
Received: 4 July 2023 | Accepted: 14 December 2023

DOI: 10.1002/maco.202313977

ART I C LE

An assessment of pitting corrosion in anodized
aluminum alloys: It might not be what it seems

João Victor de Sousa Araujo1 | Mariana Xavier Milagre1 | Xiaorong Zhou2 |

Isolda Costa1

1Centro de Ciência e Tecnologia de Materiais, Instituto de Pesquisas Energéticas e Nucleares—IPEN/CNEN, São Paulo, Brasil
2School of Materials, Corrosion and Protection Centre, The University of Manchester, Manchester, UK

Correspondence
João Victor de Sousa Araujo, Materials
Science and Technology Center, Nuclear
and Energy Research Institute—IPEN/
CNEN, Av. Prof. Lineu Prestes, 2242 São
Paulo, Brazil.
Email: jvaraujo@usp.br

Funding information
Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP),
Grant/Award Numbers: 2019/18388‐1,
2022/06935‐0; Conselho Nacional de
Desenvolvimento Científico e Tecnológico
(CNPq), Grant/Award Number: 406871/
2021‐3

Abstract

In this study, special attention was given to the characterization of pits on

the anodized aluminum alloy (Al–Zn–Mg–Cu) with an anodic aluminum

oxide formed in tartaric sulfuric acid. Anodic polarization in 0.1mol L−1 NaCl

solution was used to initiate pitting corrosion in the anodized alloy. Pit

characteristics, such as morphology and depth, were evaluated by using optical

microscopy and optical profilometry, and scanning electron microscopy. The

methodology adopted in this study revealed severe under‐film pitting due to

highly occluded conditions and showed that the extent of the under‐film pitting

is significantly greater than the size of pit mouth observed from the surface.
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1 | INTRODUCTION

For passive metals, such as aluminum, the corrosion
resistance properties are primarily due to the natural
formation of an oxide film, a few nanometers thick,
which isolates the metal from the medium.[1–5] The
anodizing process consists of thickening this natural
oxide film by applying an anodic potential or current to
the metal surface in an electrolyte.[4] For Al alloys, this
procedure leads to the formation of two layers depend-
ing on the composition of the anodizing bath: a barrier
layer, which is thicker than the naturally formed oxide
and more corrosion resistant, and a layer thicker than
the barrier, which presents a structure of ordered pores,
called a porous layer.[1,2,5,6] Therefore, understanding
how corrosion propagates in anodized alloys and
analyzing its extension and morphology are of great
importance.[7–12]

The works from Takahashi et al.,[13,14] Zhou et al.,[15]

Ren and Zuo,[16] and Moutarlier et al.[17] are the only
ones in the literature that have investigated the pit
corrosion characteristics of anodized aluminum alloys
using polarization curves. However, the real extension
of the corrosive attack associated with pitting on the
anodized alloy was not addressed in any of these works.

Takahashi et al.[13,14] studied the corrosion behavior of
Al with a high purity degree (99.99%) after cathodic
polarization tests. The authors observed that only the
central part of the pits remained open for the solution access
and the periphery was covered with an anodic oxide film.
The same was reported by Zuo et al.[15] when studying the
influence of different sealing methods on pitting resistance
of anodized aluminum alloys. However, a detailed analysis
of the morphology and propagation of pitting corrosion was
not carried out; in fact, the authors concentrated their
discussion on the electrochemical results.
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On the other hand, Ren and Zuo[16] and Takahashi
et al.[13,14] focused their analyses on explaining the
corrosion mechanism when pure anodized Al (99.99%)
was subjected to an anodic polarization test in NaCl
solution. The authors mainly focused their attention on
the mechanism of corrosion without resorting to different
techniques for the characterization of the morphology
and the extent of pitting corrosion. Moutarlier et al.[17]

investigated the corrosion resistance of a commercial alloy
(AA2024) anodized in different anodizing baths and
discussed their results qualitatively. Although this work[17]

demonstrated the extent of the corrosive attack by cross‐
sectional images, the images presented did not allow
evaluation of the actual extent of the attack, suggesting
that the methodology may not be suitable.

It is important to point out that to analyze the depth and
extension of the corrosive attack on Al alloys, different
methodologies have been used and reported in the literature,
such as optical microscopy (OM) and optical profilometry
(OP) from the surface and analysis by OP and scanning
electron microscopy (SEM) in metallographic cross‐sections.
However, some works have shown that the results obtained
by OP can lead to misinterpretations,[18–29] once that, by this
technique the calculation of the surface profile is carried out
from the distortion of a regular shape light pattern projected
on the surface.[26] Therefore, different results can be obtained
depending on the condition of the surface such as
accumulation of corrosion product or even depth limitation.

The preparation of samples for the analysis of
corrosion attack in cross‐section is complex, and only a
few laboratories have access to the ultramicrotomy
technique, which is a precise technique.[30] The more
accessible experimental techniques include embedding
the samples in phenolic or acrylic resin followed by
cutting with a diamond disk and then polishing the
sample in the cross‐section, although the methodology
adopted for sample preparation in many studies is not
precisely described. Therefore, the results obtained for
the corrosion attack might be inaccurate, depending on
the methodology used for evaluation, as in the case of
Moutarlier et al.[17] In their work, it was not possible to
identify the real depth of the attack associated with
pits. Thus, establishing a methodology to validate the
results of OP and cross‐sectional analysis is of great
importance.

Although there is an ASTM standard[31] that addresses
most of these concerns, the standard is quite general
and takes into account the assessment of pitting corrosion
for corroded metal samples without specifying the type of
material and without distinguishing the possible misinter-
pretations that may arise when different techniques are
used. In addition, depending on the material to be studied,
its microstructural characteristics can lead to different

corrosion mechanisms and, consequently, different
morphologies in the propagation of pitting corrosion. For
example, for anodized Al alloys, few works[13–17] proposed
the corrosion mechanism based on microstructural char-
acterization using different techniques. Therefore, in the
present study, a simple methodology is proposed for pitting
evaluation in anodized Al alloys. The aim is to obtain
accurate data for evaluating the extent of corrosion attack
at the surface and in‐depth.

2 | EXPERIMENTAL

2.1 | Adopted experimental
methodology

The methodology used in this study is schematically
illustrated in Figure 1, which shows the following:

(1) The characteristics of the samples used in this study.
(2) The metallographic preparation procedure (grinding

and polishing) adopted before anodizing.
(3) The anodizing procedure in tartaric sulfuric acid

(TSA) solution.[32,33]

(4) The setup adopted in the electrochemical tests
corresponds to open‐circuit potential (OCP) mea-
surements, followed by potentiodynamic polarization
in 0.1 mol L−1 NaCl solution.

(5) The sites associated with pitting corrosion after
polarization following the steps: (a) choice of the
pits on the surface for observation using OM and
OP and SEM in the backscattered electron (BSE) and
secondary electron (SE) detector modes, after that (b)
cutting the samples at the cross‐section, close to the
pit, followed by grinding and polishing and observa-
tion using SEM. SEM in BSE mode was used to
compare the same methodology used in pitting
corrosion studies on Al alloys.[13–17]

2.2 | Material

AA7475 aluminum alloy in the form of a rolled sheet
with a thickness of 1.6 mm was used. The chemical
composition of the alloy is given in Table 1.

2.3 | Anodizing procedure

Samples with a diameter of 15mm were metallographi-
cally prepared by grinding with silicon carbide (SiC) paper
up to #P4000 and polished with 1 μm diamond suspen-
sion. The metallographic preparation was carried out
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before anodizing to guarantee a homogeneous surface
without the presence of the near‐surface deformed
layer (NSDL), which is introduced to the alloy surface
during the manufacturing process.[35] According to the
literature,[36–39] the NSDL has different chemical/
metallurgical characteristics compared to the bulk alloy,
such as Mg‐rich bands, ultrafine and dynamically
recrystallized grains, second phase, finely and well‐
distributed particles at the grain boundaries, oxides at
the grain boundaries, and cracks. The NSDL especially
affects the in‐service performance of the wrought alloy

after the anodizing process.[35] Therefore, some authors
use pretreatment steps before the anodizing process,
such as acid/alkaline degreasing, or mechanical pol-
ishing (metallographic preparation).[1,5,40] In this work,
metallographic surface preparation was used to com-
pare our results with those of works already reported in
the literature.[41,42]

Anodizing was performed in TSA solution composed
of 0.46 mol L−1 sulfuric acid and 0.53mol L−1 tartaric
acid at 37 ± 1°C using a potentiostat (SP‐300 from
BioLogic). The area exposed to the TSA electrolyte was
1 cm2. The Al alloy samples were used as working
electrodes, and a platinum mesh, with an area of
4 cm × 10 cm, was used as the counter electrode. The
volume of the TSA solution was 550mL, and the distance
between the working electrode and the counter electrode
was 7 cm. Anodizing was performed for 20 min under
constant voltage at a potential difference between the
working and the counter electrode of 14 V to obtain oxide
layer thickness between 1.5 and 10 µm.[43]

The cross‐section of the films formed through the
anodizing procedure was analyzed using a Hitachi
Tabletop Microscope TM3000 operating at an accelerat-
ing voltage of 20 kV. For this, the anodized samples were
embedded in phenolic resin as a sandwich and then cut
in their central line and metallographically prepared as
described earlier.

FIGURE 1 Schematic illustration of the experimental procedure adopted in this study: (1) description of the as‐received (AR) sample;
(2) sample preparation before anodizing process; (3) experimental setup of the anodizing process in sulfuric tartaric anodizing solution
(TSA); (4) experimental setup used in anodic polarization tests; and (5) methodology used for characterization of the corroded sites
generated by anodic polarization, of the top surface and cross‐section view. BSE, backscattered electron; OAA, anodic aluminum oxide;
OCP, open‐circuit potential; OM, optical microscopy; OP, optical profilometry; SE, secondary electron. In step 2, the sample surface (a)
as‐received; (b) after the grinding process; and (c) after the polishing process, are illustrated. Whereas, in step 5 the methodology to evaluate
pitting corrosion on the (a) surface) and (b) cross‐section. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Chemical composition of the alloys (wt%) obtained
by inductively coupled plasma optical emission spectrometry.

Elements wt%

Al Balance

Cu 1.52 (1.2–1.9)

Mg 1.90 (1.9–2.6)

Mn 0.02 (≤0.06)

Fe 0.07 (≤0.12)

Zn 6.10 (5.2–6.2)

Si 0.03 (≤0.12)

Note: Values in parentheses present the composition specification according
to ASM[34] for the AA7475 aluminum alloy.
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2.4 | Electrochemical corrosion test

The corrosion resistance of the anodized AA7475
aluminum alloy samples was evaluated by electroche-
mical measurements using a BioLogic SP‐200 potentio-
stat. Electrochemical measurements were performed in
0.1 mol L−1 NaCl solution using a three‐electrode setup
with the anodized alloy samples as working electrodes,
an Ag/AgCl (3 M KCl) as reference electrode, and a
platinum wire as counter electrode. It is important to
highlight that seven polarization curves were per-
formed using a new sample for each measurement. The
exposed surface of the working electrode was delimited
to 0.25 cm2 by using beeswax to avoid crevice corro-
sion. Anodic potentiodynamic polarization tests were
performed in the direction of nobler potentials with a
scan rate of 1 mV s−1 starting at −30 mV, relative to
OCP, and finishing at a potential of 1000 mV versus
Ag/AgCl (3 M KCl).

2.5 | Pits examination

After electrochemical tests, the formed pits were analyzed
by OM in bright field and OP using a Leica DMLM‐EC3
and a ZeGage equipment from Zygo, respectively. The pits
were also examined through OM and OP after the removal
of the corrosion products and anodic layer by immersion
of the tested samples in a solution containing 20 g of
CrO3 + 30mL of H3PO4 in 1 L of deionized water at 60°C
for 3min, known as desmutting solution.[44] Next, the
samples were immersed in distilled water using an
ultrasonic bath for 20min and then dried in a stream of
cool air. The samples were prepared for observation of the
cross‐section by cutting in the cross‐section near the pits,
followed by grinding and polishing. Cutting was carried
out using a Minitom™ precision cutting machine with a
M1D13 127mm diamond cut‐off from Struers. The
samples were ground with SiC paper to #P4000 and
polished with 3 and 1 μm diamond suspensions until
reaching the center of the pits. Finally, the prepared
surfaces were observed by SEM using a Hitachi Tabletop
Microscope TM3000 operating at an accelerating voltage
of 20 kV. Energy‐dispersive X‐ray spectroscopy (EDS)
maps were performed operating at an accelerating voltage
of 20 kV.

Subsequently, the data of depth and extension of
pitting attack on the surface and cross‐section were
compared. The statistical data on average pit diameter
and depth were constructed from the comparison of
the corrosion attack measured on the surface and in
the cross‐section. Two largest pits per sample were
analyzed for both samples.

3 | RESULTS AND DISCUSSION

3.1 | Characteristics of the anodic
aluminum oxide (AAO) formed by
anodization in TSA solution

Figure 2 shows the main characteristics of the Al alloy
after anodizing in TSA solution. Figure 2a,b shows a cross‐
sectional image of the anodic layer and the top surface,
respectively. The continuity of the anodic layer can be
observed in Figure 2a, and also the presence of the porous
layer (Figure 2b). At higher magnification (Figure 2c), it
can be seen that the thickness of the anodic layer was
4.8 ± 0.1 µm. Similar anodic layer thicknesses obtained by
TSA anodization have been reported in the literature.[41,45]

Moreover, the resulting film thickness is in accordance
with patent specifications.[43]

Figure 2d,e shows the same surface area of the alloy
before and after the anodizing process. It is important to
mention that the microstructure of Al alloys is composed
of intermetallic particles (IMPs), as indicated by the blue
arrows (Figure 2d). In the AA7XXX series, it is well
reported that IMPs tend to have a greater amount of
Cu and Fe in their composition compared to the
matrix,[46–50] and this was also observed with the samples
of this study, as shown in Figure 2d. Fe is present in Al
alloys as an impurity from the bauxite mining process,
raw material for alloy production, and due to the casting
process.[51] Cu is added as an alloying element to
improve the mechanical properties of the material.[52]

The addition of Cu (>1 wt%) favors the formation of
these phases.[53] It is very difficult to remove all IMPs
formed during the manufacturing process from the alloy
surface and it is economically unfeasible.[51,54] These
particles are indicated by the arrows in Figure 2d and
tend to appear isolated or clustered on the alloy surface.

It is noteworthy that IMPs have a different electro-
chemical potential compared to Al matrix due to their
chemical composition; thus, the connection between
matrix and IMPs might lead to galvanic microcells that
promote corrosion initiation.[55] In fact, during the
anodizing process, IMPs tend to dissolve and form voids
on the surface of the anodic layer, as indicated by the red
arrows in Figure 2e–g.[42,56] Saenz De Miera et al.[57]

reported similar results when studying the behavior of
IMPs in the AA7075‐T6 aluminum alloy during sulfuric
anodizing. In addition, changes in the morphology of the
film have been reported.[41,42] In recent work from our
group,[58] it was observed that the average depth of the
cavities formed was 2.6 ± 1.3 μm for the same alloy
anodized under similar anodizing conditions.

Interestingly, after anodizing, grain boundaries were
seen on the film surface by OM, as shown in Figure 2h,i.
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Anodizing is often used to reveal grain structure of Al
alloys since the anodic oxidation behavior of grain
boundaries is different from the alloy matrix.[59] Accord-
ing to Runge,[60] the oxidation behavior of the grain
boundaries in AA7xxx alloys is influenced by preferential
oxidation of η (MgZn2) at the grain boundaries. As the
film is translucid, it was possible to observe the under‐
film grain boundaries by OM. It is worth mentioning that
this type of behavior strongly depends on the alloy and
the thickness of the anodic film. For example, foundry Al
alloys have a large number of Si precipitates in their
microstructure.[61] These precipitates do not dissolve
during anodizing. Thus, they might be incorporated into
the oxide layer, resulting in the formation of a gray
anodic layer. On the other hand, the color of the anodic
layer on the AA6063 aluminum alloy depends on the
applied voltage due to the preferential oxidation of the
β′ phase (Mg2Si).

[62,63] This explains why each Al alloy
needs a specific investigation once the anodizing behav-
ior of these alloys varies according to their composition.

The difference in observations by SEM (Figure 2e–g)
and OM (Figure 2h,i) can be explained by the formation of
images by both techniques. For example, as the anodic
layer on the alloy under study is translucid, the grains of
the alloy (revealed due to oxidation of the η (MgZn2) phase)
below the oxide film can be observed by OM. This happens

because the incident white light in OM passes through the
film,[64] whereas by SEM there is interaction between the
primary electron beam and the sample.[65] It is known that
by SEM it is possible to obtain images by secondary and
BSEs. SEs have low energy and interact with the last
atomic layers of the materials, forming topography images.
On the other hand, BSEs have high energy with intensity
dependent on the atomic weight.[65,66] Thus, bright regions
correspond to heavy atomic elements, and dark regions
correspond to light ones.

3.2 | Pitting introduced by
potentiodynamic polarization

Figure 3 displays the potentiodynamic polarization
curves for the anodized aluminum alloy studied in this
investigation.

The results showed that there was variability in the
breakdown potential of the anodic layer. In some cases, the
breakdown occurred at potentials lower than +0.1V (curves
3, 4, and 7) and in others at higher potentials (curves 1, 2, 5,
and 6). Pseudo‐passivity was observed in the polarization
results indicated by the current density plateau that, for
some samples, was at approximately 10−5mA/cm2 (curves 1,
2, 5, and 6) while, for others, it was nearly 10 times higher

FIGURE 2 Micrographs of the AA7475 anodized aluminum alloy in tartaric anodizing solution (TSA) solution: (a) cross‐section
scanning electron micrograph of the Al alloy after anodization; (b) scanning electron micrograph of the Al alloy surface after anodization;
(c) higher magnification of the dashed squared region shown in (a); (d, e) scanning electron micrographs of the Al alloy surface before and
after TSA anodization, respectively; (f, g) higher magnification of the dashed squared regions shown in (d, e); (h) optical micrograph of the
Al alloy surface after anodization test; and (i) higher magnification of the dashed squared region shown in (h). The blue and red arrows
shown in (d, e) indicate the micrometric intermetallic particles and the voids caused by their dissolution during the anodizing process,
respectively. All scanning electron micrographs were obtained in backscattered electron mode. AAO, anodic aluminum oxide. [Color figure
can be viewed at wileyonlinelibrary.com]
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(curves 3 and 7). These results show the variability in the
characteristics of the anodic layer formed. The increase in
current density at different polarization potentials is due to
the “pseudo‐passive film” breakdown. This behavior is
similar to the breakdown of the naturally formed oxide film.
The thicker oxide layer produced by anodizing increases the
time for corrosion to start by delaying the access of
aggressive species to the substrate exposed underneath the
defective regions of the anodic layer.

For the anodized condition in aerated media and in the
presence of chloride ions (Cl−), it was possible to observe
the “pseudo‐passive” region, whereas for Al alloys in the

bare condition, the passive region can only be observed in
deaerated media or in aerated media containing Cl−

ions.[18] The increase in time until passive film breakdown
depends on the thickness of the anodic layer, the electrolyte
used for anodizing, and the defects in the film, as shown in
Figure 2e–g. It is important to highlight that the anodic
layer might be highly defective, as was the case of one of
the tested samples (curve 4). For this sample, surface
observation after polarization showed a high density of
defects, greater than the other samples tested (Figure 4).

At potentials of approximately +0.3 V, the current
density reached values around 1mA/cm2 (curves 1–5
and 7), while for curve 6, this range of current density
was only observed at potential superior to +0.6 V. This
behavior is widely observed in the polarization of Al
alloys in Cl− media, being characterized by diffusion
control of Al3+ species, besides ohmic drop effect within
the pits.[67–71]

After the test, the surface of the alloy was examined
(Figure 4). Pits were observed on the tested surface, as
indicated by the red arrows. Two pits per sample were
characterized, as described in the next section.

3.3 | Evaluation of the corrosion attack in
the anodized Al alloy by using OM, OP, and
SEM after potentiodynamic polarization

Figure 4 shows the surface of the anodized AA7475 alloy
samples after polarization tests and the corresponding pits
formed. Figure 4a shows the surfaces corresponding to the
polarization curves presented in Figure 3. Pits are observed

FIGURE 3 Anodic potentiodynamic polarization curves of the
AA7475 anodized aluminum alloy obtained after 5 min of
immersion in 0.1 mol L−1 NaCl solution. [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 4 (a) Surface macrographs of the AA7475 anodized aluminum alloy after polarization test in 0.1 mol L−1 NaCl solution and (b)
micrographs corresponding to the dashed squared area shown in (a). The surfaces shown in (a) correspond to the polarization curves shown
in Figure 3. The red arrows indicate the pit formed after the polarization. [Color figure can be viewed at wileyonlinelibrary.com]
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on all samples. At higher magnifications (Figure 4b), the
morphology of the pits is a black spot surrounded by a
“dark region,” as indicated by the red arrow.

The depth of attack associated with these pits
(Figure 4b) was evaluated by OP. Some pits are shown
in Figure 5. Values of the order of 100 μm were observed.
This confirms that corrosion propagates in the substrate
below the anodic layer (as shown in Figure 2c). The
thickness of the film was 4.8 ± 0.1 μm. Corrosion starts at
the defects in the anodic layer (oxide). Therefore, the pits
shown in Figure 4 are the initial “weak points” of the
anodic layer, such as the defects shown in Figure 2e–g.
According to Ren and Zuo,[16] these pits tend to provide a
diffusion channel through which ion exchange, between
inside and outside of the pit, can take place. In fact,
during the polarization test, it was possible to observe
hydrogen evolution at these defective areas, at potentials
close to that corresponding to the increase in current
observed in the polarization curves (Figure 3).

Attack below the anodic layer was confirmed through
elemental chemical analysis carried out in the pitted area
(Figure 6) after the polarization test. Figure 6a shows the
surface of the sample corresponding to curve 4 after the
polarization test, as shown in Figure 3. Figure 4b
presents a pit indicated by the red dashed square in
Figure 4a and its respective EDS maps. It is observed that
the developed pits had high contents of Al, Cu, Fe, and
Zn and low concentrations of oxygen in their interior.
The presence of Cu indicates enrichment of this element

inside the pits, which was due to great electrochemical
activity in these regions. Copper enrichment/redeposi-
tion close to the anodic sites has been reported.[41,42,58]

Similar results were also reported by Moutarlier et al.[17]

when studying the corrosion behavior of alloy AA2024‐
T3 anodized in sulfuric acid (H2SO4).

It is important to emphasize that the analysis
obtained by the EDS maps is a semiquantitative
analysis[72]; therefore, it only indicates which element
is in greater quantity in relation to the other, explaining
the greater amount of oxygen in the region associated
with the anodic layer composed mainly of Al2O3.

It is important to highlight that the anomalous contrast
around the pit, indicated by the red arrow (Figure 6b),
occurs due to surface charging, as it occurs during the
acquisition of the EDS maps with the electron beam
operating at 20 kV and focused in these regions for 30min,
causing these artifacts.[73] It is worth noting that charging is
very common for anodized alloys, as the anodic layer has
low conductivity, leading to the accumulation of electro-
static charges on the sample surface. One way to avoid this
type of artifact when analyzing images of anodized alloys is
to use low acceleration voltage during image acquisition.
For anodized Al alloys, for example, 1–3 kV is recom-
mended[41,74,75]; however, at this voltage, it would not be
possible to excite specific elements and satisfactorily
measure the resulting X‐rays.[72,76,77]

The pits diameter (black holes) in Figure 4 were all
inferior to 70 μm. However, some pits showed different

FIGURE 5 Optical profilometry measurements performed on pits formed in AA7475 anodized aluminum alloy after anodic polarization
in 0.1 mol L−1 NaCl solution. [Color figure can be viewed at wileyonlinelibrary.com]
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attack extension. This suggests that the real size of the
pits in Figures 5 and 6 may differ, which might lead to
misinterpretations, as shown in Figure 7.

In Figure 7a, a small pit (red arrow) and a large pit
(blue arrow) measuring nearly 100 μm are observed. Due
to the limitation of the OM, it is not possible to observe
the characteristics within these pits, but it is possible to
see regions with different focus and a black region
surrounding the pits. To get a detailed characterization
of these regions, SEM was also used, as shown in
Figure 7b,c. In both BSE and SE modes, the “dark
region” surrounding the pits shown in the OM image was
not observed. Additionally, swelled regions related to the
anodic layer were observed. This leads to out‐of‐focus
regions in the OM images. The same contrast observed in
the black region surrounding pits, observed by OM, and
the remaining anodic layer suggests that this black region
corresponds to a corroded pattern below the anodic layer.
Since the anodic layer is translucent, the white light
beam passes through the film revealing the corrosion
pattern below the film, as shown by OM image, as it was
also observed for the grain boundaries, as described
earlier. On the other hand, for the SEM images, as the
electron beam interacts with the anodic layer, contrast

was the same over all the anodic layers that remained
after corrosion, and in this case, the corrosion pattern
below the film could not be observed. Other corrosion
features, such as morphology, were also observed by
SEM. Figure 7d shows a large cavity measuring
approximately 150 μm. In the cases where small pits
were not observed, the anodic layer presented a large
detached area. This results from voluminous corrosion
products between the substrate in the anodic layer lifting
it up. The crystallographic morphology of the matrix
attack was observed by SEM (Figure 7e,f).

Figure 8a shows a pitted region surrounded by
bubble‐like structures (deposited corrosion products
below the anodic layer), as indicated by the red arrows.
At higher magnifications (Figure 8b), the pit can be
seen, and a very dark contrast inside it suggests that this
region must have a great depth. Image at higher
magnifications of this region in SEM‐SE mode
(Figure 8c) displays the accumulation of corrosion
products within the pits, as indicated by the blue arrow.
Furthermore, it is observed that the regions surround-
ing the pit have some cracks, indicated by the yellow
arrows. This result suggests that the accumulation of
corrosion products below the film leads to increased

FIGURE 6 Micrographs corresponding to a pit in the AA7475 anodized aluminum alloy after anodic polarization test in 0.1 mol L−1

NaCl solution: (a) surface macrography (corresponding to polarization curve 4 shown in Figure 3) and (b) energy‐dispersive X‐ray
spectroscopy micrograph maps of the dashed squared region shown in (a). Scanning electron micrographs were obtained in backscattered
electron (BSE) mode. A red arrow in (b) indicates charging around the pit, thus giving rise to anomalous contrast. [Color figure can be
viewed at wileyonlinelibrary.com]
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stress on it. Furthermore, these cracks can propagate to
regions adjacent to the pits, as shown in Figure 8d. It is
possible to observe structures similar to bubbles in the
anodic film. These results show that the corrosion
products are not only present in the regions correspond-
ing to visible pits at the outer surface (Figure 8c),
suggesting that the real extent of pitting is masked. It is
noteworthy that the swelling of the anodic layer cannot
be observed by OM due to a lack of focus in these
regions. In the cross‐section of the black regions
surrounding the pits, corrosion product accumulation
under the anodic layer is evident (Figure 9).

Figure 9a presents a view of a cross‐section region in
which corrosion products accumulated over and below
the anodic layer, as observed in Figure 8. At higher
magnifications (Figure 9b,c), corrosion products can be
observed below the anodic layer, as indicated by the red
arrows. This leads to osmotic pressure inside the pits and
then to “swelling” in the anodic layer (indicated by the
blue arrow). Furthermore, it can cause propagation of
cracks in the film, as seen in Figure 8, and then to its
rupture. These phenomena explain the discontinuity of
the black region surrounding the pits with dimensions
inferior to 70 μm (Figure 7a), or the total absence of small
holes revealing corroded areas with extension superior to
100 μm (Figure 7d). It is noteworthy that this type of
under‐film corrosion behavior is commonly observed in

the development of filiform corrosion in Al alloys[78,79]

and corrosion in thin films.[80–82]

A comparison between the corrosion morphology of the
surface, before and after the removal of the corrosion
products and the anodic layer, must be carried out to
observe the real extent of the attack, as shown in Figure 10.

Figure 10a shows an OM image of a pit (indicated by
the red arrow) after potentiodynamic polarization, and
Figure 10b,c presents scanning electron micrographs
of the pit in Figure 10a. At higher magnifications
(Figure 10d), the morphology of the pit and its size can
be observed. After the removal of the anodic layer and
corrosion products beneath the film, different morphol-
ogies are observed. By OM (Figure 10e), it can be seen
that the real extension of the pit is associated with the
black region surrounding the pits, with sizes lower than
70 µm; however, due to its limitations, it is not possible to
evaluate the morphology and depth of the attack within
the pit due to difficulty in focusing, as indicated by the
arrow. BSE and SE analysis, Figure 10f,g, are useful in
these observations once attack on the alloy matrix is
observed. The characteristics such as contrast difference
observed in Figure 10g within the pit show that it
penetrated deep into the alloy.

Interestingly, the results in Figure 10 show that
depending on the adopted methodology different infor-
mation can be obtained. In fact, the pit observed in

FIGURE 7 Micrographs corresponding to pits in the AA7475 anodized aluminum alloy after anodic polarization test in 0.1 mol L−1

NaCl solution: (a) optical micrograph; (b, c) scanning electron micrographs corresponding to the pit shown in (a) obtained by backscattered
electron (BSE) secondary electron (SE) mode; (d) optical micrography of another pit; (e) scanning electron micrograph corresponding to the
pit shown in (d); (f) higher magnification scanning electron micrograph of the dashed squared region shown in (e); the red and blue arrows
indicate the pit opening after the polarization test and fallen anodic layer, respectively. [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 10a–c does not show the extension as seen in
Figure 10e–g. Therefore, the results reported by Zuo
et al.,[15] Ren and Zuo,[16] and Moutarlier et al.[17]

presented misinterpretations about the true extension of
pitting seen on the surface of anodized Al alloys.

The results presented in Figures 4–10 show that
evaluation of pitting from the surface of anodized Al
alloys must be carried out with care, being necessary to
carry out cross‐sectional characterization as a comple-
mentary technique.

3.4 | Pits observation in anodized
Al alloy: Analysis through surface
and cross‐section

After the polarization test, some pits were analyzed, as
shown in Figure 11. Figure 11a shows the surface of the
sample after the polarization test. The images obtained
by profilometry and OM from the pit, highlighted by
the red dashed square (Figure 11a), are shown in
Figure 11b–d. In the first analysis, small openings were
observed due to pitting on the substrate, with dimensions

of 67.6 ± 16.2 μm, as seen in Figures 4, 5, and 8. However,
after removing the anodic layer, it was observed that the
pit sizes observed did not reflect the actual extent of the
attack in the alloy. Indeed, the pits had an opening with
an average diameter of around 290.8 ± 84.1 μm. There-
fore, a difference of about 200 μm in diameter in the
extent of the attack was noted between the measure-
ments from film surface and from the corroding alloy
beneath the film, which is illustrated in Figure 11d.

These results show that the measured extent of
corrosion using various techniques greatly differs when
the observation is made from the top of the sample
without the removal of corrosion products and anodic
layer. These characteristics become more evident when
analyzing the depth profile obtained by OP before and
after removing the corrosion products and anodic layer,
as shown in Figure 11e. It is seen that the depth of the
attack estimated before the removal of the anodic layer
and corrosion products (green line) does not correspond
to the real extent of the attack. However, after the
removal of the anodic layer and corrosion products, the
depth and width of the attacked area (pits) can be easily
observed (blue line). The SEM image in Figure 11e

FIGURE 8 Scanning electron micrographs of the surface of the AA7475 anodized aluminum alloy after anodic polarization test in
0.1 mol L−1 NaCl solution: (a) micrograph corresponding to the pit on the surface; (b) higher magnification of the dashed squared region
shown in (a); (c) higher magnification of the dashed squared region shown in (b); and (d) higher magnification of the dashed squared region
shown in (a). The red and blue arrows indicate the swelling of the anodic layer and the accumulation of corrosion products beneath the film,
respectively. The yellow arrows indicate the cracks present in the anodic layer. Figures (a), (b), and (d) were obtained in backscattered
electron (BSE) mode, whereas (d) was obtained in secondary electrons (SE). [Color figure can be viewed at wileyonlinelibrary.com]
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confirms these observations and validates the result
obtained by profilometry described in Figure 11d. The
results show that the pits propagate and grow below the
oxide layer and that the small pits (black spots shown in
Figure 4) in the anodic layer provide a diffusion channel
through which ion exchange takes place between the
interior of the pit and the outside.

Figure 12 presents statistical data on the average
diameter and depth of pits before and after the removal
of corrosion products by desmutting. Before desmutting,
the pit's mouth showed nearly 25% of its actual size
measured after desmutting (Figure 12a). Also, before the
removal of corrosion products, the estimated depth of
corrosion penetration was nearly 60% of the depth
measured after desmutting (Figure 12b). The mean depth
estimated considering 14 pits before and after desmutting
was 79.4 ± 13.4 and 144.4 ± 12.8 μm, respectively.

The observations of this study show that it is very
important to be aware when evaluating pit dimensions
from the surface that the presence of corrosion products
deposited in the pits and surrounding them must be
considered, and these affect the extent and depth of the
attacked area as revealed by cross‐section analysis. The
use of techniques such as OP measurements can lead to
misinterpretations. It is noteworthy that, although the

results were validated by cross‐sectional imaging, many
Al alloys corrode along grain boundaries and the depth of
the attack cannot be estimated by OP. Despite this, OP
presents some advantages for the evaluation of corrosion
in Al alloys. For example, Schmidl et al.[26] studied the
formation of pits in the bare AA2024‐T3 Al alloy and
showed that the undercuts on the left flank of the pits
could not be measured by means of 3D pattern
profilometry or laser scanning microscopy. Cross‐
sectional analysis would be required to not omit certain
regions in the pits. In our study, this was not observed
because the developed pits presented an elliptical shape.
However, depending on the alloy studied, the prospect of
intergranular attack must be taken into account. This
shows that each specific type of Al alloy needs its specific
investigation since, depending on the type of alloy,
different mechanisms of corrosion might be operative.

Other techniques such as atomic force microscopy
(AFM) could also be used, but there are concerns about
the effectiveness of this method due to the limitation of
contact between the AFM microprobe and the pit
bottom[83,84] To overcome the limitations related to
AFM, in recent decades the near‐field scanning OM
(NSOM) technique has been developed, which allows to
work with standard optical tools integrated with AFM.[85]

FIGURE 9 Scanning electron micrographs of the cross‐section of the AA7475 anodized aluminum alloy after anodic polarization test in
0.1 mol L−1 NaCl solution: (a) cross‐section; (b, c) higher magnification of the dashed squared region shown in (a). The red and blue arrows
in (b) and (c) indicate the corrosion product beneath the anodic layer and the swelling of the film, respectively. [Color figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 10 Micrographs corresponding to a pit in the AA7475 anodized aluminum alloy after anodic polarization test in 0.1 mol L−1

NaCl solution: (a) optical micrograph of pitting corrosion before the removal of corrosion products and the anodic layer; (b, c) scanning
electron micrographs corresponding to (a); (d) higher magnification of the dashed squared region shown in (c); (e) optical micrograph of
pitting corrosion after the removal of corrosion products and the anodic layer; and (f, g) scanning electron micrographs corresponding to (e).
The red arrow in (a) indicates pitting before the removal of the anodic layer and corrosion products, while the yellow arrow in (e) indicates
the lack of focus to analyze the real extent and depth of pitting after the removal of the corrosion products and anodic layer. Figures (b), (d),
and (f) were obtained in backscattered electron (BSE) mode, (c) and (g) were obtained in secondary electron (SE) mode. [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 11 Micrographs corresponding to a pit in the AA7475 anodized aluminum alloy after anodic polarization test in 0.1 mol L−1

NaCl solution: (a) surface macrography (corresponding to polarization curve 2 shown in Figure 3); (b) optical profilometry image of the
dashed squared region shown in (a); (c) optical microscope image corresponding to (b); (d) optical profilometry image of the substrate region
shown in (b, c) after the removal of the corrosion products and the anodic layer; and (e) scanning electron micrograph of the cross‐section of
the region indicated by dashed lines shown in (b) and (d) and their depth profile. The red and yellow circles in (c) indicate the mouth of the
pit in the anodic layer (before desmutting) and the real mouth of the pit after corrosion products and anodic layer removal, respectively.
[Color figure can be viewed at wileyonlinelibrary.com]
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However, NSOM is a relatively new technique, and few
studies have already been carried out to measure
corrosion propagation; in the case of pits in anodized
Al alloys, no work has so far been reported.

The use of characterization techniques that scrutinize
the dimensions of areas affected by corrosion based on the
responses arising from the metal below the corrosion
products or alternative techniques to correctly assess the
depth and width of the pit without the removal of the
anodic and corrosion products layer would be of great
help. In this sense, some research[86–88] have developed in
situ methods to estimate the depth of pits during
electrochemical experiments using a time series of surface
micrographs. Faraday's law was employed in conjunction
with this information. In these works, it was possible
to obtain three‐dimensional information with spatial
coordinates using two‐dimensional data from micro-
graphs together with three‐dimensional non‐localized
data from electrochemical measurements to estimate
pit depths in steels. For anodized Al alloys, there is
still no literature available. Furthermore, due to the
transient nature of corrosion products, investigation of
pit depth cannot be done using only electrochemical
methods.[89,90] Therefore, up to date, cross‐section
analysis is apparently a proper method to assess the
areas affected by corrosion.

Another point that must be taken into account is that
initiation of pitting in anodized alloys occurs in the defects
of the anodic layer due to dissolution associated with
micrometer IMPs during anodizing process.[41,42,58,75]

Currently, Takahashi et al.,[13,14] Zuo et al.,[15] and Ren
and Zuo[16] focused their studies on pure Al, while only
the works of Moutarlier et al.[17] and Ma et al.[41] reported
findings from commercial alloys.

4 | CONCLUSIONS

(a) The methodology adopted in this study provides
an accurate characterization of pitting in anodized
aluminum alloys.

(b) Severe pitting attack under an anodic layer occurs in
anodized AA7475 Al–Zn–Mg–Cu alloy due to highly
occluded conditions that restrict mass transport
between the interior of the pit and the bulk electrolyte,
resulting in acidification at the corrosion front.

(c) The extent of the attacked areas by pitting is usually
significantly greater than that estimated by tech-
niques whose analysis is carried out only from the
top surface.
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FIGURE 12 Statistical analysis of the pits formed in the AA7475 anodized aluminum alloy after anodic polarization test in 0.1 mol L−1

NaCl solution before and after desmutting: (a) comparison of the average diameter of the pits and (b) comparison of the depth calculation of
the pits by different methodologies (optical profilometry and cross‐sectional analysis). Each analysis was carried out by calculating 14 pits.
[Color figure can be viewed at wileyonlinelibrary.com]
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