Corrosion Science 252 (2025) 112961

ELSEVIER

Contents lists available at ScienceDirect
Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

A

CORROSION
SCIENCE

L))

Check for

Localized corrosion in anodized aluminium alloys: The role of constituent [

particle-induced defects in anodic films

Jodo Victor de S. Araujo™’, Jinghui Chen”, Isolda Costa®, Xiaorong Zhou"

@ Centro de Ciéncia e Tecnologia de Materiais, Instituto de Pesquisas Energéticas e Nucleares, IPEN/CNEN, Av. Prof. Prof. Lineu Prestes, Sao Paulo 2242, Brazil
b Corrosion and Protection Centre, School of Materials, The University of Manchester, Manchester M13 9PL, UK

ARTICLE INFO ABSTRACT

Keywords:

High-strength aluminium alloys
Anodizing

Particle-induced defects
Corrosion resistance

The influence of defects formed by dissolution of constituent intermetallic particles (IMPs) on the corrosion
resistance of anodized aluminium alloys, including AA2024-T3, AA2198-T8, AA2198-T851, and AA7475-T761,
is investigated. Localized corrosion initiates cavity defects located at the film/alloy interface, mainly due to the
dissolution of high-copper-containing IMPs. In AA2024, Si-containing particle-induced defects also contributed

to a reduction in corrosion resistance. Low-copper-containing IMPs in AA7475-T761 alloy, however, do not affect
corrosion resistance. The effects of particle density, composition, size, and location on the formation of defects in
anodic films and, subsequently, on corrosion resistance of anodized alloys are discussed.

1. Introduction

The anodic film typically developed on pure aluminium is well-
known for its continuous and uniform characteristics, providing an
effective barrier against corrosion [1,2]. However, the microstructural
heterogeneity of commercial aluminium alloys may adversely affect the
quality of the anodic film [3,4]. The final properties of anodic films are
influenced by nanometric strengthening precipitates (formed during
ageing) and micrometric constituent intermetallic particles (IMPs)
(originating from the casting process) in the alloys [5]. While nano-
metric precipitates primarily affect the optical properties of the anodic
films [6,7], IMPs play a critical role in determining their corrosion
resistance [8]. IMPs, which often contain elements such as copper, iron,
manganese, and silicon, are prone to dissolution during anodizing pro-
cess, resulting in micrometric cavities that compromise the integrity of
the anodic film [9]. Such issues are particularly significant in aluminium
alloys used in the aerospace industry, where anodizing is crucial for
achieving the necessary corrosion resistance under demanding opera-
tional conditions [8].

While many studies suggest that defects in the anodic film reduce
corrosion resistance, most rely on electrochemical data, such as polari-
zation curves and Electrochemical Impedance Spectroscopy (EIS)
[10-25], without providing details about the corrosion processes at
defects or corrosion sites. According to the literature, corrosion tends to
initiate at defects resulting from the dissolution of IMPs during the
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anodizing process [26], which may appear as surface discontinuities,
weak points at the film/alloy interface, or internal voids that compro-
mise the overall integrity of the anodic film. Although it is well estab-
lished that corrosion occurs only when the underlying metal is exposed
to the corrosive environment, the precise location where this process
initiates remains a topic of debate. Some studies associate the reduction
in corrosion resistance with defects on the anodic film surface [11,13,27,
28]; others attribute it to imperfections within the film or at the fil-
m/alloy interface [29], leading to conflicting interpretations. Addi-
tionally, while some investigations suggest that corrosion initiates at
defects within the anodic film [30-33], others argue that it primarily
occurs at sites where the film is disrupted, allowing localized exposure of
the substrate [11-13,16,28,34,35]. Another hypothesis posits that the
corrosion process originates at the film/alloy interface [29,36,37].
Despite these findings, many studies fail to directly correlate the
presence of IMP-related defects with the corrosion resistance of anod-
ized alloys. Although some researchers have examined the anodizing
behaviour of IMPs, their analyses often lack a comprehensive assessment
of how these defects specifically influence the corrosion mechanisms of
anodized alloys [30,38-96]. Furthermore, other studies have over-
looked corrosion resistance, concentrating solely on the mechanical
performance of anodized alloys [97-102]. Nonetheless, such works
indicate that the dissolution of IMPs can lead to the formation of
micrometric cavities in the anodic film, thereby significantly compro-
mising its integrity. While this issue is acknowledged, some of these
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studies have not employed appropriate methodologies to thoroughly
assess the impact of these particles on corrosion behaviour, highlighting
a significant gap in the existing literature.

In contrast, a few studies [33,36], particularly those focused on
AA2099 Al-Cu-Li alloys, have demonstrated that defects arising from
IMP dissolution are primarily responsible for the reduction in corrosion
resistance. However, these investigations were limited, providing only
surface-level images of the corroded alloys after film removal and
lacking detailed cross-sectional analysis [33]. Another study [36] sug-
gested that defects at the film/alloy interface were the main contributors
to the loss of corrosion resistance. However, this research primarily
addressed the anodizing behaviour of intermetallic particles rather than
systematically evaluating their role in corrosion resistance.

More recently, a study [29] proposed a schematic diagram illus-
trating the development of corrosion in anodized aluminium alloys,
emphasizing the role of micrometric defects. However, this work was
restricted to AA2055 alloy, raising the question of whether this mech-
anism applies to other aluminium alloys. Moreover, recent publications
present conflicting findings: some suggest that corrosion predominantly
initiates at surface defects [34], while others highlight internal defects
as the primary sites of corrosive attack [103]. Additional research has
investigated how variations in anodizing parameters and
post-treatments influence corrosion resistance [104-109]. While these
studies acknowledge that defects in the anodic film compromise corro-
sion resistance, they do not clearly establish which types of defects are
most critical for the initiation and progression of localized corrosion in
anodized alloys.

This study seeks to address these gaps by investigating the influence
of defects originating from IMPs during anodizing of various aluminium
alloys on their corrosion behaviour, thereby advancing the under-
standing of localized corrosion mechanisms. IMPs, whose quantity and
size are often determined by manufacturing processes, pose a persistent
challenge. Therefore, this work emphasizes the need for strategies to
mitigate the adverse effects of these defects on anodized alloy perfor-
mance. By providing a detailed characterization of the corrosion
behaviour of these alloys, this study aims to develop targeted ap-
proaches to enhance corrosion resistance and improve durability in
aggressive environments.

The central scientific question guiding this research is: How do
micrometric defects, generated by constituent intermetallic particles,
influence the initiation and progression of localized corrosion in
different anodized aluminium alloys?

2. Experimental

This study focuses on the commercial aluminium alloys AA2024-T3
(Al-Cu-Mg), AA2198-T8 and AA2198-T851 (Al-Cu-Li), and AA7475-
T761 (Al-Zn-Mg), provided in the form of rolled sheets. The composi-
tions of these alloys, determined by ICP-OES, are presented in Table 1.
The alloys were analyzed in their respective commercial temper condi-
tions: T3 for AA2024 (solution heat-treated, cold-worked, and naturally
aged); T8 and T851 for AA2198 (solution heat-treated, cold-worked, and
artificially aged, with T851 involving additional stretching); and T761
for AA7475 (solution heat-treated, cold-worked, stress-relieved, and
artificially aged).

These four alloys were selected to provide a representative overview
of different families of high-strength aluminium alloys used in aerospace
applications [8]. AA2024-T3 alloy is widely used and extensively stud-
ied, especially regarding its corrosion behaviour after anodizing.
AA2198-T8 and AA2198-T851 alloys, as part of the newer Al-Cu-Li
alloy family, are promising alternatives to AA2024, offering improved
mechanical performance and reduced density, but remain less explored
in terms of anodized corrosion behaviour. The AA7475-T761 alloy
represents the 7XXX series, which is well known in the literature, though
this specific alloy is comparatively underexplored, particularly in com-
parison to AA7075 alloy. All these observations are in line with the
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Table 1
Chemical composition of the studied alloys (wt%) obtained by inductively
coupled plasma optical emission spectrometry (ICP-OES).

Elements  Aluminium alloys
AA2024-T3 AA2198-T8 AA2198-T851 AA7475-T761
Al Balance
Cu 4.8 3.34 (2.9-3.5) 3.31(2.9-3.5) 1.52 (1.2-1.9)
(3.8-4.9)
Mg 0.59 0.31 0.31 1.8 (1.9-2.6)
(1.2-1.8) (0.25-0.80) (0.25-0.80)
Mn 0.52 0.003 (< 0.50) 0.003 (< 0.50) 0.05 (< 0.06)
(0.3-0.9)
Li - 0.95 0.96 -
(0.81-1.1) (0.81-1.1)
Fe 0.18 (£ 0.5) 0.04 (< 0.10) 0.04 (< 0.10) 0.07 (£ 0.12)
Zn 0.11 (< 0.006 (< 0.35) 0.006 (< 0.35) 6.10 (5.2-6.2)
0.25)
Si 0.07 (<0.5)  0.04 (£0.08) 0.03 (< 0.08) 0.03 (< 0.06)
Zr - 0.05 0.05 -
(0.04-0.18) (0.04-0.18)
Ag - 0.26 (0.2-0.3) 0.25 (0.2-0.3) -
Cr - - 0.20 (0.18 -
0.25)

Note: Values in parentheses present the composition specification according to
ASM [110] for aluminium alloys.

recent comprehensive review on the effect of microstructure on the
corrosion behaviour of anodized aluminium alloys [9], which guided the
selection and contextualisation of the alloys examined in this study.

The alloy surfaces were mechanically ground using silicon carbide
sandpaper with progressively finer grit sizes (P800, P1200, P2400, and
P4000), followed by sequential polishing with 3 um and 1 um diamond
pastes. After mechanical polishing, the specimens were degreased in
acetone, rinsed with deionized water, and dried with a cold air jet. After
polishing, the samples were anodized without undergoing any chemical
or electrochemical pretreatment. This approach was intentionally
adopted to investigate the behaviour of constituent intermetallic parti-
cles during anodizing, the formation of defects, and their correlation
with the initiation of corrosion observed after immersion testing.

Anodizing was conducted in a tartaric-sulfuric acid (TSA) solution
[111] composed of 0.46 mol L™ sulfuric acid and 0.53 mol L tartaric
acid, maintained at 37 + 1 °C. Circular specimens were used for anod-
izing due to the geometry of the electrochemical cell. The exposed
surface area of the samples was 1 cm?, with a platinum mesh (6 cm x
10 cm) serving as the counter electrode. The anodizing process was
conducted at a constant voltage of 14 V for 20 min, with continuous
current density monitoring using a KR50003-500 V / 3 DC power
supply.

After anodization, the specimens were immersed in a 0.1 mol L
NaCl aqueous solution at room temperature (approximately 20 °C) for
12, 24, 48, and 60 h. Immersion tests were performed in triplicate for
each exposure condition, using an exposed surface area of 1 cm? Cross-
sectional analysis of the anodic films was performed by embedding the
samples in phenolic resin, preparing them as a sandwich, and cutting
them along their central axis. The specimens were metallographically
prepared by mechanical grinding and polishing with diamond paste.
Cross-sections of the anodized specimens post-corrosion testing were
also prepared using ultramicrotomy (Leica Ultracut) with a diamond
knife, enabling high-precision cuts for detailed analysis. Corrosion sites
were selected based on surface inspection and marked for sectioning.
The selected areas were trimmed using a glass knife, with slicing speed
set to 3 mm/s and slicing thickness to 3 um. Subsequently, the pit region
was cross sectioned with a diamond knife at a slicing speed of 1 mm/s
and slicing thickness of 500 nm or 1 um.

Surface characterization, both before and after anodization, as well
as after the immersion test, was performed using optical microscopy
(OM) and scanning electron microscopy (SEM). Optical microscopy was
carried out with a ZEISS Axiovert 5 digital microscope in bright field
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mode, while SEM analysis was conducted using a Quanta 650 micro-
scope operating at 20 kV, equipped with an energy-dispersive X-ray
spectroscopy (EDX) system. High-resolution imaging was obtained with
a Zeiss Ultra 55 microscope operating at 1.5 kV to minimize charging
effects. Statistical analysis of corrosion site dimensions was performed
using ImageJ® software [112].

To expose corrosion beneath the anodic film after immersion testing,
the anodic film was stripped by immersing the tested samples in a des-
mutting solution containing 20 g of CrOs and 30 mL of HsPOa per liter of
deionized water at 60 °C for 3 min. Following the removal of the anodic
film and corrosion products, the samples were immersed in distilled
water in an ultrasonic bath for 20 min and then dried with a cool air
stream.

3. Results

3.1. Anodizing behaviour of constituent intermetallic particles (IMPs):
surface and cross-sectional analysis with focus on defect formation

To assess the behaviour of IMPs during anodizing, the surface of the
aluminium alloys was examined before and after the process, as shown
in Fig. 1.

Fig. 1 displays SEM images of the aluminium alloys in the as-polished
condition (a-d) and after anodizing (e-h), both acquired at low
magnification. The images in (al-d1) and (e1-h1) correspond to higher
magnification views of the regions marked by dashed squares,
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emphasizing areas containing IMPs. The red and blue dots in these im-
ages indicate the spots selected for EDX analysis, with the results sum-
marized in Table 2.

In the AA2024-T3 alloy (Fig. 1 (al)), three types of IMPs were ana-
lysed: Al-Cu-Mg (S1 in Table 2), Al-Cu-Fe-Mn (S2 in Table 2), and
Al-Cu-Fe-Mn-Si (S3 in Table 2). In the AA2198-T8 (Fig. 1 (b1)) and
AA2198-T851 (Fig. 1 (c1)) alloys, a single type of IMP was analysed,
composed of Al-Cu-Fe (S9 and S13 in Table 2). For the AA7475-T761
alloy (Fig. 1 (d1)), two types of IMPs were identified: Al-Cu-Fe with
high-copper-content (S17 in Table 2) and Al-Cu-Fe with low-copper-
content (S18 in Table 2). The classification of these intermetallic parti-
cles into high- and low-copper-content categories is based on previous
studies in the literature [113,114], which consider IMPs with copper
content > 12 wt% as high-copper-content and those with < 7 wt% as
low-copper-content. Additionally, the literature classifies IMPs with
copper content between 7 wt% and 12 wt% as medium-copper-content
[114].

The substantial increase in oxygen and sulfur contents after anod-
izing (compare corresponding points S4, S10, S14, and S19 with S8, S12,
$16, and S22 in Table 2) is due to the anodic film formed. The analysis of
regions containing IMPs after anodizing (Fig. 1 (el-h1)) revealed the
formation of cavities whose morphology resembles that of the original
IMPs, suggesting their dissolution. According to the literature, these
cavities are considered defects in the anodic film [30]. EDX analyses in
these areas confirmed this hypothesis. In the AA2024-T3,
AA2198-T8/T851, and AA7475-T761 alloys, the defects formed by

Before anodizing

After anodizing

2198-T851

2198-T851

7475-T761

o)

7475-T761 W e

Fig. 1. Scanning electron micrographs of the tested aluminium alloys, before (a-d) and after (e-h) anodizing. (al-d1) show higher magnification of the dashed
square in (a-d); similarly, (e1-h1) show higher magnification of the dashed square in (e-h). Red and blue points in images (al-d1) and (e1-h1) indicate the locations
of EDX analysis (Table 2), before and after anodizing. All images were acquired in backscattered electron (BSE) mode at an accelerating voltage of 20 kV.
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Table 2
EDX analysis at locations indicated in Fig. 1 before and after anodizing.

Corrosion Science 252 (2025) 112961

Aluminium Alloys Test condition of surface EDX points Elements (wt%)
Al Cu Fe Mg Mn (o] S Si Zn
AA2024-T3 Before anodizing S1 65.8 26.8 - 10.4 - - - - -
S2 78.3 14.2 4.1 - 3.4 - - - -
S3 75.4 13.2 4.6 - 3.6 - - 3.2 -
S4 95.8 3.1 - 1.1 - - - - -
After anodizing S5 69.2 1.1 - - 28.4 1.3 - -
S6 67.2 1.6 - - - 30.1 1.1 - -
S7 75.6 1.2 - - - 21.3 1.1 0.8 -
S8 67.4 - - - - 31.4 1.2 - -
AA2198-T8 Before anodizing S9 59.1 290.1 11.8 - - - - - -
s10 96.3 3.4 - 0.3 - - - - -
After anodizing S11 68.5 1.8 - - - 28.5 1.2 - -
S12 68.5 - - - - 30.4 1.1 - -
AA2198-T851 Before anodizing S13 59.5 30.1 10.4 - - - - - -
S14 96.6 3.1 - 0.3 - - - - -
After anodizing S15 69.5 1.2 - - - 28.2 1.1 - -
s16 69.3 - - - - 29.6 1.1 - -
AA7475-T761 Before anodizing s17 54.5 29.1 16.4 - - - - - -
S18 75.7 5.8 18.5 - - - - - -
s19 89.8 1.3 - 2.8 - - - - 6.1
After anodizing S20 70.2 1.1 - - - 28.6 1.2 - -
S21 75.9 1.9 - - - 20.1 1.1 - -
S22 67.5 - - - - 30.1 1.1 - 1.3

* Lithium cannot be detected by the EDX employed in the present work.

dissolution of high-copper-containing IMPs showed a significant
reduction in Cu, Fe, Mn, and Mg content, alongside a substantial in-
crease in oxygen and sulphur concentrations (S5-S7, S11, S13, and S20
in Table 2). These concentrations were similar to those found in the
anodized matrix (S8, S12, S16, and S22 in Table 2), corroborating the
complete dissolution of the high-copper-containing IMPs. These findings
show that the oxide formed is distributed both within the cavities and
throughout the alloy matrix.

In contrast, the cavities resulting from the dissolution of Si-
containing particles in the AA2024-T3 alloy, and low-copper-
containing particles in the AA7475-T761 alloy, displayed lower oxy-
gen concentrations relative to the surrounding matrix, indicating a
slower oxide growth rate in these regions (S7 and S21 in Table 2). In the
AA2024-T3 alloy, a slight residual concentration of silicon was also
observed after anodizing (S7 in Table 2), which aligns with findings
from other studies on the anodizing behaviour of this alloy in sulfuric
acid. Silicon has a less negative Gibbs free energy for oxide formation
compared to alumina, which hinders co-oxidation with aluminium
during anodizing [5]. This explains the residual silicon in the cavities
formed by the dissolution of particles containing this element. These
results indicate that anodizing behaviour of IMPs varies significantly
and cannot be generalized. Small variations in the composition of the
IMPs, such as the presence of silicon in the AA2024-T3 alloy, or the
reduced copper content in the AA7475-T761 alloy, affect the dissolution
rate of the IMPs during anodizing.

Although our study did not focus on short anodizing times to
investigate the initial stages of IMP dissolution, previous research in-
dicates that the high-copper-containing IMPs intensifies oxygen gener-
ation, leading to the rapid breakdown of the oxide film [115,116]. This
results in a fragile film that is easily dissolved in the electrolyte. This
phenomenon explains the presence of cavities (Fig. 1 (b1-b4)) in regions
with high-copper-containing IMPs after anodizing. The intense oxygen
generation at the particle/oxide interface, driven by the oxidation of
copper and iron, produces a defective oxide that allows the electrolyte to
quickly reach the particle substrate, accelerating its dissolution [117].

In Al-Cu-Li alloys, although lithium was not detected in the IMPs,
due to the limitations of EDX, the literature confirms its presence in the
particles through advanced characterization techniques [118]. The
co-oxidation of lithium forms an oxide that dissolves easily in acidic
environments, further accelerating the oxidation rate of

high-copper-containing IMPs [117,119].

As shown in Fig. 1, the dissolution of IMPs led to the formation of
defects, such as cavities, which significantly affected the surface of the
anodic films. The cross-sectional view presented in Fig. 2 provides a
more detailed perspective on these defects and their implications for the
structural integrity of the anodic films.

Fig. 2(a) shows surface images of the anodic films from the tested
alloys. In Fig. 2 (al-a4), corresponding to the AA2024-T3, AA2198-T8,
AA2198-T851, and AA7475-T761 alloys, the surface pores, indicated by
white arrows, reveal the characteristic porosity of the anodic film
formed by anodizing in an acidic solution.

Fig. 2 (b) shows the cross-sections of anodic films formed in defect-
free regions. The measured film thicknesses were approximately 2.4
pm (AA2024-T3, (Fig. 2. (b1)), 2.6 pm (AA2198-T8, (Fig. 2. (b2)), 2.7
pm (AA2198-T851, (Fig. 2. (b3)), and 4.1 pm (AA7475-T761, (Fig. 2.
(b3)). The variations in film thickness can be attributed to the density of
IMPs present in the alloys. According to a recent study by our research
group [113], the AA2024-T3 alloy has the highest population density of
IMPs (3472 + 157/mm?), covering 1.4 % of the surface area. In
contrast, the AA7475-T761 alloy exhibits the lowest population density
(626 & 75/mm?), with only 0.14 % of the surface area covered by these
particles. The AA2198-T8 and AA2198-T851 alloys show intermediate
values, with surface area coverages of 0.25 % and 0.22 %, respectively.
This suggests that a decrease in IMP density is associated with increased
anodizing efficiency. According to the literature [120] the dissolution of
high-copper-containing IMPs during anodizing consumes part of the
electrical charge generated by the current, reducing efficiency and
resulting in thinner films. This phenomenon explains the greater film
thickness observed in the AA7475-T761 alloy compared to the others.

Fig. 2(c) presents cross-sections of the anodic films containing cav-
ities formed during the anodizing process, caused by the dissolution of
high-copper-containing IMPs. Fig. 2 (c1-c4) show these defect regions at
lower magnification, while Fig. 2 (c5-c11) correspond to the areas
highlighted by dashed squares, displayed at higher magnification. In
these images, different types of defects are identified: surface cavity
(SC), as seen in Fig. 2 (c5-c8), film/alloy interface cavity (FIC), and
internal cavity (IC) within the film. In the AA7475-T761 alloy, certain
regions of the anodic film contained occluded IMPs (Fig. 2 (c12)). The
magnified view of region I (Fig. 2 (c13)) confirms the presence of these
particles, with EDX analysis indicating approximately 4 wt% Cu,
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Fig. 2. Scanning electron micrographs of the tested anodized aluminium alloys: (a) surface of the anodic film; (b) cross-section of the films in defect-free regions; and
(c) cross-section of the anodic films in regions with defects (cavities). Images (al-a4) show the surfaces of the films corresponding to the tested alloys, (b1-b4) show
the cross-sections of defect-free regions, and (c1-c4) show cross-sections in regions with defects at lower magnification. Images (c5—c11) provide higher magnifi-
cation views of the dashed squares in (c1-c4); (c12) shows a coarse constituent intermetallic particle (IMP) occluded within the anodic film of the AA7475-T761
alloy; and (c13) shows a higher magnification of region I indicated in (c12). Labels SC, FIC, and IC in (c5-c12) denote surface cavity, film/alloy interface cavity,
and cavity within the film, respectively. The images in (a) were acquired in secondary electron (SE) mode at an accelerating voltage of 5 kV, while those in (b) and (c)
were acquired in backscattered electron (BSE) mode at an accelerating voltage of 20 kV.

confirming the presence of low-copper-containing IMP.

The findings (Figs. 1 and 2) demonstrate that the presence of IMPs
during the anodizing process leads to the formation of defects, with their
dimensions and locations determined by the distribution and composi-
tion of the particles in the alloy prior to anodization. The formation of
FIC and IC-type defects indicates that not only surface defects should be
considered, but also particles embedded within the alloy. The results
suggest that the density, size, location, and composition of the IMPs are
critical factors in the development of these ones. Therefore, these as-
pects should be thoroughly investigated for their impact on the corro-
sion resistance of the anodized aluminium alloys, as will be discussed in

the following sections.

3.2. Corrosion assessment of anodized alloys: surface characterization

Fig. 3 presents optical micrographs illustrating the surface
morphology of various anodized aluminium alloys after immersion in
0.1 mol L NaCl solution for 24 h.

The initial analysis of all alloys (Fig. 3 (a-d)) shows the formation of
dispersed black spots on the surfaces of the anodized films, preliminarily
identified as indicators of localized corrosion sites. At higher magnifi-
cation (Fig. 3 (al-d1)), these black spots display circular features, as

Fig. 3. Optical micrographs of the surface of anodized aluminium alloys after immersion in 0.1 mol L™! NaCl solution for 24 h: (a—d) surfaces of the samples at lower
magnification; (al-d1) higher magnification of the dashed areas in (a-d). Red arrows indicate some locations associated with localized corrosion.



J.V.S. Araujo et al.

indicated by the red arrows. The statistical data of the black spots are
presented in Table 3.

The AA2024-T3 alloy (Fig. 3 (a)) exhibited the highest population of
circular localized corrosion sites, corresponding to 255 £ 29 per unit
area (um?) with an average diameter of 20.5 + 9.2 pm, indicating high
susceptibility to corrosion.

The Al-Cu-Li alloys, AA2198-T8 (Fig. 3 (b)) and AA2198-T851
(Fig. 3 (c)), showed intermediate numbers of corrosion sites, 150 + 16
and, 140 + 14/pm?, respectively. In contrast, the AA7475-T761 alloy
(Fig. 3 (d)) displayed the lowest population of the corrosion sites, cor-
responding to 79 + 7/um? and with the smallest average diameter,
(15.1 + 2.7) pm. Both alloys exhibited similar average diameter of the
circular corrosion sites, (21.3 + 2.5) pm, indicating moderate suscepti-
bility to localized corrosion relatively to the other alloys studied.

These findings are further supported by SEM analysis, as shown in
Fig. 4, which provides additional insight into the corrosion sites. The
observation of these localized corrosion sites at high magnification re-
veals not only their size and distribution but also their typical
morphology.

Fig. 4 (a—d) illustrates the distribution of corrosion sites on the
anodic film surfaces of the aluminium alloys, as previously highlighted
in Fig. 3. Fig. 4 (al-dl) presents higher-magnification views of the
dashed areas shown in Fig. 4 (a-d), revealing the details of circular
corrosion sites that correspond to weakened regions of the anodic film.
These pits appeared after immersion in NaCl solution, suggesting points
of increased susceptibility to corrosion. The corresponding EDX maps
(Fig. 4 (a2-d2)) show a localized concentration of copper (Cu), which
may be attributed to the underlying matrix exposed due to corrosion
processes, suggesting that the anodic film was compromised in these
regions. Additionally, the absence of iron (Fe) in the EDX maps of these
areas confirm that these regions are not associated with remnant
intermetallic particles, as evidenced by the absence of Fe signals. This
finding indicates that the presence of Cu in these regions is not related to
constituent intermetallic particles. Additionally, the detection of chlo-
ride (Cl) at these sites suggests that they serve as preferential locations
for localized corrosion attack.

To investigate and evaluate these different theories, immersion tests
were conducted, monitoring defect formation from its early stages, and
correlating these defects with the initiation of localized corrosion, as
illustrated in Fig. 5 (a-d) that presents the polished surfaces of the alloys
at lower magnification, where the distribution of IMPs can be observed.

Fig. 5 (al-d1) are magnified views of the dashed areas in Fig. 5 (a-d),
and the IMPs are indicated by red arrows.

After anodizing, the alloy surfaces are shown in Fig. 5 (a2-d2),
revealing morphological changes caused by the partial or total dissolu-
tion of the IMPs. The magnified views of these areas are presented in
Fig. 5 (a3-d3), where cavities resulting from the dissolution of IMPs are
indicated by white arrows, representing defects in the surface of the
anodic films. Fig. 5 (a4-d4) displays the anodized surfaces after im-
mersion in 0.1 mol L™ NaCl solution for 24 h. Despite exposure to the
saline solution, the magnified views of the dashed areas (Fig. 5 (a5-d5))

Table 3

Statistical data on the characteristics of the localized corrosion sites (Fig. 3)
observed in the anodized aluminium alloys after immersion testing in 0.1 mol
L' NaCl solution for 24 h.

Features after 24 h of
immersion

Aluminium Alloys

AA2024- AA2198- AA2198- AA7475-
T3 T8 T851 T761
Population (per unit 255+ 29 150 + 16 140 + 14 79+7
area (pmz))
Diameter (pm) 20.5 21.3 21.3+25 15.1 +£ 2.7
+9.2 +25

* The calculation was performed randomly over an area of 3x2.5 mm?, using 20
images.
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do not reveal signs of corrosion in the defective areas of the anodic film,
as previously seen in Figs. 3 and 5. However, circular pits were detected
in areas without surface defects (Fig. 5 (a4-d4)), as indicated by the blue
dashed-line squares A-D. These regions were analysed in high magnifi-
cation and are presented in Fig. 6.

Fig. 6 (a-d) depict circular localized corrosion sites observed in all
alloys following immersion, which were analysed to investigate the
progression of corrosion beneath them. To facilitate this analysis, the
anodic film was stripped in these regions, as shown in Fig. 6 (al-d1),
exposing the localized corrosion sites in the alloy substrate beneath. The
images obtained in SE mode of the same regions (Fig. 6 (a2-d2)) provide
clearer evidence of the localized corrosion pits, with diameters in the
range from 7 pm to 16 pm. Notably, the dimension and shape of these
sites on anodic film surface (Fig. 6 (a-d)) are similar to with the size and
shape of the corrosion pits (Fig. 6 (al-d1)). This suggests that the cir-
cular features observed after immersion are a consequence of corrosion
processes originating from pre-existing defects within the anodic film.
These defects, although initially present and not detectable by SEM from
the surface, were revealed in cross-sectional analysis, as shown in Fig. 2,
and served as initiation sites for localized corrosion. Previous studies
[29,36] have demonstrated that these pits (Figs. 4, 5, and 6) predomi-
nantly correspond to localized corrosion sites in the alloy substrate
beneath the anodic film, as confirmed after film stripping (Fig. 6
(al-d2)).

The findings indicate (Fig. 5) that defects that appear at the surface
of the anodic film but do not extend to the film/substrate interface do
not significantly diminish the overall corrosion resistance of the alloys.
However, as shown in Fig. 5, localized corrosion sites (Fig. 6) developed
far from the surface defects identified after anodizing, which were
induced by IMP dissolution. This distribution limited the ability to
precisely monitor corrosion in both defective and non-defective regions
simultaneously. Therefore, a shorter immersion period (12 h) in 0.1 mol
L chloride solution was employed on a high-magnification region
containing both surface defects and defect-free areas, enabling a more
detailed observation of the initiation of the corrosion process, as pre-
sented in Fig. 7.

Fig. 7 (a-d) shows the surfaces of aluminium alloys before anodizing,
with the IMPs indicated by white arrows. Following the anodizing
process, the dissolution of the IMPs leads to the formation of defects at
the surface film, as reported in Fig. 1, and as indicated by the red arrows
in Fig. 7 (al-dl). The areas highlighted by the dashed squares A-D
correspond to regions free of IMPs, which consequently did not exhibit
surface defects after anodizing, as shown in Fig. 7 (al-d1).

Nevertheless, after 12 h of immersion in 0.1 mol L-! NaCl solution,
the areas of the oxide film with defects at the surface (Fig. 7 (al-d1)) did
not show evidence of corrosion initiation. In contrast, the regions
initially free of surface defects (squares A-D) developed circular
corroded sites on the oxide surface. The magnified views of these regions
(Fig. 7 (a3-d3)) confirm the formation of localized corrosion sites
(indicated by the yellow arrows) and changes in the composition of the
film in these areas. After film stripping (Fig. 7 (a4-d4)), cavities with
diameters ranging from 5 to 10 pm were observed beneath the film
(indicated by the blue arrows).

The findings presented in Figs. 6 and 7 indicate that the localized
corrosion sites in the anodic film are closely linked to the defects
beneath the film. Additionally, the immersion duration in the NaCl so-
lution significantly affects the size of these cavities and, consequently,
their final size. Fig. 8 illustrates that longer immersion periods result in
larger cavities, establishing a relationship between exposure duration
and the progression of corrosion.

Fig. 8 (a-d) shows the surfaces of aluminium alloys after 48 h of
immersion in 0.1 mol L™ NaCl solution, followed by film stripping,
which reveals circular features on the alloy substrate. The scanning
electron micrographs indicate the presence of cavities in the substrate
associated with localized corrosion. The magnified views of the regions
highlighted by dashed squares in Fig. 8 (al-d1) confirm the presence of
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Fig. 4. Scanning electron micrographs of the surface of anodized aluminium alloys after immersion in 0.1 mol L™ NaCl solution for 24 h: (a-d) surfaces at lower
magnification; (al-d1) higher magnification of the dashed squares in (a-d); and (a2-d2) EDX maps corresponding to (al-d1). All images were acquired in back-

scattered electron (BSE) mode at an accelerating voltage of 20 kV.

these cavities. In Fig. 8 (a2-d2) and (a3-d3), the circular cavities have
diameters ranging from 30 to 40 pm, which are larger than those
observed after shorter immersion times (Fig. 7 (a2-d2) and (a4-d4)),
suggesting that corrosion intensifies with developed with time. In
particular, for the AA7475 alloy, as indicated by the white arrow in
Fig. 8 (d2), intergranular corrosion (IGC) can be observed within the
circular pit, indicating a susceptibility of ICG attack in this region.

Fig. 8 (a4-d4) and (a5-d5) shows higher magnification comparisons
of the aluminium substrate in regions without cavities (Fig. 8 (a4-d4))
and within the cavities (Fig. 8 (a5-d5)). In the areas without cavities, the
substrate displays a scalloped surface, while within the cavities, the
structure appears rougher indicating aggressive corrosion in these re-
gions. The morphological differences between Fig. 8 (a4-d4) and (a5-d5)
suggest that the corrosive solution penetrated predominantly the
defective areas, whereas most area of the substrate alloy remained intact
likely due to the barrier of anodic film that denied access of the corrosive

solution. Another aspect to be noted is that, for longer immersion times,
the circular corrosion sites formed beneath the anodic film acted as sites
for the initiation of crystallographic attack in all alloys, as illustrated in
Fig. 9.

Fig. 9 presents scanning electron micrographs of aluminium alloys
after anodizing, followed by immersion in 0.1 mol L™ NaCl solution for
60 h and subsequent film stripping. At lower magnification, (Fig. 9 (a-
d)), it is seen that significant cavities formed because of the corrosive
process. At higher magnifications, within the dashed areas in Fig. 9 (a-
d), a more pronounced attack within the cavities is evident. The dashed
circles in Fig. 9 (a2-d2) highlight regions A-D from Fig. 9 (al-d1), were,
as indicated by the white arrows, crystallographic attack within the
cavities can be seen. These findings suggest that pits with circular
characteristics, formed as a result of localized corrosion, represent areas
of increased vulnerability. This could potentially lead to further corro-
sion propagation and compromise the integrity of the anodized alloy
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Fig. 5. Scanning electron micrographs of aluminium alloys: (a-d) surfaces before anodizing; (al-d1) higher magnification of the dashed squares in (a—d); (a2-d2)
surfaces after anodizing; (a3-d3) higher magnification of the dashed squares in (a2-d2); (a4-d4) surfaces after immersion in 0.1 mol L NaCl solution for 24 h;
(a5-d5) higher magnification of the dashed squares in (a4-d4). All images were acquired in backscattered electron (BSE) mode at an accelerating voltage of 20 kV.
Red arrows indicate constituent intermetallic particles on the surface, while white arrows point to defects on the oxide surface caused by dissolution of IMPs during

the anodizing process.

under service conditions.

According to the literature [121,122], crystallographic attack is
favoured by aggressive chemical conditions inside the cavities, such as
low pH and high chloride ion concentration. Crystallographic defects
within the alloy matrix act as nucleation points for this type of attack.
Previous studies on the AA2055 Al-Cu-Li alloy suggested that cavities
could act as initiation sites for this type of corrosion, although a direct
correlation was not established [29]. However, in the present work, it
was clearly demonstrated that cavities indeed serve as preferential sites
for the initiation of crystallographic corrosion in the alloys studied.

The results presented in Figs. 5, 6, and 7 appear to contradict earlier
studies that proposed that corrosion initiates at surface defects in the
anodic film [11-13,16,28,34,35]. However, these findings are consis-
tent with research on other aluminium alloys, such as AA2099 [36] and
AA2055 [29,37], which indicates that defects within the anodic film, or

at the film/alloy interface, play a critical role in localized corrosion. This
indicates that corrosion mechanisms are not governed by surface defects
but are significantly influenced by the integrity of the subsurface film.
To further substantiate this hypothesis, a detailed cross-sectional anal-
ysis of both regions, corroded and non-corroded, is required, as dis-
cussed in the following section.

3.3. Assessing corrosion in anodized alloys: cross-sectional analysis

Fig. 10 presents the cross-sectional analysis of the anodized alloys at
locations exhibiting pits in the anodic film, following a 24 h immersion
test in 0.1 mol L™ NaCl solution.

Fig. 10 (a-d) shows circular pits formed on the surface of the
aluminium alloys by immersion in NaCl. Fig. 10 (al-d1) shows the same
pits tilted at a 30° angle where cracks and protrusions in the anodic film
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Fig. 6. Scanning electron micrographs of the surface of anodized aluminium alloys after immersion in 0.1 mol L-! NaCl solution for 24 h: (a-d) higher magnification
of the dashed squares in Fig. 5 (a4-d4); (al-d1) images obtained after film stripping using backscattered electrons; and (a2-d2) images obtained using second-

ary electrons.

are seen in result of corrosion. Specifically, Fig. 10 (a) and (b) reveal a
higher number of cracks in the regions adjacent to the circular attacked
regions, likely caused by the contraction of the material due to dehy-
dration of the film after the immersion test and subsequent drying.
Fig. 10 (a2-d2) presents the EDX maps corresponding to these pits,
where a significant concentration of elements, such as copper, is
observed.

The cross-sections obtained by ultramicrotomy, shown in Fig. 10 (a3-
d3) and 10 (a4-d4), provide a detailed analysis of the internal structure
of the circular pits. Fig. 10 (a3-d3) correspond to the C1 cut, made at the
initial edge of the pit, which highlights the morphology of the pits in
cross-section, while Fig. 10 (a4-d4) represents the C2 cut, extending
deeper toward the centre of the pits. In the C1 cut, Fig. 10 (a3-d3) re-
veals the edge of the pits, highlighting discontinuities in the anodic film.
However, for the AA2024-T3 alloy (Fig. 10 (a3)), associated with the C1
cut, this phenomenon was not clearly observed, possibly because the
section was not close enough to reveal the onset of the cavity, an aspect
to be discussed later. As the sections progress, the pits become deeper

and acquire circular characteristics, as shown in the C2 cut (Fig. 10 (a4-
d4)), consistent with the surface analyses (Figs. 5 and 9).

In Fig. 10 (a5-d5), which correspond to the EDX maps of the cross-
sections, a significant concentration of chlorine is observed in the
corroded regions, indicating localized attack. Moreover, in some pits,
there is a notable presence of copper, as shown in the surface maps
(Fig. 10 (a2-d2)).

For a more detailed analysis of the corrosion-associated regions,
Fig. 11 provides a higher magnification of the dashed squares in Fig. 10
(a3-d3) and (a4-d4), corresponding to the C1 and C2 cuts.

Fig. 11 (a-d) provides higher magnification views of the highlighted
areas from Fig. 11 (a3-d3), showing the edges of cavities and evidence of
substrate attack in the Al-Cu-Li and AA7475-T761 aluminium alloys.
The cavity depths measured range from 0.8 um to 1.6 um. These mea-
surements were taken between yellow dashed lines indicating the
anodic film/alloy and cavity/alloy interfaces, providing precise delin-
eation of corrosion progression relative to the substrate. In the higher
magnification images of Fig. 11 (al-dl), substrate attack is clearly
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Fig. 7. Scanning electron micrographs of aluminium alloys: (a-d) surface before anodizing; (al-d1) surface after anodizing; (a2-d2) surface after immersion in
0.1 mol L NaCl solution for 12 h; (a3-d3) higher magnification of the dashed squares in (a2-d2); and (a4-d4) surface shown in (a3-d3) after film stripping. All
images were acquired in backscattered electron (BSE) mode at an accelerating voltage of 20 kV. Yellow arrows indicate cracks formed in the anodic oxide, while blue

arrows point to cavities beneath the anodic film.

visible, as indicated by red arrows. In the AA2024-T3 alloy (Fig. 11
(al)), cavity initiation was not observed, likely due to ultramicrotome
cutting away from the pit edge. Nonetheless, an anodic film detachment
at the film/alloy interface (marked by a red arrow) indicates corrosion at
this interface, suggesting localized attack.

Fig. 11 (e-h) provides a closer look at the areas highlighted in Fig. 11
(e4-d4), which correspond to the C2 section. These images show an
increase in cavity depth, ranging from 4 pm to 6 pym, as the section was
taken from the centre of the pit, where the cavity is deeper. This result
suggests that the cross sections obtained near the pit edges (as shown in
Fig. 11 (al-d1)) were relatively shallow compared to those closer to the
centre of the pit. The higher magnification images in Fig. 11 (el-hl)
clearly display the ongoing attack on the substrate, revealing the extent
of corrosion below the film/alloy interface. The depth and morphology
of the cavities indicate significant progression of the corrosion process in
the analysed alloys.

The results reported in Figs. 10 and 11 provide important evidence of
under film corrosion, suggesting that corrosion initiates at points where
film defects lead to localized attack at the centre of the circular corrosion
site (Fig. 10 (a4-d4)). From this initiation point, corrosion propagates
both inwards and laterally, forming semi-spherical pits (Fig. 11 (e-h)).
Notably, lateral propagation may also occur in defect-free areas of the
film, as illustrated in Fig. 10 (al).

The difference in brightness and contrast between the initial film, the
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film modified by corrosion, and the corrosion products further corrob-
orates these observations, highlighting the evolution of the degradation
process. The results in Figs. 10 and 11 suggest that the absence of film
above the cavities is likely due to oxide detachment, which occurs as a
consequence of the weakened oxide film in corroded regions. This
detachment obscures a clear view of the corrosion characteristics at the
film/alloy interface. Consequently, more precise ultramicrotomy cuts
near the pits are necessary for a detailed examination of this interface.
Given that previous studies on AA2055 [29] and AA2099 [36] alloys did
not use this methodology, applying these precise cuts is essential to
further elucidate the localized corrosion mechanism.

Precise cross-sectional cuts were performed, as shown in Fig. 12,
focusing on a representative pit selected for detailed analysis. This pit
was chosen as it reflects the typical corrosion pattern observed across all
alloys (Fig. 4), with pits forming on the oxide surface. By analysing this
specific corrosion site, the main mechanisms contributing to this type of
degradation can be better understood.

Fig. 12 (a) shows a scanning electron micrograph of the surface of
one of the aluminium alloys after anodizing and subsequent immersion
in a 0.1 mol L™ NaCl solution for 24 h. The dashed lines C1 to C4
correspond to the precise ultramicrotomy cuts made in the region of
localized attack. Fig. 12 (b) presents the cross-sectional view corre-
sponding to cut C1, which shows no indications of corrosive attack on
the alloy substrate, as it is located far from the cavity region and displays
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Fig. 8. Scanning electron micrographs (SEM) of aluminium alloys after anodizing after immersion in 0.1 mol L™ NaCl solution for 48 h and subsequent film
stripping: (a—d) surface images at lower magnification; (al-d1) higher magnification of the dashed areas in (a—d); (a2-d2) higher magnification of the dashed areas in
(al-d1); (a3-d3) higher magnification of the dashed areas in (a2-d2); and (a4-d4) higher magnification of the dashed areas in (a3-d3). Images (a-d2) were acquired
in backscattered electron (BSE) mode at an accelerating voltage of 20 kV; images (a3-d3) in secondary electron (SE) mode at 20 kV; and images (a4—-d4) in SE mode
at 1.5 kV. The white arrow in (d2) indicates the presence of intergranular corrosion (IGC).

only the anodic film in a corrosion-free area.

As the cut approach the corroded region (Fig. 12 (a)), evidence of
corrosive attack begins to emerge. Fig. 12 (c) shows the cross-section of
cut C2, which is slightly distant from the centre of the pit (corresponding
to the pit edge). A discontinuity is observed at the film/alloy interface,
suggesting corrosion of the alloy substrate. Above this discontinuity is a
region of the anodic film with a darker coloration in a semi-elliptical
shape. Fig. 12 (c1) and (c2) show the highlighted region 1 from
Fig. 12 (c) at higher magnification, with the yellow dashed line (Fig. 12
(c2)) indicating the film/alloy interface.

SE mode images (Fig. 12 (c2)) between the region without dark
coloration (blue dashed circle) and the region with dark coloration
(yellow dashed circle) confirm that the morphology of the anodic film is
the same in both areas. This indicates that the dark coloration is not due
to morphological changes in the anodic film that may occur during its
formation, thus eliminating this factor as a cause of the observed
contrast differences. Additionally, there is no evidence of damage
caused by the ultramicrotomy process in either region, further dis-
missing the possibility that the observed contrast is an artifact from the
cutting process.

The contrast difference indicated by the yellow arrow in Fig. 12 (c1)
is attributed to the modification of the anodic film due to the absorption
of corrosion products, confirming that the discontinuity indicated by the
red arrow corresponds to the corroded substrate. Similar results have
been reported in previous studies on anodized aluminium alloys after
immersion tests in chloride-containing solutions [29,36,37]. The
modification of the film is associated with corrosion events in the alloy
substrate beneath the film, which explains the contrast differences
observed in regions of localized corrosion compared to the adjacent
oxide surface, as illustrated in Figs. 6 and 7.

Distinguishing the modified anodic film from the unmodified one by
means of SEM analysis is a challenging task, as the porous film hydrates
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after immersion testing, altering the Al atomic ratio from 2:3 (Al20s) to
approximately 1:2-3 (Al(OH)s/AlO(OH)), similar to corrosion products
[123]. Therefore, the Al ratio cannot be used to differentiate them.
Additionally, corrosion products may contain other species, such as Cl,
which EDX cannot detect at concentrations below 0.1 % [124]. The
limited spatial resolution of EDX in SEM, at the micrometer scale, also
means that the results reflect the average value of the entire sampling
volume (approximately) 1-3 um® [124-126]. The observed contrast
difference is explained by the absorption of corrosion products with
higher atomic weight, making the modification of the anodic film more
evident. Thus, the most effective way to observe this contrast difference
is through SEM in BSE mode, which is sensitive to variations in atomic
weight, allowing identification of the regions of the film that have been
modified by corrosion processes.

In Fig. 12 (c1), the distance between the corroded region, indicated
by the purple arrow, and the beginning of the anodic film is less than 1
pm. This is because cut C1 was made at the edge of the pit (Fig. 12 (a)),
which has a spherical morphology and is shallower at the edges, as re-
ported in Fig. 11 (a-d), becoming deeper toward the centre.

Fig. 12 (d) shows the images corresponding to cut C3. The discon-
tinuity observed in the anodic film above the cavity may result from film
detachment during the cutting process, as reported in Figs. 10 and 11.
This hypothesis is supported by the presence of film fragments, indicated
by the white arrows. In fact, as previously mentioned, the region con-
taining the modified anodic film becomes weakened due to the ab-
sorption of corrosion products and the volumetric contraction caused by
them, which can lead to oxide detachment during ultramicrotomy
cutting.

The circular cavity (Fig. 12 (d)) becomes more evident below the
film/alloy interface, as indicated by the yellow dashed line. The
measured distance between the cavity and the film/alloy interface was
1.2 pm, indicating a greater depth of attack compared to cut C1 (Fig. 12
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Fig. 9. Scanning electron micrographs of the surface of anodized aluminium alloys after immersion in 0.1 mol L™ NaCl solution for 60 h and subsequent film
stripping: (a—d) surface at lower magnification; (al-d1) higher magnification of the dashed squares in (a-d); (a2-d2) higher magnification of regions A-D highlighted
in (al-d1). White arrows in (a2-d2) indicate crystallographic etching within the cavities. All images were acquired in backscattered electron (BSE) mode at an
accelerating voltage of 20 kV.
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Fig. 10. Scanning electron micrographs of aluminium alloys after anodizing and subsequent immersion in 0.1 mol L™! NaCl solution for 24 h: (a-d) images showing
localized corrosion sites (pits) formed after immersion; (al-d1) pits corresponding to images (a—d) with the surface tilted at a 30° angle; (a2-d2) EDX maps cor-

responding to (a—d); (a3-d3) cross-sectional cuts C1 of the pits in (a-d); (a4-d4) cross-sectional cuts C2 of the pits in (a-d); and (a5-d5) EDX maps of the cross-
sections of the pits in (a4-d4).
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Fig. 11. Scanning electron micrographs of the surface of anodized aluminium alloys after immersion in 0.1 mol L~! NaCl solution for 24 h: (a—d) higher magnification
of the dashed squares in Fig. 10 (a3-d3); (al-d1) higher magnification of the dashed squares in (a-d); (e-h) higher magnification of the dashed squares in Fig. 10

(a4-d4); (e1-h1) higher magnification of the dashed squares in (e-h). All images were acquired in backscattered electron (BSE) mode at an accelerating voltage of
1.5 kV. Red arrows in (al-h1) indicate the corroded substrate.
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Fig. 12. Scanning electron micrographs of the surface of anodized aluminium alloy after immersion in 0.1 mol L* NaCl solution for 24 h: (a) pit in AA2198-T8 alloy;
(b-e) cross-sectional views of the pit, showing ultramicrotomy cuts C1-C4; (c1-d1) and (c2-d2) are higher magnifications of dashed squares in (c-e) in BSE and SE
modes, respectively; (f) and (f1) show higher magnifications of region A in (e). Red dashed lines in (a) mark cut locations, with yellow arrows highlighting modified
film, blue arrows indicating copper redeposition, and circles distinguishing modified and unmodified film. Yellow dashed lines mark the film/alloy interface.
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(c)), as the cut advances toward the centre of the pit. Fig. 12 (d1) and
(d2) show a magnified view of the dashed region 2 in Fig. 12 (d), where a
corrosion product can be observed on the pit wall, with an approximate
thickness of 1 pm, as indicated by the blue arrows.

The bright spots visible in both images (Fig. 12 (d1) and (d2)) may
indicate the presence of copper nanoparticles. Several hypotheses can be
proposed to explain the origin of these nanoparticles, which are linked
to substrate degradation and the formation of corrosion products.
Literature on the anodizing of copper-containing alloys highlights that
copper enrichment occurs at the film/alloy interface during the anod-
izing process [127-132]. This enrichment is followed by the coalescence
of copper in solid solution, leading to the formation of nanoparticles at
this interface [133]. As the corrosive process advances, these copper
nanoparticles may protrude into the corrosion product at the film/alloy
interface.

Copper, owing to its intrinsic properties, can exacerbate the corro-
sion process by acting as nanocathodes, promoting local electrochemical
reactions within the corroding cavities. Dissolved copper from the alloy
matrix can redeposit onto these nanoparticles, contributing to the
growth of the agglomerates. This explanation is supported by observa-
tions in the regions marked by the red dashed circles 2a and 2b in Fig. 12
(d1). In these regions, the size of copper particle agglomerates is
approximately 80 nm in region 2a and about 5 nm in region 2b. The
difference in size may be attributed to the process of copper redeposition
in region 2b, as literature suggests that the initial agglomerates formed
during anodizing typically measure around 5 nm [133].

Another aspect to note is that the presence of copper nanoparticles
within the pits which explains the copper signal detected by the EDX
maps in regions associated with these sites (Fig. 4). The elevated copper
signal in these areas is due to the increased interaction between the
incident electrons, originating from the electron beam, and the copper
nanoparticles within the pit.

Fig. 12 (e) shows the final cut, C4, which corresponds to the centre of
the localized attack. A circular cavity is observed below the film/alloy
interface, with a depth of approximately 2.8 um, greater than the
measurements from cuts C2 and C3 (Fig. 12 (c, d)), due to the fact that
cut C4 was made at the center of the pit.

Fig. 12 (el) and (e2) show a magnified view of the dashed region 3 in
Fig. 12 (e), where the corroded substrate (indicated by the blue arrow)
can be observed, along with the presence of the modified anodic film (as
reported in Fig. 11 (c-c2)) at the edges of the cavity (indicated by the
yellow arrows). This suggests that the modified film extends across the
entire area above the cavity, confirming surface observations of the pits,
which displayed a darker coloration compared to the adjacent oxide, as
reported in Figs. 6 and 7.

Fig. 12 (f) shows a magnified view of region A (tilted at 30°), indi-
cated in Fig. 12 (e), where the corroded region and bright spots (asso-
ciated with copper redeposition) can be observed. Higher magnification
of the highlighted region 4 is presented in Fig. 12 (f1), detailing the
corroded substrate (indicated by the red arrow), and the presence of
copper nanoparticles in the corroded region (indicated by the blue ar-
rows). It is noted that corrosion products were found only at the edge of
the cavity (Fig. 12 (el)), while the central region was free of these
products, likely due to detachment during the ultramicrotomy cutting
process.

The results presented in this section suggest that the initiation of
localized corrosion in the anodized alloy is closely associated to the
location of defects within the anodic film. Specifically, defects at the
film/alloy interface are more likely to cause localized corrosion, in line
with those noted in an Al-Cu-Li alloys under similar anodizing condi-
tions [29,36]. The results challenge previous assumptions that surface
defects dictate the onset of corrosion, suggesting instead that the
integrity of the anodic film and the underlying substrate plays a critical
role. The differences in contrast and morphology indicate that corrosion
products significantly alter the structure of the anodic film, leading to
localized degradation.
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Moreover, Fig. 13 reveals that no evidence of corrosion in the sub-
strate was found in regions where cavities formed on the film surface,
reinforcing the observation that defects in the film/alloy interface are
crucial in the initiation of localized corrosion.

Fig. 13 (a-d) present scanning electron micrographs of the anodized
alloy surfaces after immersion in NaCl solution, highlighting at higher
magnification the pits (dashed squares 2, 4, 6, and 8) and the surface
defects (dashed squares 1, 3, 5, and 7). These surface defects in the
oxides are attributed to the dissolution of high-copper-containing IMPs
during the anodizing process, as reported in Fig. 1. The white arrows
indicate the presence of a modified anodic film around these corroded
areas (as reported in Fig. 12).

Defects at the film/alloy interface are responsible for initiating
corrosion in anodized alloys, particularly those caused by the dissolution
of high-copper-containing IMPs. The cross-sectional analysis of the de-
fects identified in the dashed squares (1, 3, 5, and 7), corresponding to
cuts C1-C4, is presented in Fig. 13 (al-d2). The cross-sectional images,
obtained in both BSE and SE modes, are displayed in Fig. 13 (al-d1) and
(a2-d2), respectively. Based on these images, no evidence of corrosion
was observed in the alloy substrate, which is consistent with the surface
analysis shown in Fig. 5. These findings highlight the critical role that
defects at the film/alloy interface caused by the dissolution of high-
copper-containing IMPs play in the development of corrosion in the
studied alloys.

It is important to note that the results presented so far have only
highlighted corrosion sites caused by defects formed due to the disso-
lution of high-copper-containing IMPs during the anodizing process.
However, in the case of the AA2024-T3 alloy, the pits were also asso-
ciated with the partial dissolution of IMPs, as shown in Fig. 14.

Fig. 14 (a) presents a scanning electron micrograph of the surface of
the AA2024-T3 alloy after immersion, highlighting a site of localized
corrosion. The yellow arrow indicates the presence of a modified anodic
film surrounding the pit, suggesting localized attack beneath the film (as
previously reported in Fig. 12). Fig. 14 (al) shows the cross-sectional
view corresponding to cut Cl, where no evidence of corrosion is
observed in the alloy substrate. However, in cut C2 (Fig. 14 (b)), a
discontinuity in the anodic film extending beneath the anodic film is
evident.

The dashed squares 1 and 2 are presented at higher magnification in
Fig. 14 (b1) and (c1, c2), respectively. The presence of IMPs is indicated
by the red arrows in Fig. 14 (b1), and the EDX analysis in Fig. 14 (b2)
confirms that these IMPs consist of Al-Cu-Fe-Mn-Si, as previously re-
ported for this alloy in Fig. 1. The white arrows in Fig. 14 (¢) and (c1),
obtained in both BSE and SE modes, indicate evidence of corrosion in the
alloy substrate.

The results suggest that the diminished corrosion resistance of the
anodic films in this alloy is primarily related to the presence of Fe- and
Mn-containing particles, which do not contribute to the formation of a
protective barrier layer. However, Si-containing particles may also in-
fluence the film properties. Two hypotheses can be considered: first, the
anodic oxide extending beneath the film (as indicated in Fig. 14 (b))
suggests that the IMP was significantly larger than the final film thick-
ness, causing it to oxidize more rapidly during the initial stage of
anodizing once it contacts the anodizing electrolyte, leading to discon-
tinuities in the film. Second, previous studies [30,116,134] on the
anodizing behaviour of the AA2024-T3 alloy have demonstrated that
Si-containing particles are non-homogeneous, meaning their elemental
distribution is uneven. This could explain why part of the IMP oxidized
while another part remained intact, leaving remnants of the particle (as
indicated by the red arrows in Fig. 14 (b1)). Additionally, silicon ex-
hibits different anodizing behaviour compared to the other elements
present in the particle, as it has more positive Gibbs free energies than
aluminium, indicating that its oxides are less stable [5].

Failures in the anodic film above second-phase regions containing Si
may be exacerbated by localized stresses arising from oxide growth in a
confined volume, as well as differences in the Pilling-Bedworth ratio
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Fig. 13. Scanning electron micrographs of aluminium alloys after anodizing after immersion in 0.1 mol L! NaCl solution for 24 h: (a-d) show the surfaces at lower
magnification; (al-d2) present cross-sectional images of cuts C1-C4 indicated in the dashed squares (1, 3, 5, and 7) in (a—d). The dashed frames in (a-d) highlight
areas of higher magnification, revealing surface defects caused by the dissolution of IMPs during the anodizing process, as well as circular cracks in the anodic film.
White arrows in (a-d) indicate the modified anodic film. Images (a—-d) were obtained in backscattered electron (BSE) mode at an accelerating voltage of 20 kV, while
images (al-d2) were acquired in both BSE and secondary electron (SE) modes at an accelerating voltage of 1.5 kV.

between the oxides formed [5,135,136]. These failures can serve as
preferential sites for corrosion initiation, thereby decreasing the pro-
tection provided by the anodic film, as observed in Fig. 14 (a).

The results shown in Fig. 14 suggest that the size and composition of
the IMPs must be considered when evaluating defect formation and its
impact on the corrosion resistance of anodized aluminium alloys,
particularly in alloys such as AA2024-T3, which contain various types of
IMPs. In contrast to the other alloys studied, the AA7475-T761, which
contains low-copper-containing particles, showed no evidence of pit
formation associated with these particles. Fig. 15 presents scanning
electron micrographs of a cross-sectional view of the AA7475-T761 alloy
after immersion testing, showing a corrosion-free region containing low-
copper-containing IMP at the film/alloy interface.

Fig. 15 (a) presents an image of the AA7475-T761 alloy surface after
immersion test. Fig. 15 (al) shows the cross-sectional view corre-
sponding to cut C1, revealing an IMP projected into the anodic film.
Fig. 15 (a2) provides a magnified view of region A, highlighted in Fig. 15
(al), displaying a detailed look at the IMP at the film/alloy interface.
The EDX analysis, Fig. 15 (a3), confirms that this IMP has a low copper
content (~6.3 wt% Cu), as demonstrated in a previous study by our
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research group [113], reinforcing the presence of this type of particle in
the AA7475-T761 alloy. Fig. 15 (a4) and (a5), which correspond to
further magnifications of region 1 in Fig. 15 (a2), obtained in BSE and SE
modes, respectively, show no evidence of corrosion, either in the alloy
substrate or within the IMP.

These results are consistent with previous studies on the AA2099
alloy [36], which demonstrated that low-copper-containing particles do
not significantly impact the corrosion resistance of anodized alloys. As
reported in Fig. 1, these particles exhibit a lower anodizing rate
compared to the aluminium matrix, resulting in their partial oxidation
during the anodizing process. This leads to the incorporation of these
particles into the anodic film. Although this partial oxidation may result
in thinner regions within the film [117] the study indicates that these
areas do not serve as preferential sites for corrosion initiation. To further
explore this behaviour, Fig. 15 (a6) and (a7) provide higher magnifi-
cation views of regions B and C indicated in Fig. 15 (a4) and (a5),
respectively. The white arrows in Fig. 15 (a6) and (a7) highlight the
interface between low copper-containing IMPs and the anodic film.
Based on these observations, it is believed that a barrier layer may be
present at this interface, which could play a role in preventing corrosion
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Fig. 14. Scanning electron micrographs of the AA2024-T3 alloy after anodizing after immersion in 0.1 mol L™! NaCl solution for 24 h: (a) lower magnification image
of a region associated with a pit; (al) cross-sectional image of the area corresponding to cut C1, as indicated in (a); (b) cross-sectional image corresponding to cut C2,
as indicated in (a); (b1) higher magnification image of the dashed square in (b); (b2) EDX spectrum corresponding to point S1 indicated in (b1); (c, c1) higher
magnification images of the dashed square in (b). Red and white arrows in (b1, ¢, c1) indicate intermetallic particles containing Si and the corroded substrate,
respectively. The yellow arrow in (a) highlights the modified anodic film surrounding the crack. Image (a) was obtained in backscattered electron (BSE) mode at an
accelerating voltage of 20 kV, while images (al-c) were acquired in both BSE and secondary electron (SE) modes at an accelerating voltage of 1.5 kV.

initiation.

A comprehensive understanding of both the composition and dis-
tribution of IMPs is crucial to optimizing the performance of anodized
alloys. The high-copper-containing IMPs play a critical role in the
initiation of corrosion in anodized aluminium alloys. In contrast, the
absence of significant corrosion around low-copper-containing IMPs in
the AA7475-T761 alloy suggests that variations in copper-containing
IMPs, as well as the size of the particles, are crucial factors in deter-
mining the corrosion resistance of anodized aluminium alloys. Addi-
tionally, the presence of silicon in high-copper-containing IMPs,
particularly in the AA2024 alloy, must also be considered, as it can
further influence the anodizing behaviour and subsequent corrosion
resistance.

4. Discussion

The microstructure of the aluminium alloys is crucial in determining
both the formation of anodic films and the subsequent corrosion resis-
tance of the anodized alloys. Based on the observation above, a corro-
sion hierarchy for the anodized alloys investigated has been established,
as illustrated in Fig. 16.
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The increased density of IMPs not only leads to a decrease in the
quality of the anodic film but also significantly raises the number of
corrosion-prone sites, depending on their location relative to the film.
An increase in IMP density directly correlates with a higher number of
defects in the anodic film, which consequently leads to a greater number
of corrosion sites, as indicated by the arrows in Fig. 16.

Our previous study [113] demonstrated that the AA2024-T3 alloy
has the highest IMP density, with 3472 + 157 particles/mm?, as well as
the second-largest average particle size of 3.9 + 2.6 um, and the highest
surface area coverage of 1.4 %. The AA2198 alloys, in both T8 and T851
tempers, exhibit intermediate values, with the T8 condition having a
higher density (1948 + 242 particles/mm?) compared to T851 (1389
+ 149 particles/mm?), while both conditions show similar average
particle sizes and surface coverage. Finally, the AA7475-T761 alloy has
the lowest particle density, with 626 + 75 particles/mm?, the smallest
average particle size of 3.7 + 2.94 um, and the lowest surface coverage
of 0.14 %. These findings indicate that alloys with a higher density of
IMPs, such as AA2024-T3, exhibit a greater likelihood of pit formation
due to the increased number of defects, resulting in more corrosion sites
when exposed to an aggressive environment (Fig. 3).

The triangular diagram in Fig.17 further illustrates the influence of
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Fig. 15. Scanning electron micrographs of the anodized AA7475-T761 aluminium after immersion in 0.1 mol L™ NaCl solution for 24 h: (a) surface image; (al)
cross-sectional image corresponding to cut C1 indicated in (a); (a2) higher magnification of region A indicated in (al); (a3) EDX spectrum corresponding to point S1
in (a2); (a4, a5) higher magnification of the dashed regions in (a2); (a6, a7) higher magnification views of regions B and C indicated in (a4) and (a5), respectively.
The white arrows in (a6) and (a7) indicate the interface between low copper-containing intermetallic particles (IMPs) and the anodic film. Image (a) was obtained in
backscattered electron (BSE) mode at an accelerating voltage of 20 kV, while images (al, a2, and a4-a7) were acquired in both BSE and secondary electron (SE)

modes at an accelerating voltage of 1.5 kV.

IMP chemical composition and location on the corrosion resistance of
anodized alloys, highlighting that high-copper-containing IMPs are
more detrimental than silicon-containing ones. Although Si-containing
IMPs in the AA2024-T3 alloy can also generate discontinuities at the
film/alloy interface depending on their location, our study demon-
strated that high-copper-containing IMPs have a more significant impact
on reducing the corrosion resistance of the alloys (Fig. 4).

The relationship between the chemical composition, location of
IMPs, and corrosion susceptibility of anodized alloys is crucial. IMPs
situated at the film/alloy interface are more likely to cause localized
corrosion (Fig. 6), whereas those within the film or on the surface have
minimal or no detrimental effect (Figs. 4 and 11). The dissolution of
high-copper-containing IMPs creates micrometric defects that serve as
preferential sites for corrosion initiation (Fig. 12). These defects facili-
tate electrolyte penetration and exposure of the substrate, accelerating
the onset of localized corrosion. This trend correlates with the number of
IMPs, with AA2024-T3 being the most affected, followed by the Al-Cu-Li
alloys (AA2198) and, to a lesser extent, the Al-Zn-Mg alloy (AA7475-
T761).

As indicated in Fig. 16, there is a clear sequence for the development
of pits in anodized alloys. Up to 24 h, corrosion manifests predominantly
as circular pits (Figs. 6 and 8). After 48 h, a transition phase is observed,
which varies across different alloys. Notably, only the AA7475-T761
alloy exhibited intergranular corrosion (IGC) at this stage (Fig. 8).
Finally, after 60 h, pit morphology evolves into irregular pits, charac-
terized by the presence of IGC and crystallographic corrosion due to
local chemical changes (Fig. 9). This suggests that prolonged exposure to
aggressive environments promotes pit evolution from uniform, shallow
features to more complex morphologies involving intergranular attack
and crystallographic propagation mechanisms. This evolution strongly
depends on the historical processing characteristics of each alloy and its
microstructural features [137-140], which influence the susceptibility
to localized corrosion and the overall material deterioration process
[141-143].

When evaluating the corrosion resistance of anodic films, the barrier
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film serves as the primary protective component, acting as a uniform
shield that prevents contact between the substrate and corrosive envi-
ronments [144]. In contrast, the porous film, while not directly
contributing to corrosion resistance, plays an important role in appli-
cations such as enhancement of coating adhesion or sealing [145].
Corrosion protection, therefore, largely depends on the integrity of the
barrier layer. Studies on anodizing of the AA2050 alloy, conducted
under the same anodizing parameters used in this work, demonstrated
that, although increasing anodizing time results in a thicker porous film,
it does not substantially improve corrosion resistance [29]. The presence
of defects at the film/alloy interface, particularly those caused by
dissolution of high-copper-containing IMPs, is the most critical factor.
This finding is consistent with the behaviour observed for the
AA7475-T761 alloy, with the thickest anodic film compared to the other
alloys (as reported in Fig. 2), and superior corrosion resistance (Fig. 3).
The determining factor was the lowest density of high-copper-content
IMPs, resulting in fewer critical defects in the barrier layer. In
contrast, alloys such as AA2024-T3 and AA2198, which have a higher
density of these IMPs, are more susceptible to corrosion due to the
increased number of defects at the film/alloy interface.

Another relevant aspect to consider is the presence of low-copper-
containing IMPs in the AA7475-T761 alloy. Even when located at the
film/alloy interface (Fig. 15), these particles did not negatively affect
corrosion resistance. Although these particles exhibit a lower anodizing
rate (as reported in Fig. 2), the oxides formed on them can be relatively
stable, contributing to the integrity of the surrounding film. These stable
oxides may compensate for the reduced film thickness in these regions,
thus preventing localized corrosion. This phenomenon was also
observed for the AA2099 alloy, under anodizing conditions similar to
those in this work, where the authors suggested that transforming high-
copper-containing IMPs into low-copper-content ones could enhance the
corrosion resistance of anodized alloys [36]. Eliminating or minimizing
high-copper-content particles would be the most effective strategy to
prevent the formation of cavities and, consequently, improve the
corrosion resistance of the anodic film without the need for additional
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Fig. 16. Corrosion hierarchy for the anodized aluminium alloys tested in this study, based on the results reported.

treatments, such as sealing. However, while the transformation from
high-copper-content to low-copper-containing IMPs has been mentioned
as a possibility, the study did not provide details on the methods to
achieve this transformation. For practical application, it is crucial to
investigate the feasibility and effectiveness of these methods under real
production conditions, considering the full processing history of the
alloy. Such an approach would be particularly advantageous for alloys
like AA2198, which contain only one type of IMP. Up to now, no studies
in the literature have addressed methods for transforming
high-copper-content (> 12 wt% Cu) IMPs into low-copper-content (<
7 wt% Cu) ones.

Based on the findings of this study, along with information from the
literature [8], it is evident that high-copper-containing IMPs play a
critical role in reducing the corrosion resistance of anodic films. The
formation of defects and discontinuities associated with the dissolution
of these IMPs during the anodizing process significantly decreases the
protective properties of the anodic film. As a result of these findings, a
comprehensive corrosion mechanism is proposed that considers the
micrometric defects induced by high-copper-containing IMPs. This
mechanism traces the origin of these defects to the development of
localized corrosion in aluminium alloys, highlighting their key charac-
teristics, as illustrated in Fig. 17.

The surface preparation for anodizing (mechanical grinding followed
by polishing with diamond suspension) reveals the presence of

constituent intermetallic particles (IMPs) in the aluminium alloy, which
appear as bright spots due to the high atomic numbers of the elements
they contain (stage 1), as addressed in Fig. 1.

At higher magnification, the dashed region (C1) from stage 1 pro-
vides a cross-sectional view, showing an IMP on the surface, and a
second one just below the surface within the alloy. An air-formed film is
also observed, interrupted by the surface IMP (stage 2).

In stage 3, a cross-sectional view of the region during anodizing in
the TSA solution is analysed. The anodic oxidation process involves ion
migration through a thin anodic film under the influence of an electric
field. Approximately 40 % of the film thickness forms at the film/elec-
trolyte interface, with the remaining 60 % generated at the metal/film
interface (as indicated by the red dashed square) [147]. Due to high
concentrations of Cu, Fe, Mg, Mn, and Li, IMPs in contact with the
anodizing electrolyte oxidize more rapidly than the aluminium matrix or
form highly soluble oxides. This process results in cavities (defects) on
both the surface (a) and at the film/alloy interface (b), ultimately
leading to a non-uniform anodic film thickness (stage 4).

Surface cavities do not significantly contribute to localized corrosion
initiation (Fig. 13), as the underlying barrier layer beneath these cavities
remains compact, similar to the barrier layer formed by the alloy matrix.
However, if an IMP fully dissolves, the barrier layer develops defects,
causing discontinuities in the anodic film. These defective regions at the
film/alloy interface become vulnerable to localized corrosion initiation,
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Fig. 17. Schematic diagrams illustrating defect formation during anodizing and its influence on localized corrosion in aluminium alloys exposed to a corrosive
electrolyte. The diagrams show: (1) a polished alloy surface with high-copper-containing IMPs; (2) a cross-sectional view of the dashed region in (1), corresponding to
cut C1; (3) the anodizing process, highlighting intermetallic dissolution on the surface and below the alloy matrix; (4) the final cross-sectional view after anodizing,
showing defects at the surface and the film/alloy interface; (5) penetration of the corrosive electrolyte through the anodic film; (6) a higher magnification of the
dashed region in (5), illustrating localized corrosion initiation at the defect site on the film/alloy interface; (7-9) corrosion propagation in all directions, affecting
both lateral and depth profiles of the anodic film and leading to crack formation and progression; (10) copper nanoparticle redeposition as a result of Cu ions in the
electrolyte near the exposed alloy; (11) a surface view of the anodic film after immersion testing, corresponding to the dashed region in (1); (12) a cross-sectional
view corresponding to cut C2 in (11); (13-17) characteristics of corrosion sites and surface analysis after immersion testing and film stripping. This mechanism is
supported by both our findings and existing literature [8,29-31,33,36,116,117,146].

allowing direct contact between the substrate and the corrosive envi-
ronment. This process is shown in stage 6, which provides a magnified
view of the dashed region (A) from stage 5.

The progression of localized corrosion at the film/alloy interface is
demonstrated, with corrosion products diffusing through anodic film
pores, leading to structural modification (stage 7). As the corrosive
process advances (stages 8 and 9), the modified anodic film forms a solid
spherical structure that appears elliptical on the surface (Fig. 6) and
semi-elliptical in cross-section (Fig. 12). Over time, the accumulation of
corrosion products causes volumetric expansion stress, resulting in
cracks that allow the corrosive environment to reach the substrate.

Local electrochemical processes within the cavities can lead to cop-
per (Cu) nanoparticle deposition on their walls (Fig. 12 (d-d2)), illus-
trated in dashed square B in stage 9, and further enlarged in stage 10. As
shown schematically in stage B1 and in the literature [146], aluminium
oxidation at anodic sites releases Al** and Cu®* ions. When Cu®** con-
centration reaches a critical level, these ions reduce and deposit as
metallic copper at cathodic sites. During this process, electrons from
aluminium oxidation move to the cathodic sites, where they reduce Cu*
ions, completing the circuit leading to copper redeposition. Cu redepo-
sition is intensified at the film/alloy interface in Cu-rich regions formed
during anodizing, which act as nanocathodes, further promoting copper
redeposition from the matrix during corrosion [131].

After immersion test, a corrosion site as pit, with circular
morphology, is observed, surrounded by a modified anodic film and
cracks from oxide dehydration in this area during drying. This feature is
located in a previously defect-free region on the oxide surface (Fig. 6),
illustrated in stage 11, where a magnified view of the red dashed square
in stage 1 is shown after immersion testing.

In stage 12, a higher magnification of the dashed region (C2) in stage
11 provides a cross-sectional analysis of the surface defect (R1 -
uncorroded) and localized attack (R2 - corroded) areas. Corrosion is
observed only in regions associated with defects at the film/alloy
interface (Fig. 12), with no substrate attack beneath the surface defect
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(Fig. 13).

At lower magnification, the surface of the anodized sample post-
immersion test is shown (stage 13), revealing corroded sites and
cracks surrounded by a modified anodic film. Dashed circles R1 and R2
indicate the region shown in stage 11, highlighting both uncorroded and
corroded areas. After film removal (stage 14), the pit morphology and
extent become evident, and at higher magnification (dashed square C),
the circular shape of the pit is observed (stage 15). In dashed square D, a
high magnification analysis of the corroded (dashed circle E) and
uncorroded (dashed circle F) regions reveals a porous substrate in the
corroded areas, while intact regions display a scalloped surface (Fig. 8),
as presented in stage 16.

Stage 17 presents a higher magnification of the dashed region H in
stage 14, showing crystallographic corrosion within the cavity (dashed
circle G). Considering the microstructural characteristics of the alloys,
these cavities formed during prolonged immersion serve as preferential
sites for corrosion propagation, including crystallographic corrosion
(Fig. 9), which is strongly influenced by the thermomechanical history
of the alloy [137,148]. As a result, the effectiveness and long-term
durability of the anodic films under service conditions are deteriorated.

One aspect not addressed in the schematic diagram presented in
Fig. 17 is the size of the IMPs. Observations indicate that IMPs exceeding
the anodic film thickness can directly expose the alloy substrate. This
phenomenon is particularly observed in the AA2024-T3 alloy (Fig. 14)
but is also relevant to other alloy systems. In this context, IMP size is a
critical parameter to consider for each alloy type, as particle charac-
teristics vary significantly across aluminium alloys depending on pro-
cessing conditions and thermomechanical treatments [137,149].

Research on corrosion mechanisms in anodized aluminum alloys
indicates that traditional analysis methods may not capture the full
complexity of the phenomenon. Currently, no studies have investigated
the corrosion resistance of these alloys in a three-dimensional perspec-
tive. While some studies have used 3D reconstructions to analyse
micrometric-scale defect formation [36] this technique has rarely been
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applied to corrosion sites, focusing instead on uncoated alloys
[150-153]. Most analyses, including those in this study, are limited to
two-dimensional observations, which may not fully reveal the com-
plexities inherent to corrosion processes. In this context, adopting
three-dimensional volumetric reconstructions could provide significant
advantages, offering deeper insights into the initiation and propagation
of corrosion and enhancing the development of aluminium alloys with
improved corrosion resistance.

5. Conclusions

a) The corrosion resistance of anodized aluminium alloys studied in the
present work, including AA2024-T3, AA2198-T8, AA2198-T851, and
AA7475-T761, is largely influenced by the population, composition
and size of constituent intermetallic particles in the alloys.

In all alloys, localized corrosion initiates at defects formed at the
film/alloy interface due to the dissolution of high-copper-containing
particles (> 12 wt% Cu) during anodizing. These defects compro-
mise the integrity of the protective barrier film, exposing the un-
derlying substrate alloy to corrosive environment, enabling
corrosion initiation. Further, cavity defects located at the film sur-
face or within the anodic film but away from the film/alloy interface,
do not act as corrosion initiation sites.

¢) During prolonged exposure, corrosion propagates from the initiation
sites inward and laterally under anodic films, resulting in localized
corrosion in the forms of crystallographic dissolution or intergran-
ular corrosion, which appear as circular corrosion features on anodic
film surface. The corrosion propagation mechanism and rate are
independent of the anodic film resistance but determined by the
microstructure of bulk alloys.

In the AA2024-T3 alloy, corrosion initiation occurs not only at cavity
defects formed from the dissolution of high-copper-containing par-
ticles located at the film/alloy interface, but also at partially dis-
solved Si-containing particles located at the film/alloy interface,
which expose the alloy substrate to corrosive environment.

In the AA7475-T761 alloy, low-copper-containing particles (< 7 wt
% Cu) do not significantly compromise the corrosion resistance of the
anodized alloy, indicating that the barrier layer formed over these
low-copper-containing particles is sufficiently compact to protect the
underlying alloy.
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