. Dependence of the rate of pit
growth (l/ti) on [Cl–] for pure Al in
(0.50 Na2SO4 + x M NaCl) solution
at 30ºC and at Es,a = – 1.46 V.

Fig. 15. Dependence of the rate of pit growth (l/ti) on solution temperature for pure Al in
(0.50 M Na2SO4 + 0.04 M NaCl) solution at Es,a = –1.46 V.
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Al decrease with increasing temperature[34]. The relation between log (1/ti) vs.
T–1 for Al fits an Arrhenius-type plot (Fig. 16 is a representative example) with
a slope yielding an apparent activation energies (Ea) for pit nucleation process
of about 8.82, 13.27, and 14.75 kJ mol–1 for Cl–, Br–, and I–, respectively. 

Fig. 16. The relation between log (l/ti) and T–1 for pure Al in 0.50 M Na2SO4 solution con-
taining 0.04 M NaX at Es,a = –1.46 V.

Relevant information about the pitting growth of Al can also be derived from
the analysis of the rising part of the current transients which in all cases fits Jpit
vs. t1/2 linear relationships. The slopes of the lines (A) can be taken as a meas-
ure of the rate of pit growth. The numerical values of A were determined and
some values are listed in Tables 1-3 under various experimental conditions. It is
obvious that the values of A increase with increasing Es, [Cl–], and temperature.
It follows from the data of Table 4 that the values of A for the three halide ions
decrease in the sequence: Cl– > Br– > I–.

Table 1. Values of (A) for pure Al in 0.50 M Na2SO4 solution in the absence and presence of
increasing concentrations of NaX at 30ºC and at Es,a = –1.46 V.

Slope A / (mA cm–2 s–1/2)

[X–] / M Cl– Br– I–

0.01 0.10 0.03 0.01

0.02 0.19 0.08 0.04

0.04 0.39 0.10 0.05

0.08 0.62 0.43 0.25

0.10 1.24 0.68 0.51
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Table 2. Values of (A) for Al in (0.50 M Na2SO4 + 0.04 M NaCl)
solution at 30ºC under the influence of increasing Es,a.

Es,a / mV Slope A / (mA cm–2 s–1/2)

–1.48 0.15

–1.46 0.24

–1.44 0.39

–1.42 0.78

–1.40 1.38

Table 3. Values of (A) for Al in (0.50 M Na2SO4 + 0.04 M NaCl)
solution at Es,a = – 1.46 V under the influence of
increasing temperatures.

Temp / ºC Slope A / (mA cm–2 s–1/2)

10 0.08

20 0.16

30 0.39

40 0.83

50 1.48

Table 4. Activation energies for the initiation of pitting corrosion of Al in 0.50 M Na2SO4
solution + 0.04 M NaCl solution without and with increasing concentrations of the
inhibitors at 30ºC and at Es,a = –1.46 V.

C / M

MoO4
2– MoO4

2– CrO4
2– Cr2O7

2–

0.00 9.15 9.15 9.15 9.15

0.05 11.89 13.74 14.61 16.34

0.10 14.46 17.80 19.88 20.81

0.20 17.50 21.00 26.08 27.91

0.30 19.93 23.50 27.90 31.62

0.40 21.00 25.71 30.72 34.70

Pitting corrosion can be reduced in many instances by the presence of some
inorganic anions[35]. The effects of adding different concentrations of K2Cr2O7,
Na2CrO4, Na2WO4 and Na2MoO4 on the current/time curves of Al in solution
containing 0.50 M Na2SO4 and 0.20 M NaCl at different temperatures and at
Es,a = –1.46 V were studied (Fig. 17 and 18 are representative examples). The
data obtained show that these additives inhibit the pitting corrosion of Al, since
their presence decreases both the rate of pit nucleation and the rate of pit
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Fig. 17. Current transients vs. time curves
recorded for pure Al in (0.50 M
Na2SO4 + 0.04 M NaCl) solution in
the absence and presence of vari-
ous concentrations of WO4

2– at Es,a
= –1.46 V and at 30ºC.

(1) Blank; (2) 0.001 M; (3) 0.002 M;
(4) 0.004 M; (5) 0.008 M; (6) 0.01 M.

Fig. 18. Current transients vs. time curves
recorded for pure Al in (0.50 M
Na2SO4 + 0.04 M NaCl) solution in
the absence and presence of 0.004
M of the four inhibitors used at
Es,a = –1.46 V and at 30ºC.

(1) Blank; (2) MoO4
2–; (3) WO4

2–; (4) CrO4
2–;

(5) Cr2O7
2–.

Fig. 19. Dependence of log (l/ti) on  the logarithmic concentration of the inhibitors for pure
Al in (0.50 M Na2SO4 +  0.04 M NaCl) solution at 30ºC and at Es,a = –1.46 V.

growth. The inhibition effect of these inhibitors decreases in the order: Cr2O7
2–

> CrO4
2– > WO4

2– > MoO4
2–. Moreover, the inhibitive effect of these inhibitors

increases with increasing their concentration. Figure 19 points out the relation

between log (ti
–1) and log [inhibitor]. The inhibition effect of these salts can be

explained on the basis of competitive adsorption between the inorganic anions
and the aggressive Cl– ions on the passive electrode surface[36]. The adsorbed
inhibitor anions impede the adsorption of Cl– ions. Accordingly, the adsorbed
inhibitor anions reduce the surface coverage of Cl– ions and also lower the
number of defect sites in the film into which the Cl– ions can preferentially
adsorb, therefore increasing pitting corrosion resistance. The inhibition effect of
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the cited inorganic anions could be further explained by the involvement of
these anions in the redox reactions occurring at the electrode surface. The
anions Cr2O7

2–, CrO4
2–, WO4

2– and MoO4
2– may undergo reduction during film

formation[35,37], resulting in the formation of CrO2, WO2 and MoO2. These
oxide products become part of the passivating oxide, and tend to plug its pores
and defect sites, therefore imparting it better protective properties. The surface
improvement undoubtedly depends on the oxidizing power of the inhibitor[23].

The inhibition effect of these anions decreases with increasing temperature.
The relation between log (1/ti) vs. T–1 fits Arrhenius-type plot (Fig. 20). From
these plots, the apparent activation energies (Ea) for pit nucleation process were
determined and the values of Ea are given in Table 4. It is clear that the values
of Ea decrease in the order: Cr2O7

2– > CrO4
2– > WO4

2– > MoO4
2–, supporting the

suggestion that the inhibitive effect of these inorganic compounds decreases in
the same sequence. The apparent activation energy for each inhibitor decreases
with its concentration.

Fig. 20. The relation between log (l/ti) and T–1 for the pure Al in (0.50 M Na2SO4 + 0.04 M
NaCl + 0.004 inhib.) solution at Es,a = –1.46 V.

3.3. EDX Analysis of the Electrode Surface

A further insight into the processes occurring at the Al surface in (0.50 M
Na2SO4 + 0.04 M NaCl) solution in the absence and presence of 0.004 M
Cr2O7

2–, CrO4
2–, WO4

2–and MoO4
2– ions was enabled by EDX data (Fig. 21). For

the electrode without inhibitor treatment (Fig. 21a), Al and O signals were
detected, with a ratio of about 2:3, which indicated that the passive film con-
tained only Al2O3. In addition, a Cl signal was observed on the Al surface,
reflecting the strong adsorption of Cl– to the Al surface. On the other hand, the
EDX spectra (Fig. 21b-e) recorded for Al in (0.50 M Na2SO4 + 0.04 M NaCl)
solution containing 0.004 M Cr2O7

2–, CrO4
2–, WO4

2– and  MoO4
2– ions showed

additional lines characteristic for the existence of Cr, W and Mo, respectively.
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Fig. 21. EDX spectra recorded for Al under potentiostatic regime at –1.60 V (i.e., within the
potential range of the passive region) and at 30ºC in
(a) (0.50 M Na2SO4 + 0.04 M NaCl) solution.
(b) (0.50 M Na2SO4 + 0.04 M NaCl) solution containing 0.004 M MoO4

2–.
(c) (0.50 M Na2SO4 + 0.04 M NaCl) solution containing 0.004 M WO4

2–.
(d) (0.50 M Na2SO4 + 0.04 M NaCl) solution containing 0.004 M CrO4

2–.
(e) (0.50 M Na2SO4 + 0.04 M NaCl) solution containing 0.004 M Cr2O7

2–.

These results demonstrate that the oxide film formed in the presence of these
ions contains a certain amount of incorporated Cr, W and Mo, respectively.
This indicates a deep penetration of these anions into the bulk of the passive
oxide film. It may be accepted as very probable that the adsorption of these
anions at the oxide surface inhibits its hydration ability through decreasing the
number of adsorption sites available for water molecules, and promotes a
subsequent formation of surface phases like Cr2O3, MoO2 and WO2. These
oxides (the reduced form of Cr2O7

2–, CrO4
2–, WO4

2– and MoO4
2– ions) become

part of the passive oxide film, and tend to plug its pores and flaws, thereby
imparting to it better protective properties. These results clearly demonstrate
that the inhibiting influence of Cr2O7

2–, CrO4
2–, WO4

2– and MoO4
2– ions is due to

Cr2O3, MoO2 and WO2 formation in the passive oxide film.
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4. Conclusion

The potentiodynamic polarization and potentiostatic measurements of the
pitting corrosion of pure Al in deaerated neutral 0.50 M Na2SO4 solution in the
absence and presence of Cl–, Br– and I– ions and some inorganic inhibitors
showed that:

(i) In pure sulphate solution no pitting can be observed. Addition of the
three halide ions induces pitting corrosion at specific critical pitting
potentials.

(ii) The aggressiveness of the halide ions towards the pitting corrosion of
Al and its two alloys decreases in the order: Cl– > Br– > I–. 

(iii) An incubation time (ti) is necessary before pit nucleation and growth
to occur.

(iv) The rate of pit nucleation (ti
–1) increases with increasing halide con-

centration,  temperature, and applied potential. 
(v) The pit growth of Al can be described in terms of an instantaneous

three dimensional growth under diffusion control.
(vi) The presence of inorganic inhibitors such as Cr2O7

2–, CrO4
2–, WO4

2–

and MoO4
2–, ions decreases the pitting growth current density and

increases the incubation time of Al to an extent depending on their
nature and concentration. 

(vii) The inhibition efficiency of these inhibitors decreases in the order:
Cr2O7

2–  > CrO4
2–  > WO4

2– > MoO4
2–.
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w�  «bO�UN�«  U�u�√ WD�«u� ÂuOM�u�ú� w�I��« q�P��« „uK�
dO�Q� W�«—œË W�œUF�*« Âu�œuB�«  U��d�� qO�U��

W�uCF�« dO�  UD��*« iF�

Í“«e� tÒK�«b�� dL�
ÈdI�« Â√ WF�U� , WOIO�D��« ÂuKF�« WOK� , ¡UOLOJ�« r��

W�œuF��« WO�dF�« WJKL*« − W‡‡�dJ*« WJ‡‡�

w� Âu?OM�u�ú� w?�I?�?�« q�P?��« W?�«—œ Y�?��« «c� w� - ÆhK�?�?�*«
Âb� v� ,©Í—U?O� ∞[µ∞® Âu�œuB�«  U?��d�� s?� W�œUF�?� WOzU� qO�U?��
,b?O?�Ëd?�?�«Ë ,b�—uKJ�«  U�u�√ s� W??HK�?�?� e?O?�«d?� œu?�Ë w�Ë ,œu?�Ë
 UOM�M�Ë ,vJ?O�UM�œuO?AM�u��« Íœu�_« »UDI�?�ô« Â«b��?�U� b�œuO�«Ë
X�{Ë√ b� Ë ÆWHK�?�� q�«u� dO�Q� X% W��U� œuN?� bM� s�e�« l� —UO��«
− qI� W�U?C(« s�“ Ê√ ,W?��U� œu?N� bM� s�e�« l� —U?O?��«  UOM�M� ZzU?��
 U�u�√ e?O?�d?� …œU�e� − œ«œe� Âu?OM�u�ú� v?�?I?��« q�P?��« ‰b?F??� w�U?��U�Ë
Æo�D*« Èœu�_« bN?'«Ë ,…—«d(« W�—œË ,b�œuO�«Ë ,bO?�Ëd��«Ë ,b�—uKJ�«
, U??�??�???�M��«Ë , «b??�???O�u*«  U�u�√ W???�U??{≈ d??O�Q� W???�«—œ U??ÎC�√ -Ë
wzU?OL?O?�ËdNJ�«Ë wK�P?��« „uK��« vK�  U?�ËdJ�« wzUM� Ë , U?�ËdJ�«Ë
∞[∞¥ + Âu�œuB�«  U?��d�� s� Í—U?O� ∞[µ∞ ® ‰uK�?� w� ÂuOM�u�ú�
vK� qL?F?�  U�u�_« Ác� Ê√ b?�Ë b?�Ë Æ©Âu�œu?B�« b�—u?K� s� Í—U?O?�

Æq�P�K� ÂuOM�u�_« W�ËUI� s� b�e� U2 W�UC(« s�“ …œU�“

 




