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ABSTRACT

The pit morphology and growth kinetics of commercially pure aluminium in naturally aerated NaCl solutions were
studied using an image processing method based on reflected light microscopy. In order to distinguish between pits and
pre-existing cavities, metallographic examination and statistical analysis were carried out before and after corrosion
testing. The results show that the pit shapes and sizes are more dependent on the immersion time than the chloride con-
centration. Pits are predominantly hemispherical, but they undergo reasonable geometric transitions associated with
increased immersion time and occur without significant depth variation. The role of chloride ions is more closely asso-
ciated with the pit nucleation phenomenon.
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1. Introduction

Over the last few decades, there have been considerable
advances in the understanding of pitting corrosion. Pit-
ting is a highly localized dissolution of metal that occurs
as a consequence of the breakdown of protective passive
film on a metal surface. This phenomenon mainly occurs
in the presence of aggressive anionic species and is usu-
ally caused by chloride ions. Defects that result in non-
stoichiometry of the film and/or structural inhomogenei-
ties of the metal are preferential sites for pit nucleation
[1-4]. After an induction period, some metastable pits are
repassivated, and others are transformed into stable pits
of different shapes and sizes. Stable pit growth can be
controlled by any electrochemical or chemical reaction:
charge-transfer processes, ohmic effects or mass trans-
port. The control reaction can change during pit growth
because its mechanism involves the interaction of a metal
with an environment that varies as the corrosion reaction
proceeds [4-7].

Aluminium and its alloys are used in airframe con-
struction, and pitting corrosion has been widely studied
for the purpose of preventing cracking due to stress cor-
rosion [8-9]. Many studies have focused on the pit initia-
tion mechanisms of these materials in chloride media;
however, relatively few authors have studied the nuclea-
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tion and propagation rates of pits [10-17]. For pits initi-
ated by electrochemical experiments, the pit depth or
radius dependence on the immersion time (f) may be ex-
pressed by the equation k(z-¢;)", where ¢ is the induction
period and k£ > 0 and 1/6 < m < 2/3 are empirical con-
stants. Generally, it is assumed that pits have a regular
geometry. Pits are usually modelled as having cylindrical,
hemispherical or conical shapes, but in practice, they
have a tendency to assume an irregular geometry associ-
ated with increasing size [17-19]. Therefore, equations
developed with these assumptions about shape must be
considered as only rough approximations.

Maximum pit depth is a more adequate growth pa-
rameter because it is not related to pit geometry. For pure
aluminium [14-16], this parameter can also be expressed
by a simple equation k7', where n = 1/3 or 1/2, consistent
with an ohmic- or a diffusion-controlled pit growth rate,
respectively. The discrepancy among the reported results
may be attributed to different experimental conditions.

Non-electrochemical techniques can be more appro-
priate for the study of pit growth because they eliminate
several problems: a relatively long induction period ()
for an electrochemical determination of a short duration,
the need to determine the electrical current from a single
pit, assumptions regarding active pit surface area, and
complications associated mainly with hydrogen evolution
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within the pits that consume a reasonable fraction of the
anodic pit density in aluminium. The use of image analy-
sis of surfaces to determine the morphology and extent of
localized corrosion has not received much attention. In
this study, digital image processing and analysis methods
were used for the morphology characterization and ki-
netic evaluation of pitting corrosion of commercially
pure aluminium. For this purpose, the pits were initiated
by immersion in naturally aerated NaCl solutions, and
their temporal evolution was examined by reflected light
microscopy.

2. Experimental
2.1. Chemical Analysis

Commercially pure aluminium (1050-F) plates were sup-
plied by Novelis Brazil Ltda. The chemical composition
was determined by atomic emission spectroscopy using a
Perkin-Elmer Analyst 300. The chemical analysis is
shown in Table 1. This material covers the specifications
of the Brazilian standard NBR 6834/06 [20].

2.2. Surface Analysis

Specimens were prepared by cutting up as-received ma-
terials. The test was carried out in the perpendicular ori-
entation (transverse) relative to the rolling direction.
Thirty parallelepiped sections (15 % 15 x 12.5 mm) were
used as the test specimens. Their surfaces were me-
chanically polished with 220, 320, 400, 600 and 1200
grade emery papers, followed by polishing with 3 pm
diamond dust. The surfaces were finished with a 1-um
thick a-alumina suspension. The specimens were imme-
diately electro-polished according to the Class I-1 condi-
tions in the standard guide ASTM E1558-93 [21]. A
Buehler Electromet 4 Polisher/Etcher for electrolytic
polishing was used to obtain a smooth and electrochemi-
cally reproducible surface. The surface of the specimens
was examined before and after corrosion tests using im-
age analysis based on reflected light microscopy (LM).
The images were captured using a Nikon Epiphot 200
inverted metallurgical microscope coupled to a Diagnos-
tic Instruments Insight Colour QE digital camera. The
NIH freeware program Image J [22] was used for image
processing, and a macro program was developed to exe-
cute all processing and analysis steps, as reported in a
previous paper [23]. In addition to the image processing

routine, a step with a wand tool was introduced to avoid
successive dilations. This introduced an interactive com-
mand, which minimize errors due to operator choice.
Quantitative parameters such as the area at the cavity
mouth and cavity density were systematically determined.
Morphological and dimensional analyses were carried
out after vertical sectioning using a Buehler Isomet 1000
precision saw. To ensure low deformation of the profile
region, the surface was covered with an epoxy resin be-
fore cutting and mounting with phenolic resin for me-
chanical polishing. Pitting analysis was based mainly on
Rectangularity or Area-Box (AB) shape parameter, de-
fined as the ratio between the pit area and the minor sur-
rounding rectangular area that encloses the pit. The AB
parameter is an effective geometry descriptor, permitting
clear separation between conical (0.5 < AB < 0.53),
spherical or hemispherical (0.72 < AB < 0.86) and cylin-
drical pits (AB =~ 1.0). Figure 1 summarizes the classes
for morphological analysis [23]. Transition regions A
(near-conical or near-hemispherical pits) and B (near-
hemispherical or near-cylindrical pits) represent pits that
can evolve for best-defined geometries.

Irregular pits (without geometric elements) present AB
values lower than 0.5. A minimum width/depth value of
13.96 for shallowest pits affected by the surface rough-
ness was calculated. This value was obtained of B-5 size
and C-1 depth parameters of Standard Rating Charts for
pits [16]. Both the surface and cross-section images were
captured using the same magnification (200X). A repre-
sentative number (60) of 1600 x 1200 x 8§ bit digital im-
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Figure 1. Diagram used for pit geometry classification.
Width/depth aspect ratio versus area-box parameter [23].

Table 1. Chemical composition of commercially pure aluminium 1050-F (wt%b).

Si Fe Cu Mn Mg Zn Ti \Y Al (min)
Nominal 0.25 0.40 0.05 0.05 0.05 0.05 0.03 0.05 99.50
Experimental 0.096 0.356 0.009 0.002 0.001 0.003 0.008 0.006 99.52
Copyright © 2012 SciRes. MSA
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ages under bright-field xenon-arc illumination was ob-
tained for each case [24].

2.3. Immersion Tests

Laboratory immersion tests were performed on elec-
tro-polished specimens in naturally aerated NaCl solu-
tions for 5 months at 25°C + 1°C [25]. Pit morphology
and growth kinetics were studied over a chloride concen-
tration range of 0.0043 to 4.3 mol/L. The first solution
contained the maximum chloride concentration permitted
in potable water, according to national standards [26]. A
vertical cell with a cross-sectional area of ~1.0 cm® was
used as the corrosion cell and basically consisted of a
glass tube fixed to the specimen with an epoxy resin.

Two randomly selected specimens were tested for each
immersion time. After testing, the specimens were care-
fully rinsed by immersing in distilled water and then air
dried.

3. Results and Discussion
3.1. Specimen Analysis before Corrosion Tests

Microscopic examination of commercially pure alumin-
ium revealed cavities of different shapes and sizes (Fig-
ures 2(a) and (b)).

Some cavities were probably induced during the me-
chanical processing and electrolytic polishing steps. A
cavities density of 1919 + 362 was determined for our
test specimens.

The statistical parameters listed in Table 2 seem to in-
dicate that: 1) the geometries of the cavities are not well
defined, and in fact, there is no reason that the geometry
should be regular; 2) the cavities are wider than they are
deep; and 3) some of them are almost closed or subsur-
face.

It is well known that stagnant immersion conditions
favour pitting attacks, so many cavities can nucleate pits.

The shapes and sizes of the pits will be somewhat de-
pendent on the shapes and sizes of the cavities. In this
study, we assumed that the pits are cavities whose width
and depth were equal or greater than those shown in Ta-
ble 2 (mean value + standard deviation), and therefore
about 90% of cavities were eliminated.

3.2. Specimen Analysis after Corrosion Tests

3.2.1. Pit evolution as a Function of Immersion Time
Figures 3(a) and (b) show the pitting corrosion after 7
days of immersion. This figure reveals that the pits ap-
pear be hemispherical and larger than the cavities. The
dark region surrounding the pits can be attributed to op-
tical effects provoked by corrosion products, and super-
position of pits was also observed.

Copyright © 2012 SciRes.

cavity

Figure 2. LM micrographs of electro-polished commercially
pure Al: (a) surface image and (b) cross-section image.

Table 2. Average values of cavities in electro-polished sur-
face.

Statistical Parameter Mean value + standard deviation

Area at mouth (um?) 7£6
Width from cross section (um) 10£8
Depth from cross section (um) 7+£5

It is interesting that the pit density remained approxi-
mately constant (690 + 139 pits‘mm ) during this im-
mersion period, which suggests that the surface of the
metal possesses a fixed number of active sites (defects)
for pit nucleation. A similar conclusion was drawn for
stainless steel in NaCl solution in a previous study [5]. At
longer immersion times, corrosion products prevented
the determination of quantitative parameters. The classi-
fication and distribution of the pits were determined from
cross-section images as shown in Table 3. This table
summarizes the analysis of 60 digital images captured
randomly along the cross section of each sample. The
results reveal that: 1) at short immersion times, pits are
predominantly hemispherical; 2) at long immersion times,
pits are predominantly near-conical and near-hemisphe-
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Figure 3. LM micrographs of partially corroded commercially pure Al: (a) surface image and (b) cross-section image.

Table 3. Morphology distribution of pits percentages (average values) at different immersion times.

Immersion Time/h  Irregular Pits  Conical Pits ~ Transition Region A Hemispheric Pits Transition Region B Cylindrical Pits

6 0.00 0.00 19.32 51.14 29.55 0.00

12 0.00 2.94 35.29 52.94 8.82 0.00

24 1.25 3.75 45.00 41.25 8.75 0.00

48 1.52 0.91 25.30 53.66 18.60 0.00

72 4.84 3.23 14.52 56.45 20.97 0.00

96 0.00 0.00 8.70 56.09 35.22 0.00

120 0.00 0.00 39.47 55.26 5.26 0.00

144 1.87 1.87 11.21 42.99 42.06 0.00

168 3.03 6.06 39.39 30.30 21.21 0.00

720 3.48 1.59 43.18 36.83 14.92 0.00

1440 8.82 5.88 42.94 36.47 5.88 0.00

2160 3.51 4.09 58.48 32.75 1.17 0.00

2880 3.23 4.52 56.13 31.61 4.52 0.00

3600 1.00 2.00 48.02 41.98 7.00 0.00

rical; and 3) cylindrical pits were not found. The tempo- N T I T

ral variation of pit morphology is shown in Figure 4. L ITT; rhsmn tme ]
Table 4 shows pit width and depth distributions. To ] ©2880h :

diminish the influence of the large cavities (~10% of
population) on the statistical treatment of data, we re-
placed the mean values by the medians [27]. Detailed
analysis in this table indicates the following conclusions.
1) The pits are wider than they are deep, which suggests
that the rate of metal dissolution is higher at the pit wall
than at the pit bottom. 2) Pit depth increases rapidly dur-
ing the first hours of immersion and then slowly in-
creases until stabilisation. Taking into account that hemi-
spherical, near-hemispherical and near-conical pits rep-
resent more than 70% of the pit population, the maxi-
mum values of pit depth were found to be close to 19
pum.

Copyright © 2012 SciRes.
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Figure 4. Change in the geometric distribution of pits asso-
ciated with increasing immersion time.
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Table 4. Variation of pit width and depth with increasing immersion time.

Immersion Median Trregular Conical Transition Hemispheric Transition Cylindrical
Time/h Parameter/um Pits Pits Region A Pits Region B Pits
6 Depth ... 14.66 14.28 13.62
Width 0 Ll 41.05 34.05 26.87
12 Depth ... 27.24 13.25 13.99 1455 L
Width 32.84 28.92 30.60 1455 L
24 Depth 17.16 13.43 15.86 16.61 1828
Width 29.10 26.87 32.28 30.04 2052 L
48 Depth 15.77 20.52 15.86 18.01 2025 L
Width 43.19 32.80 28.27 24.99 2136 L
7 Depth 13.10 17.35 14.56 15.77 1310
Width 44.00 32.65 27.15 25.94 23.13 L
9% Depth ... 16.42 16.42 17.91
Width 0 3442 26.12 2425 L
120 Depth ..o L 14.27 1343
Width . 27.05 2445
144 Depth 15.30 12.69 16.61 13.34 1493
Width 24.44 30.04 27.61 33.68 2537 L
163 Depth 16.04 16.23 13.43 16.42 1493 L
Width 24.63 24.26 27.05 25.56 25.19 L
720 Depth 14.37 15.39 16.79 15.68 1768
Width 36.00 38.34 30.23 26.45 21.83 L
1440 Depth 19.97 15.77 17.73 16.05 16.61
Width 41.70 45.06 32.75 27.43 20.15s L
2160 Depth 16.46 15.89 18.66 17.60 19.19
Width 28.17 35.17 29.40 22.19 22.63
2880 Depth 15.67 19.41 15.89 17.30 1655
Width 24.52 30.99 26.19 23.02 20.07
3600 Depth 22.54 17.87 15.80 16.82 19.37
Width 31.69 28.09 26.54 25.22 1990

At the initial stages, pits may be nucleated and then

rapidly grow by means of an autocatalytic mechanism [3].

The following increase in the anodic/cathodic area ratio
provokes a decrease in the corrosion rate. 3) There is a
greater degree of scatter in the width results with time,
probably due to superposition of pits.

3.2.2. Pit Evolution as a Function Chloride
Concentration

Table 5 summarizes the geometric distributions of pits
for different chloride concentrations after 1 month of im-
mersion. Similar conclusions as those for Table 3 were
obtained: 1) pits are predominantly hemispherical; 2) the
hemispherical, near-hemispherical and near-conical pits
represent more than 80% of the pit population; and 3)
cylindrical pits were not found.

The growth dimensional parameters are listed in Table
6.

Taking into consideration the more representative
class of pits, it is possible to conclude that: 1) the pits are

Copyright © 2012 SciRes.

wider than they are deep for each chloride concentration;
2) pit width and depth are not dependent on chloride con-
centration, suggesting that the chloride ions participate in
the pit nucleation mechanism or pit initiation, but they do
not participate in the rate-determining step of pit growth.
Pit growth is likely dependent upon other events occur-
ring within the pits.

4. Conclusion

Laboratory immersion tests were performed on comer-
cially pure aluminium in naturally aerated NaCl solutions.
Pit evolution as a function of immersion time and chlo-
ride concentration was studied. In the above-described
experimental conditions, the pits are wider than they are
deep. Some may have nucleated in cavities of similar
geometric characteristics. After nucleation, stable pits
rapidly grew. Pit shape and size are more dependent on
the immersion time than the chloride concentration, and
the role of chloride ions may be best associated with the
nucleation or initiation of pits. The pits are predomi-
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Table 5. Morphology distribution of pits percentages (average values) with increasing chloride concentration.

NaCl Irregular Conical Transition Hemispheric Transition Cylindrical

mol/L Pits Pits Region A Pits Region B Pits

0.0043 3.48 1.59 43.18 38.83 14.92 0.00

0.0430 1.57 3.15 46.46 47.24 1.57 0.00

0.4300 0.00 1.90 41.90 48.57 7.62 0.00

4.300 0.00 3.30 32.97 56.04 7.69 0.00
Table 6. Variation of pit width and depth with increasing chloride concentration.

NaCl Median Irregular Conical Transition Hemispheric Transition Cylindrical
Mol/L Parameter/um Pits Pits Region A Pits Region B Pits
0.0043 Depth 14.37 15.38 16.79 15.68 1763

' Width 36.00 38.34 30.97 26.50 2183 L
0.0430 Depth 21.85 15.21 17.14 18.31 2159 L

’ Width 32.24 30.77 25.13 25.53 19.06 L
0.4300 Depth ... 16.00 16.79 19.58 2120 L

’ Width 44.10 25.83 22.55 1980 L
4300 Depth ... 20.55 14.06 16.26 2002 L

’ Width L 45.59 24.35 24.30 218 L

nantly hemispherical, but they undergo a reasonable geo-
metric transition, although without significant depth varia-
tion, associated with an increasing immersion time.
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