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Abstract

The pitting corrosion behavior of high purity aluminum covered with barrier-type
anodic films, which are formed in neutral borate and phosphate electrolytes, has been
examined in 0.5 mol dm™ NaCl solution at an applied potential of -0.6 V vs Ag/AgCl,
which is slightly nobler than the pitting potential of -0.64 V in the same solution. The
pitting current density, 7,, increased with time after an incubation time, #. The double
logarithmic plot of 7, and polarization time, ¢, reveals two straight lines, which are
separated at the time, 7. The slope becomes larger after 7 for the specimens anodized in
the phosphate electrolyte, while it becomes smaller for those in the borate electrolyte.
Both the ¢ and 7 increase with the thickness of the anodic films, and at the similar film
thickness they are much larger for the anodic films formed in the phosphate electrolyte
than for those in the borate electrolyte. The corrosion process can be divided into three
stages; the incubation period up to #;, the pit nucleation period before 7 and the pit
growth period after 7. We have discussed the different pitting corrosion behavior of the
aluminum specimens covered with the anodic films formed in the borate and phosphate

electrolytes in terms of ion selectivity of the anodic films.
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1. Introduction

Pitting corrosion of aluminum and its alloys has been widely investigated and
excellently reviewed by Foley [1] and Smialowska [2]. The pitting process is generally
divided into the following four steps [1]; (1) the adsorption of the reactive anions, such
as chloride, on the oxide-covered aluminum, (2) the chemical reaction of the adsorbed
anions with the aluminum oxide, (3) the thinning of the oxide film by dissolution and
(4) the direct attack of the exposed metal by the anions, in which the steps (1) to (3)
correspond to a nucleation period and the step (4) to a growth period. In addition, in
accord with Smialowska [2], the first two steps are dependent upon the composition and
structure of the oxide film, including the material composition, the presence and
distribution of micro-defects, such as vacancies and voids, macro-defects, such as
inclusions and second phase particles and so on. Recent studies on pitting corrosion of
aluminum and its alloys have been carried out under the consideration of the pitting
process described above [3-6]. The role of various additive anion species on pitting
corrosion of aluminum has also been examined [7-9].

On the other hand, ion selectivity of the surface oxide films on metals and alloys
is of crucial importance on their corrosion. The protective properties of the rust layers
formed on various steels have often been discussed in terms of the ion selectivity of the
rust layers [10-15]. The pitting corrosion of metals covered with a thin passive film has
also been discussed in terms of the ion selectivity. Nishimura et al. investigated pitting
corrosion of high purity iron [16] and nickel [17], covered with a thin passive film, at a
potential nobler than a critical pitting potential in 0.5 mol dm™ NaCl solution. The
passive films were formed as a function of applied potential in borate and phosphate
solutions with various pHs. The results obtained indicated that their pitting corrosion

behavior was largely influenced by ion selectivity (anion or cation selectivity) of the



passive films. The metals covered with the passive films formed in the neutral borate
solution, having the anion selective property, had much less pitting corrosion resistance
than those formed in the neutral phosphate solution, which had the cation selective
property. When the passive films were formed in the alkaline borate solution, iron
showed the increase in the pitting corrosion resistance in comparison with that formed
in the neutral borate solution because of the change in ion selectivity from anion
selectivity to cation one. In contrast, iron covered with the passive film formed in the
alkaline phosphate solution showed the decrease in the pitting corrosion resistance,
compared to that formed in the neutral phosphate solution, because of the reduction of
cation selectivity. The pitting corrosion behavior of nickel covered with passive films
formed in the borate and phosphate electrolytes showed little dependence of anion
species and pH, being different from the pitting behavior of iron. This was considered
that the ion selectivity of the passive films, showing anion selectivity, had little change
with pH and anion species. Thus, it was concluded that the ion selectivity of the thin
passive films played an important role in their pitting corrosion behavior.

Aluminum can form a relatively thick, barrier-type anodic oxide film in neutral
aqueous electrolytes. However, to our knowledge, there is no investigation on the
influence of the ion selectivity of the aluminum oxide films on the pitting corrosion
behavior of aluminum. The anodic oxide films formed on aluminum are generally
contaminated with electrolyte anion species and their distribution and contents have
been characterized [18]. In addition, the thickness of the anodic oxide films can be
controlled readily by the anodizing potential. Thus, in the present study, we tried to
elucidate a relationship between ion selectivity of the anodic film and pitting corrosion
behavior of aluminum, referring to the results of iron and nickel [16,17]. The
barrier-type anodic films have been formed on aluminum at several anodizing potentials

in borate-buffer and phosphate-buffer electrolytes. Pitting corrosion behavior has been



examined in 0.5 mol dm™ NaCl solution at the potential slightly nobler than the pitting

potential of -0.64 V vs Ag/AgCl.

2. Experimental

High purity (99.99%) aluminum sheet of 2 mm thickness was used in this study.
Prior to the experiments, the specimens were polished with an emery paper of 2000 grit
and electropolished at a current density of 0.12 A cm™ for 3 min in a 1:4 mixture of
60% perchloric acid and glacial acetic acid at 288 K, followed by washing in distilled
water. After electropolishing, the specimens were immersed in a mixed solution of 0.2
mol dm> H;PO4 and 0.54 mol dm’ H,CrO4 for 10 min at 353 K to remove a formed
electropolishing film containing chloride species [19]. The specimens thus pretreated
were covered with an Araldite resin to expose about 1.0 cm” of specimen surface. Then,
anodizing was carried out by applying a constant current density of i,= 1 mA cm™ until
the anodic potential reached a selected potential in a range of 5 to 100 V vs Ag/AgCl.
The electrolytes used for anodizing were a borate solution of 0.5 mol dm™ H3B04-0.05
mol dm™ Na,B40; with pH = 7.4 and a phosphate solution of 0.033 mol dm™
NH4H,PO4- 0.067 mol dm’ (NH4),HPO4 with pH = 7.0. In these neutral electrolytes the
anodic films formed are barrier-type, not porous-type [20,21]. The solution for pitting
corrosion studies of the anodized specimens was 0.5 mol dm™ NaCl solution, which was
deaerated with argon gas before and during experiments. The test temperature was 293
K for all experiments.

After anodizing to 100 V vs Ag/AgCl, the specimens were observed by a JEOL
JEM2000FX transmission electron microscope operating at 200 kV. Electron
transparent sections were prepared using ultramicrotomy. Elemental depth profile
analysis of the anodic films was carried out by glow discharge optical emission

spectroscopy (GDOES) using a Jobin-Yvon 5000 RF instrument in an argon atmosphere



of 850 Pa by applying RF of 13.56 MHz and power of 35W. Light emissions of
characteristic wavelengths were monitored throughout the analysis with a sampling time
of 0.01s to obtain depth profiles.

In order to determine the polarization potential for pitting corrosion studies, a
critical pitting potential of the high purity aluminum without anodizing was measured in
0.5 mol dm™ NaCl solution at 293 K by a potential step method (0.05 V step for 600 s
interval) [16,17]. The critical pitting potential determined was -0.64 V vs Ag/AgCl,
which was an average value with an accuracy of £0.01 V through several trials. For the
aluminum covered with anodic films, a constant potential of -0.6 V vs Ag/AgCl, which
was slightly nobler than the critical pitting potential, was applied. Then, the current

transient during the polarization was measured for all anodized specimens.

3. Results
3.1 Characterization of the anodic films

Fig. 1 shows transmission electron micrographs of ultramicrotomed sections of
aluminum anodized to 100 V vs Ag/AgCl in the borate (Fig. 1(a)) and phosphate (Fig.
1(b)) electrolytes. An anodic film with flat and parallel metal/film and film/electrolyte
interface is developed on aluminum substrate, which appears at the bottom of the
micrographs. The anodic films are relatively featureless and no diffraction contrast is
seen in the anodic films, indicating that the anodic films are amorphous. The thickness
of the anodic films is 130 + 2 nm regardless of the electrolyte used. Thus, the formation
ratio of the anodic films is 1.3 nm V™', Using this value, the thicknesses of the anodic
films formed at various formation potentials can be estimated.

The depth distribution of the electrolyte-derived species, i.e., boron and
phosphorus species, was examined by the GDOES elemental depth profile analysis.

Obviously, both boron and phosphorus species are incorporated into the anodic films



and distributed in the outer part of the anodic films (Fig. 2). However, their distribution
depth is dependent upon the species. The boron species are present in the outer ~40% of
the film thickness, while the phosphorus species distribute to the depth of ~75% of the
film thickness. The different distribution of boron and phosphorus species is owing to
the mobility of the electrolyte-derived species, as discussed below.

Previously, the average compositions of the anodic films formed in various
electrolytes at a constant current density of 50 A m™ at 293 K were estimated from the
total numbers of Al, O and X (X=B and P) in the anodic films [18]. The average film
compositions formed in the borate and phosphate are Al,Oj307 Poos, Al2O3.17 Poo72,
respectively, indicating that similar amounts of boron and phosphorus species are

incorporated into the anodic alumina films.

3.2 Time variation of pitting current density
3.1.1 Anodic films formed in borate electrolyte

Fig. 3 shows the pitting current density, #,, and time, #, curves for aluminum
covered with anodic films of various thicknesses, formed in the borate solution. The
result of the specimen without anodic film is also shown as a dashed line for
comparison. Obviously, i, decreases with an increase in film thickness, although i,
increases with time for all specimens. In these curves, the presence of an incubation
time, #;, below which i, is negligibly small, is not obvious and the 7, - ¢ curves for the
specimens with anodic films appear to consist of two straight lines with a different slope.
To make them clearer, the logarithmic relationships of the i, - ¢ curves are drawn in Fig.
4. All the curves for the specimens with the anodic films of three different thicknesses
show two different straight lines, in which the inflection between two straight lines
occurs at the time, 7. The slope of the first straight line became larger than that of the

second straight line.



3.1.2 Anodic films formed in phosphate electrolyte

Fig. 5 shows the i; - # curves for aluminum covered with anodic films of various
thicknesses, formed in the phosphate electrolyte. Again, i, decreases with an increase in
the thickness over the whole time range. Compared to those in Fig. 3, it took a longer
time for i, to increase and # was detected clearly for the anodic films with the
thicknesses of 98 and 130 nm. The logarithmic relationships of the i,- ¢ curves, shown in
Fig. 6, show clearly the two different straight lines, except the thickness of 130 nm, as
the films formed in the borate electrolyte (Fig. 4). For the anodic films formed in the
phosphate electrolyte, however, the slope of the first straight line is smaller than that of
the second straight line, which is the opposite to that in Fig. 4. The log i, - log ¢ curve
for the anodic film of 130 nm thickness shows complex behavior, so that it may be
difficult or uncertain to determine 1. However, by simply assuming the two straight
lines with the similar slopes as those in the other curves, the t value is estimated from

the dashed lines in Fig. 6.

3.2. Effects of thickness and anion species on incubation time (t;)

In this study, we determined approximately # from Figs. 4 and 6 as follows. When
the first straight lines are extrapolated to the time axis at 1 x 10° A cm™ on the vertical
axis in Figs. 4 and 6, the time at the intersection point is assumed to be #. Fig. 7 shows
the relationship between ¢ with a logarithmic scale and thickness (L) of the anodic films
formed in the borate and phosphate electrolytes. In both the anodic films, log #
increases linearly with the film thickness. At each film thickness, # in the phosphate

electrolyte is always larger than that in the borate electrolyte.

3.3 Effect of thickness and anion species on T



Fig. 8 shows the relationships between 7 and L of the anodic films formed in the
borate and phosphate electrolytes. For the anodic films formed in the borate electrolyte,
a good linear correlation is obtained between 7 and L. Similarly, a linear correlation is
found for the anodic films formed in the phosphate electrolyte until the film thickness is
100 nm. The 7 for the anodic film of 130 nm thickness, which is roughly estimated from
the dashed line in Fig. 6 is ~15 ks. The value estimated is considerably larger than that
estimated from the extrapolation of the linear relationship up to 100 nm thickness (5.4
ks). The 7 value in the phosphate electrolyte is larger than that in the borate electrolyte

by a factor of 10~15.

4. Discussion
4.1 Ion-selective property of anodic films

Barrier-type anodic films formed on aluminum consist of two layers, comprising
an outer layer contaminated with electrolyte anion-derived species and an inner layer of
relatively pure Al,O; [18,19,21]. The depth distribution of the electrolyte anion-derived
species is controlled by the transport numbers of anion and cation and the mobility of
the electrolyte anion-derived species [18]. The anodic films formed on aluminum are
usually amorphous and developed both at the metal/film and film/electrolyte interfaces
[22]. The transport number of cations of the anodic films on aluminum, determined by
various marker studies, is ~0.4 [23-26], such that the outer 40% of the film material is
formed at the film/electrolyte interface. The boron species incorporated from the borate
electrolyte are immobile in the growing anodic films at high current efficiency,
distributing in the outer 40% of the film thickness (Fig. 2(a)). Thus, the boron species
should be present as neutral species, such as B,Os, in the growing anodic film. In
contrast, phosphorus species are mobile inwards, distributing in the outer 75% of the

film thickness, as shown in Fig. 2(b). The inward migration of the phosphorus species



incorporated from the phosphate electrolyte suggests the presence of anion species, such
as PO,”", in the growing anodic films under the high electric field.

It has been reported that the passive films on iron consists of two layers [27-29].
The outer layer is composed of hydroxide and the inner layer is oxide; the former layer
includes electrolyte anion species. Therefore, the important point is that the barrier-type
anodic films have the layer structure similar to that of the iron passive films, although
the former anodic films are markedly thicker than the passive films on iron. For
example the thickness of iron passive film is less than about 7 nm, while that of anodic
films is as thick as 130 nm at maximum. Here, both thicknesses of the outer layer and
the inner layer for the barrier-type oxide film increase proportionally with increasing
anodizing potential with the thickness ratio being constant.

In the previous paper [16], the pitting corrosion behavior of iron covered with
passive films formed in borate and phosphate solutions was examined as a function of
solution pH and film thickness. The solution and applied potential used for pitting
corrosion study were 0.5 mol dm™ NaCl solution and -0.195 V vs SHE, respectively,
the latter of which was nobler than the critical pitting potential. As in the present study,
the pitting corrosion of iron with passive films formed in the phosphate solution at pH
8.42 has more pitting corrosion resistance than those formed in the borate solution at the
same pH. The higher pitting corrosion resistance of iron covered with the passive films
formed in the phosphate solution was explained in term of the ion selectivity of the
outer layer of the passive film; the phosphate-containing films have cation-selectivity,
while the borate-containing film is anion-selective. This suggests that the films with
cation selectivity should have the higher resistance to the ingress (diffusion or
migration) of chloride ions into the films than those with anion selectivity. The pitting
corrosion behavior of nickel covered with thin passive films was also interpreted in

terms of ion selectivity [17]. Although the passive films on iron and nickel are thin and
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less than 7 nm, the outer layer of the passive films appears to serve as the ion selective
membrane and the ingress of chloride ions is controlled through the pores in the outer
layer, but not flaws or defects.

Provided that the anodic films formed on aluminum in the borate and phosphate
electrolytes have the same ion selectivity as those on iron (anion selectivity or cation
selectivity), we can explain the present results of high purity aluminum, showing the
significant difference in # and z, in terms of ion selectivity as described in the following
sections. Fig. 9 shows a schematic representation of the ion selectivity of the anodic
films formed in the borate and phosphate electrolytes. The anodic films with cation
selectivity would make the ingress of chloride ions into the outer layer more difficult in
comparison to those with cation selectivity, which is expressed as the difference of the
length of arrows in the figure. Although, there is little data on the ion selective property
of anodic films on aluminum, in contrast to that of the passive films on iron [16], it can
be assumed that the boron species are electrically neutral because of their immobile
nature during film growth, while the phosphorus species are anionic, such as PO4”, due
to their inward migration. The anionic phosphorus species-incorporated outer layer
should have anion selectivity, suppressing the ingress of chloride anion. The precise
mechanism of the ingress of chloride ions in the anodic alumina films is the subject of

future study.

4.2 The meaning of #, and 7

The time ¢ is the time at which the pitting current density begins to increase with
time, before which the pitting current density is negligibly small. As shown in Fig. 7,
the ¢ increases with an increase in film thickness and is significantly larger for the
anodic films formed in the phosphate electrolyte than those in the borate electrolyte. It

was assumed for iron that #; would be defined as the time at which the inner layer begins
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to be attacked to become thin or the destruction rate of the inner layer becomes larger
than its formation rate (repassivation rate) [16]. In the present work, the anodic films
were formed at high potentials. To increase the pitting current density, the ingress of
chloride ion-containing solution into the anodic film to the depth below which a film of
less than ~ 10 nm thickness is remained needs to occur. The ingress of chloride ions
through the thick anodic films is slower for the films with cation selectivity in
comparison with for the anion selectivity. Thus, the incubation time of # becomes
longer in the anodic films formed in the phosphate electrolyte. The thicker anodic film
also shows the longer incubation time.

After £, the relation between the pitting current density and time shows two
different straight lines in the double logarithmic plot, as shown in Figs. 4 and 6, as for
the passivated iron and nickel. It was pointed out for iron and nickel that the pitting
current density before 7 was the current density before the complete destruction of the
inner layer and that after T was the current density by the attack of substrate [16,17].
This would be applied to the current densities before and after z, obtained in the present
study. Therefore, 7 is defined as the time up to the local complete destruction of the
inner layer, and hence, it is reasonable to consider that 7 increases with the increase in
the thickness of the inner layer. On the other hand, the great difference in 7 for anodic
films in both solutions would be reasonable to be associated with the ion selectivity as
well. The amount of chloride ions per time incorporated in the anodic films with cation
selectivity would be less than that in the anodic films with anion selectivity, which was
shown in Fig. 9 by a length of the arrow. Therefore, it would take a longer time for
anodic films with cation selectivity than for anion selectivity to attack up to the local
complete destruction of the inner layer.

After 7 the direct attack of the exposed metal by the anion may occur. Therefore,

we also call the period up to t as the nucleation period and that after t as the growth
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period. In addition, T may be called as the nucleation time. Thus, it is concluded that the
pitting corrosion process of the anodized aluminum consists of the incubation,

nucleation and growth periods.

4.3 Pitting current behavior before and after t

The slope of the linear relationship between the pitting current density and time in
the double logarithmic plot in the nucleation period, which is before 1, is close to 1.0 for
both the anodic films formed in the borate and phosphate electrolytes (Figs. 4 and 6).
This value was almost the same as that of passivated iron [16]. The slope of the linear
relationship in the growth period, which is after t, is dependent upon the electrolyte
used. For the anodic films formed in the borate electrolyte, the slope in the growth
period becomes smaller than that in the nucleation period, while the slope in the growth
period becomes larger than that in the nucleation period for the anodic films formed in
the phosphate electrolyte. For the passivated iron, however, the slope in the growth
period is always larger than that in the nucleation period for both the passive films
formed in the borate and phosphate electrolytes. It is generally considered that the
pitting current density increases rapidly by the dissolution of the substrate (growth
period), compared to that during the destruction of the inner layer (nucleation period),
such that the slope after z becomes larger than that before 1. Therefore, the pitting
corrosion behavior after r for the anodic films formed on aluminum in the borate
solution appears to be unusual, but not for the anodic film in the phosphate solution.

The pitting corrosion during the growth period is usually considered to be
diffusion or ohmic controlled [2]. However, under the same solution and polarization
potential for pitting study, the difference in the slope in the growth period between the
anodic films formed in both solutions cannot be explained by the diffusion- or

ohmic-controlled process. Therefore, we need to consider another factor.
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One of the most probable explanations is related to the formation of a salt film in
the pits. It is well accepted that a salt film exists within aluminum pits and stabilizes the
pits [2]. In chloride solutions, the salt film formed in the pits of aluminum is assumed to
be composed of AlICI;, AI(OH)Cl, and Al(OH),ClI [30]. If the composition of the salt
film is the same as that in the pits formed for aluminum covered with the anodic films
formed in both electrolytes, it is likely that the growth rate of the pits would be the same,
but not. Therefore, we estimate that the borate ions and phosphate ions are freely
available in the pits by the dissolution of the outer layer and included in the salt film,
forming Al(OH),(X)m (X = borate or phosphate). It can be assumed that the salt film
with the borate ions has anion-selective property and that with the phosphate ions
cation-selective property, similar to those of the outer layer. During the pit growth
period the major reaction is the dissolution of AI’* ions from the substrate. If the salt
film has cation-selective property, it would be easy for aluminum ions to diffuse into the
salt film and then to diffuse out into the electrolyte through salt film. On the other hand,
it would be difficult to diffuse into the salt film with anion-selective property, so that an
accumulation of Al ions would occur at an interface between the substrate and salt
film. This would serve as an inhibition for the dissolution of AI’* ions. Thus, although
the outer layer and the salt film are assumed to have the same ion-selective property, the
effect of the ion selectivity on pitting corrosion depends upon the pitting corrosion
process. Up to the nucleation period, the ingress of chloride ions into the outer layer
makes an important role in pitting corrosion behavior and is affected by the
ion-selective property, while at the growth period the diffusion (or migration) of AP
ions becomes important for the pitting corrosion behavior and is affected with the

reverse trend compared to the pitting corrosion behavior up to the nucleation period.

5. Conclusions
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2)
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(4)

()

The pitting corrosion of pure aluminum with anodic films formed in the borate
and phosphate solutions consists of the three periods of incubation, pit
nucleation and pit growth.

The incubation time (#) and the time (7) between the nucleation and growth
periods increase with increasing film thickness irrespective of anion species
(borate and phosphate ions). In addition, they become much larger for the
anodic films in the phosphate solution than for those in the borate solution.

The pitting corrosion process during the pit nucleation period is independent of
film thickness and anion species from the fact that the slope of the linear
relationship between log i, (pitting current density) and log ¢ curve is the same
irrespective of them.

The slope of the linear relationship between log i, (pitting current density) and
log ¢ curve during the pit growth period is larger for the anodic films in the
borate than for that in the phosphate. The former and latter slopes are smaller
and larger than that in the pit nucleation period.

The results thus obtained are reasonably explained in terms of the
ion-selectivity of the outer layer incorporated with anion species and the
solution inside the pit; the anodic films in the borate solution show
anion-selectivity and those in the phosphate solution have cation-selectivity as

well as those of the solution inside the pit.
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Figure Captions

Fig. 1 Transmission electron micrographs of ultramicrotomed sections of aluminum anodized to
100 V at 1 mA cm™ in (a) the borate and (b) phosphate electrolytes.

Fig.2 GDOES depth profiles of the anodic films formed on aluminum to 100 V at 1 mA cm? in
(a) the borate and (b) phosphate electrolytes.

Fig. 3 Change in the pitting current density with time for the aluminum specimens at -0.6 V vs
Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the measurements, the aluminum
specimens were anodized to several potentials at 1 mA cm? in the borate electrolyte. The broken
line denotes the result of aluminum without anodizing,

Fig. 4 Double logarithmic plot of the pitting current density vs time for the aluminum specimens
at -0.6 V vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the measurements, the
aluminum specimens were anodized to several potentials at 1 mA cm™ in the borate electrolyte.

Fig. 5 Change in the pitting current density with time for the aluminum specimens at -0.6 V vs
Ag/AgCl in 0.5 mol dm® NaCl solution at 293 K. Before the measurements, the aluminum
specimens were anodized to several potentials at | mA cm™ in the phosphate electrolyte.

Fig. 6 Double logarithmic plot of the pitting current density vs time for the aluminum specimens
at -0.6 V vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the measurements, the

aluminum specimens were anodized to several potentials at 1 mA cm™ in the phosphate electrolyte.

Fig. 7 Change in the incubation time with film thickness for the aluminum specimens anodized to
several potentials at 1 mA cm™ in the borate and phosphate electrolytes.

Fig. 8 Change in rwith film thickness for the aluminum specimens anodized to several potentials
at 1 mA cm™ in the borate and phosphate electrolytes.

Fig. 9 Schematic illustration showing the ingress rate of chloride ions in the anodic films formed
in (a) borate electrolyte and (b) phosphate electrolyte.
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Fig. 1  Transmission electron micrographs of ultramicrotomed sections of aluminum
anodized to 100 V at 1 mA cm™ in (a) the borate and (b) phosphate electrolytes.
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Fig. 2 GDOES depth profiles of the anodic films formed on aluminum to 100 V at 1 mA
cm?in (a) the borate and (b) phosphate electrolytes.
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Fig. 3 Change in the pitting current density with time for the aluminum specimens at -0.6 V
vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the measurements, the aluminum
specimens were anodized to several potentials at 1 mA cm™ in the borate electrolyte. The
broken line denotes the result of aluminum without anodizing.
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Fig. 4 Double logarithmic plot of the pitting current density vs time for the aluminum
specimens at -0.6 V vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the
measurements, the aluminum specimens were anodized to several potentials at 1 mA cm™ in
the borate electrolyte.
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Fig. 5 Change in the pitting current density with time for the aluminum specimens at -0.6 V
vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the measurements, the aluminum
specimens were anodized to several potentials at 1 mA cm™ in the phosphate electrolyte.
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Fig. 6 Double logarithmic plot of the pitting current density vs time for the aluminum
specimens at -0.6 V vs Ag/AgCl in 0.5 mol dm™ NaCl solution at 293 K. Before the
measurements, the aluminum specimens were anodized to several potentials at 1 mA cm™ in
the phosphate electrolyte.
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Fig. 7 Change in the incubation time with film thickness for the aluminum specimens
anodized to several potentials at 1 mA cm in the borate and phosphate electrolytes.
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Fig. 9 Schematic illustration showing the ingress rate of chloride ions in the anodic films
formed in (a) borate electrolyte and (b) phosphate electrolyte.
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