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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• High-copper-containing IMPs dissolve 
rapidly and form micrometric 
cavities.

• Low-copper-containing IMPs remain 
partly embedded in the anodic film.

• Defect size and depth correlate with 
IMP copper content and particle size.

• Low-Cu IMPs form highly porous 
anodic films due to slow oxidation.
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A B S T R A C T

In the present study, anodic film formation on high-strength aluminium alloys (AA2024-T3, AA2198-T8, 
AA2198-T851 and AA7475-T761) in tartaric–sulfuric acid (TSA) is investigated, with focus on defects induced 
by the dissolution of constituent intermetallic particles (IMPs) during anodizing. High-copper-containing IMPs 
dissolve rapidly, generating micrometer-sized cavities in resultant anodic films. In contrast, Fe–Mn–Si (Cu) IMPs 
in AA2024-T3 and low-copper-containing IMPs in AA7475-T761 exhibit slower dissolution rate than high- 
copper-containing ones, resulting in locally modified porous morphology and non-uniform film thickness. 
Further, it is observed that the morphological and compositional uniformity of resultant anodic films are largely 
affected by the size, location and composition of IMPs.

1. Introduction

Research on the anodizing of aluminium alloys has increasingly 

focused on the impact of constituent intermetallic particles (IMPs) on 
anodic film formation [1–25]. Reducing the size or quantity of these 
IMPs, formed during alloy production, remains technically and 
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economically challenging [26]. Consequently, understanding their 
behaviour during anodizing has become a key research interest with the 
aim of minimizing any negative impact on the integrity of anodic film. 
IMPs typically introduce defects such as discontinuities [27], cavities 
[28], and localized chemical alterations [29], consequently, compro
mising the mechanical [30], optical [31], and corrosion-resistant 
properties of the anodic films [25].

Previous studies [1–4] focused on the anodizing behaviour of IMPs 
present in AA2024 and AA7050 alloys. These studies demonstrated that 
IMP dissolution leads to surface defects in anodic films. However, while 
these investigations provided insights into the behaviour of specific 
IMPs, they did not comprehensively address the various types of defects 
that form during anodizing due to the dissolution of IMPs.

Other research focused on aluminium alloys with high silicon con
tent, specifically AA5020 (Al-Mg) [5–7], AA6060 (Al-Mg-Si) [8], and 
Al–Si foundry alloys [9]. These studies proposed schematic models to 
describe the behaviour of IMPs during anodizing [10]. However, the 
alloy-specific nature of these studies limits the broader applicability of 
their findings to complex aerospace-grade materials.

Studies on AA2024 (Al–Cu–Mg) and AA2198 (Al–Cu–Li) alloys 
showed that the complete dissolution of IMPs led to defect formation 
within anodic films [11]. However, these analyses were predominantly 
limited to surface defects on the anodic film, with little attention given 
to how these defects manifest throughout film structure. In contrast, 
work on Al–Cu–Li alloys AA2099 [12–15] and AA2050 [16] revealed 
the formation of micrometer-sized cavities within anodic films, although 
these studies primarily addressed corrosion resistance rather than 
providing detailed classifications of defect types or morphologies.

Research on 7XXX series alloys [17–22] has demonstrated that the 
defects formed in anodic films are directly influenced by the size and 
composition of the IMPs, impacting film properties. Nonetheless, a 
systematic classification of these defects remains absent, hindering a 
comprehensive understanding of their impact on anodized alloy 
performance.

Aspects concerning corrosion resistance [32] and mechanical prop
erties [33] of anodic films have recently been explored. While these 
studies contributed to the understanding of post-anodizing performance, 
they did not thoroughly explore the influence of IMPs on defect for
mation and the structural integrity of anodic films. Recently, Araujo 
et al. [34] demonstrated that IMP-related defects compromise corrosion 
resistance. However, this work did not classify the defect types or 
explore the mechanisms underlying their formation. As such, a critical 
gap persists regarding the correlation between IMP characteristics and 
the development of local defects, a key factor for predicting the 
long-term durability of anodic films.

Therefore, a systematic classification of defects induced by IMPs 
during anodizing of high-strength aluminium alloys is essential. The 
present study investigates the formation of defects in commercial 
aluminium alloys (AA2024-T3, AA2198-T8, AA2198-T851, and 
AA7475-T761) during anodizing, with a focus on classifying defects 
both, on film surface and within film. By comparing the selected alloys, 
this study will provide critical insights into how these variables affect 
the formation of anodic films.

Ultimately, this work aims to answer the following question: How do 
the chemical composition, size, and spatial distribution of IMPs influ
ence the formation and integrity of anodic films?

2. Experimental

This work investigates the anodizing behaviour of four commercially 
available aluminium alloys: AA2024-T3 (Al–Cu–Mg), AA2198-T8 and 
T851 (Al–Cu–Li), and AA7475-T761 (Al–Zn–Mg). These alloys undergo 
different thermal and mechanical treatments, including solution heat 
treatment, cold working, and aging. In particular, AA2198-T851 in
cludes an additional stretching step, while AA7475-T761 undergoes 
stress-relieving. The elemental compositions of the alloys were analyzed 

using inductively coupled plasma optical emission spectroscopy (ICP- 
OES), as detailed in Table 1.

For all experiments, the specimens were mechanically ground using 
P800, P1200, P2400, and P4000 grit silicon carbide papers, followed by 
sequential polishing with 3 μm and 1 μm diamond suspension. After 
polishing, they were thoroughly rinsed with deionized water and dried 
with cold air.

Anodizing was carried out in a tartaric-sulfuric acid (TSA) electrolyte 
[36] containing 0.46 mol L− 1 sulfuric acid and 0.53 mol L− 1 tartaric 
acid, maintained at 37 ± 1 ◦C under continuous stirring using a mag
netic stirrer. Each sample had an exposed surface area of 1 cm2, with a 
platinum mesh (6 cm × 10 cm) as the counter electrode. A constant 
voltage of 14 V was applied for 20 min. The conditions are similar to that 
used in the aerospace industry [25].

Sample preparation for cross-sectional analysis involved two tech
niques: mechanical bending [37,38] and ultramicrotomy [27]. In the 
bending method, a notch was introduced on the back of the specimen, 
which was then carefully bent using pliers to expose a clean 
cross-section while ensuring the anodized film remained outside the 
bending zone. For ultramicrotomy, thin cross-sections were prepared 
using a Leica Ultracut instrument with a diamond knife.

Surface characterization was performed using atomic force micro
scopy (AFM) and scanning electron microscopy (SEM). AFM analyses, 
used exclusively for surface examination, were conducted with a 
Nanoscope IIIa multimode microscope in tapping mode, with measure
ments taken at room temperature under 30–55 % relative humidity. 
Data was processed using NanoScope Analysis® 1.5 software to evaluate 
surface topography before and after anodizing. SEM imaging was used 
for both surface and cross-sectional analysis. A Quanta 650 microscope, 
operating at 20 kV and equipped with an energy-dispersive X-ray 
spectroscopy (EDX) system, was employed for compositional analysis, 
while a Zeiss Ultra 55 microscope at 1.5 kV provided high-resolution 
cross-sectional images.

3. Results

3.1. Anodizing behaviour of constituent intermetallic particles (IMPs): 
surface analysis

Fig. 1 presents scanning electron micrographs of the studied 
aluminum alloys.

Fig. 1 (a1–d1) shows the mechanically polished surfaces of the alloys 

Table 1 
– Chemical composition of the alloys (wt%) obtained by inductively coupled 
plasma optical emission spectrometry (ICP-OES).

Elements Aluminium alloys

2024-T3 2198-T8 2198-T851 7475-T761

Al Balance
Cu 4.8 

(3.8–4.9)
3.34 (2.9–3.5) 3.31 (2.9–3.5) 1.52 (1.2–1.9)

Mg 0.59 
(1.2–1.8)

0.31 
(0.25–0.80)

0.31 (0.25–0.80) 1.8 (1.9–2.6)

Mn 0.52 
(0.3–0.9)

0.003 (≤ 0.50) 0.003 (≤ 0.50) 0.05 (≤0.06)

Li – 0.95 
(0.81–1.1)

0.96 (0.81–1.1) –

Fe 0.18 (≤ 0.5) 0.04 (≤ 0.10) 0.04 (≤ 0.10) 0.07 (≤ 0.12)
Zn 0.11 (≤ 

0.25)
0.006 (≤ 0.35) 0.006 (≤ 0.35) 6.10 (5.2–6.2)

Si 0.07 (≤ 0.5) 0.04 (≤ 0.08) 0.03 (≤ 0.08) 0.03 (≤ 0.06)
Zr – 0.05 

(0.04–0.18)
0.05 (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 [35] for the aluminium alloys.
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before anodizing, highlighting the presence of IMPs, which appear as 
bright regions due to their higher atomic number. The dashed square 
regions (1–6) indicate higher-magnification areas, allowing for a 
detailed analysis of these particles before and after anodizing. After 5 s 
of anodizing, the corresponding images in Fig. 1 (a2–d2) reveal 
morphological changes in the IMPs.

The composition of the alloy matrix and IMPs, both before and after 
anodizing, was determined using EDX analysis, as presented in Table 2. 
The measurements were taken at specific locations (L1–L20 in Fig. 1), 
covering both the matrix and the IMPs in the studied alloys (AA2024-T3, 
AA2198-T8, AA2198-T851, and AA7475-T761). Before anodizing, the 
matrix regions (locations L3, L7, and L12 in Table 2) exhibit a high Al 
content (>90 wt%), with minor amounts of Cu, Mg, and Zn, depending 
on the alloy composition.

Regarding the IMPs, distinct compositions were observed across the 
different alloys. In AA2024-T3, the Al–Cu–Mg and Al–Cu–Fe–Mn–Si 
phases (locations L1 and L2 in Table 2). In the Al–Cu–Li alloys (AA2198- 
T8 and AA2198-T851), the identified IMPs (locations L7 and L11 in 
Table 2) consisted primarily of Al–Cu–Fe phases, which are commonly 
found in these alloys [39]. In AA7475-T761, two distinct types of IMPs 
were identified: the first type, observed at location L16 in Table 2, 
corresponds to Al–Cu–Fe with a relatively high-copper-content (29.8 wt 
%), while the second type, found at location L15 in Table 2, consists of 

Al–Cu–Fe with significantly lower-copper-content (5.6 wt%). These 
findings align with a recent study on the characterization of IMPs, which 
confirmed that all IMPs in AA2024-T3 and Al–Cu–Li alloys contain high 
copper levels (>12 wt%), whereas in AA7475-T761, IMPs exhibit either 
high (>12 wt%) or low (<6 wt%) copper content [40].

After anodizing, oxide flakes were observed at the locations of high- 
copper-containing IMPs, as indicated by the dashed squares (2, 3, 4, and 
5) in Fig. 1 (a2). The anodic film formed on these particles protrudes 
outward and exhibits cracking, suggesting a porous nature. According to 
the literature [41], under the same anodizing conditions used in this 
study, a porous anodic film had not yet developed on the alloy matrix 
after 5 s of anodizing. Therefore, the distinct features observed in Fig. 1
suggest that high-copper-containing IMPs undergo preferential anod
izing compared to the surrounding matrix, which could explain the 
higher O levels detected over these particles after anodizing (locations 
L5, L9, L13, and L19 in Table 2).

In contrast, Si-containing IMPs in AA2024-T3 and low-copper- 
containing IMPs in AA7475-T761 (dashed squares 1 and 6, respec
tively, in Fig. 1 (a2, d2)) remained intact after anodizing, indicating 
their low reactivity during the initial stages of the anodizing process. 
This behaviour is further supported by EDX analysis (locations L4 and 
L18 in Table 2), where minimal variations in alloying elements and low 
oxygen concentrations suggest reduced reactivity of these particles in 
the anodizing environment.

Another noteworthy aspect observed in Fig. 1 (a2–d2) is that not all 
IMPs underwent anodizing, as this phenomenon appears to be influ
enced by the size, type, and location of the IMPs within the alloy.

The results in Fig. 1 demonstrate that IMP composition plays a 
crucial role in their behaviour during anodizing. High-copper- 
containing IMPs undergo greater elemental depletion, contributing to 
localized defects in the anodic film. In contrast, Si-containing IMPs in 
AA2024-T3 and low-copper-containing IMPs in AA7475-T761 exhibit 
higher stability, potentially reducing dissolution-induced defects. These 
findings, obtained after 5 s of anodizing, provide insight into the initial 
interactions between IMPs and the forming anodic film. However, in
dustrial anodizing processes typically involve significantly longer du
rations [42]. To evaluate the long-term impact of IMP composition 
under more representative conditions, Fig. 2 presents the behaviour of 
IMPs after 20 min of anodizing [43].

Fig. 2 presents scanning electron micrographs of the studied 
aluminum alloys before anodizing (a1–d1) and after anodizing (a2–d2) 
for 20 min. The dashed squares (1–8) indicate higher-magnification 
regions, highlighting areas containing IMPs before and after anodizing.

As in Fig. 1, the composition of the matrix before anodizing is re
ported at locations L4, L11, L17, and L23 in Table 3. In AA2024-T3, 
three types of IMPs were identified: Al–Cu–Mg, Al–Cu–Fe–Mn, and 
Al–Cu–Fe–Mn–Si, as indicated at locations L1, L2, and L3 in Table 3. All 
these phases are high-copper-containing IMPs. Although the 
Al–Cu–Fe–Mn phase was not specifically mentioned in Fig. 1, its pres
ence in this alloy is confirmed by compositional analysis, consistent with 
previous studies [41]. In the Al–Cu–Li alloys (AA2198-T8 and 
AA2198-T851), high-copper-containing IMPs were identified at loca
tions L5, L6, L9, and L10 in Table 3. In contrast, in AA7475-T761, both 
high-copper-containing IMPs (location L21 in Table 3) and 
low-copper-containing IMPs (location L22 in Table 3) were identified.

After anodizing, differences were observed between regions with and 
without IMPs. In the matrix regions (locations L8, L14, L20, and L26 in 
Table 3), a higher concentration of O and S was detected compared to 
the values reported in Table 2. This increase is likely attributed to the 
longer anodizing duration, which promotes further anodic film growth 
and sulfur incorporation into the film [42].

A common characteristic observed across all studied alloys is the 
behaviour of high-copper-containing IMPs after anodizing. In Fig. 2
(a2–d2), a reduction in Cu, Fe, Mg, and Mn content, accompanied by an 
increase in O and S concentrations, was identified (locations L5, L6, L12, 
L13, L18, L19, and L25 in Table 3), indicating the rapid dissolution of 

Fig. 1. – Scanning electron micrographs of aluminium alloys at lower magni
fication, before (a1–d1) and after (a2–d2) anodizing for 5 s. The red dashed 
squares (1–5) indicate higher magnification regions containing constituent 
intermetallic particles (IMPs) before and after anodizing. All images were ac
quired in backscattered electron (BSE) mode at an accelerating voltage of 20 
kV. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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these particles during anodizing. This phenomenon is associated with 
element migration dynamics and varying degrees of enrichment at the 
particle/anodic film interface.

The high-copper-containing IMPs dissolved during anodizing, 
generating micrometric cavities in the anodic film that retained the 
original shape of the particles. These features, indicative of the complete 
dissolution of the IMPs, are clearly visible in Fig. 2 (a1–d1), as indicated 
by the white arrows within the dashed squares.

Fig. 1 (a2 and d2) shows that some IMPs in AA2024-T3 and AA7475- 
T761 exhibited notable resistance to dissolution, even after prolonged 
anodizing. In Fig. 2, Si-containing IMPs (dashed square 3 in Fig. 2 (a1)) 
and low-copper-containing IMPs (dashed square 8 in Fig. 2 (d2)) 
remained as residual IMPs after the extended anodizing time. These 
remnant particles are indicated by the yellow arrows in Fig. 2 (a1 and 
d1). EDX analysis at locations L7 and L24 in Table 3 confirms the 
presence of Si in AA2024-T3 and Cu in AA7475-T761, with low O and S 
concentrations, indicating a significantly slower dissolution rate for 
these particles.

Given that low-copper-containing IMPs are exclusive to AA7475- 
T761, their dissolution behaviour requires further investigation. The 
influence of Cu content on IMP stability during anodizing has been 
previously explored in the literature [34,41], as copper variation can 
significantly alter the electrochemical response of these particles. Based 
on these findings, Fig. 3 provides a more detailed analysis of the anod
izing behaviour of AA7475-T761, focusing on the morphological 
changes in low-copper-containing IMPs after anodizing and anodic film 
stripping.

The white arrow in Fig. 3 (a) indicates a low-copper-containing IMP, 
whose chemical composition is confirmed by EDX analysis (locations L1 
and L2 in Table 4). Notably, this IMP contains a region of the alloy 
matrix within its structure, appearing as a darker area inside the IMP, 
with a contrast similar to that of the surrounding matrix. This contrast 
difference is attributed to the lower atomic weight of the matrix ele
ments compared to those in the IMP.

During anodizing, an anodic film formed above the IMP, as high
lighted by the dashed white arrow in Fig. 3 (b). EDX analysis (locations 
L3 and L5 in Table 4), corresponding to the anodic film above the IMP 
and the surrounding matrix, respectively, reveals lower O and S con
centrations in the film formed over the IMP compared to the matrix. This 
observation aligns with the results reported in dashed squares 5 and 8 in 

Figs. 1 and 2, suggesting that anodic film formation above the IMP oc
curs at a slower rate, likely due to the lower dissolution kinetics of this 
specific phase.

Interestingly, the region of matrix contained within the IMP, 
observed in Fig. 3 (a), appears brighter within the anodic film above the 
IMP after anodizing. EDX analysis (location L4 in Table 4) confirms the 
presence of Cu and Fe in this region, with low concentrations of O, 
suggesting that this portion of the IMP was initially embedded below the 
surface of the matrix. During anodizing, as the IMP dissolved and the 
matrix above it was consumed, the previously contained region of the 
IMP became exposed. Since this area was not in direct contact with the 
electrolyte during the early stages of anodizing, its dissolution was 
slower, leading to its retention above the anodic film.

To further investigate this feature, the anodic film above the IMP was 
removed by immersion in ultrapure distilled water under ultrasonic 
agitation, as shown in Fig. 3 (c). After the removal of the anodic film, the 
IMP becomes clearly visible beneath it, as highlighted by the white 
dotted arrow in Fig. 3 (c). Due to its higher atomic weight compared to 
the surrounding anodic film, it appears brighter in the BSE image. EDX 
analysis (location L6 in Table 4) confirms the chemical composition of 
this low-copper-containing IMP, whereas EDX analysis (location L7 in 
Table 4), corresponding to the surrounding matrix, reveals an increase 
in oxygen levels, likely due to anodic film hydration during the ultra
sonic treatment. The lack of film removal in the adjacent matrix region 
suggests that the anodic film formed above the IMP exhibited lower 
adhesion compared to the film formed on the IMP-free matrix region, 
indicating differences in film properties depending on the underlying 
phase composition.

Given that high-copper-containing IMPs are present in all studied 
alloys and exhibit distinct dissolution behaviour during anodizing, a 
more detailed analysis of these particles was conducted. Fig. 4 provides a 
comprehensive evaluation of the morphological and compositional 
changes in these phases.

Fig. 4 (a1–d1) displays the surfaces of the aluminum alloys before 
anodizing, while Fig. 4 (a2–d2) shows the same areas after anodizing. 
The dashed squares highlight specific regions of interest, focusing on 
IMPs before anodizing (1, 3, 5, and 7) and after anodizing (2, 4, 6, and 
8).

As observed on the alloy surfaces prior to anodizing (Fig. 4 (a1–d1)), 
IMPs were present across all alloys. After the anodizing process (Fig. 4

Table 2 
– EDX locations indicated in Fig. 1 (wt%).

Aluminium Alloys Test condition of surface Location of EDX points Elements

Al Cu Fe Mg Mn O S Si Zn

AA2024-T3 Before anodizing L1 61.1 20.1 11.2 – 5.3 – – 2.3 –
L2 53.6 30.1 – 16.2 – – – – –
L3 94.8 3.7 – 1.5 – – – – –

After anodizing L4 79.3 6.1 2.4 – – 9.7 0.6 1.9 –
L5 75.5 0.6 – 0.3 – 22.4 1.2 – –
L6 79.3 1.1 – – – 18.2 1.2 – –

AA2198-T8 Before anodizing L7 57.3 31.2 11.5 – – – – – –
L8 95.8 3.8 – 0.4 – – – – –

After anodizing L9 62.4 9.6 5.2 – – 21.7 1.1 – –
L10 81.9 0.6 – – – 16.4 1.1 – –

AA2198-T851 Before anodizing L11 48.7 38.6 12.7 – – – – – –
L12 95.8 4.2 – – – – – – –

After anodizing L13 71.7 3.1 0.5 – – 23.4 1.3 – –
L14 79.7 0.5 – – – 19.1 1.2 – –

AA7475-T761 Before anodizing L15 79.2 5.7 15.1 – – – – – –
L16 51.3 29.8 18.9 – – – – – –
L17 90.1 1.8 – 2.1 – – – – 5.9

After anodizing L18 75.7 5.6 14.9 – – 3.8 – – –
L19 70.2 2.1 0.5 – – 25.8 1.4 – –
L20 75.9 0.9 – – – 20.1 1.2 – 1.9

* Lithium cannot be detected by the EDX employed in the present work. The compositions were determined from representative point analysis of constituent 
intermetallic particles (IMPs). A comprehensive statistical analysis, including uncertainties and standard deviations based on more than 50 particles per alloy, has been 
published in our previous work [40].
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(a2–d2)), the dissolution of these particles led to the formation of cav
ities in the anodic film of all studied alloys. The population densities of 
these surface cavities in AA2024-T3, AA2198-T8, AA2198-T851, and 
AA7475-T761 followed the order: 3.9 × 103, 2.7 × 103, 2.1 × 103, and 
7.2 × 102 per cm2, respectively. This trend is consistent with the IMP 
distribution previously reported in the literature [40], which demon
strated that AA2024-T3 contains the highest number of 
high-copper-containing IMPs, followed by the AA2198 alloys and finally 
AA7475-T761. Consequently, alloys with a higher number of 
high-copper-containing IMPs exhibit a higher number of cavities in the 
anodic film after anodizing.

The dashed squares in both sets of images highlight areas that, at 
higher magnification, reveal the dissolution of IMPs, as confirmed by the 
EDX maps (Fig. 4(e and f)). These maps show high Cu and Fe concen
trations in the IMPs before anodizing, whereas after the process, a sig
nificant increase in O and Al is observed, indicating the formation of the 
anodic film. This behaviour can be explained by the faster migration 
rates of Fe, Mn, and Cu compared to Al [11]. The selected regions, 
highlighted by the dashed squares before (Fig. 4 (a1–d1)) and after 
(Fig. 4 (a2–d2)) anodizing, were further analyzed to investigate the 
morphology of the dissolved IMP sites.

Fig. 5 provides a detailed examination of the cavities formed by the 

dissolution of high-copper-containing IMPs, offering a comprehensive 
understanding of their morphological features and surface topography. 
To enhance the visualization of these regions, dashed squares 2, 4, 6, and 
8 were analyzed in secondary electron (SE) mode at a reduced acceler
ating voltage.

In Fig. 5 (a1–d1), the bright areas observed in the cavity regions 
result from electron beam charging, caused by discontinuities in the 
anodic film due to the dissolution of IMPs. When the accelerating 
voltage is reduced to 1.5 kV, the cavities formed by the dissolved IMPs 
become more distinct (Fig. 5 (a2–d2)). At higher magnifications, as 
highlighted by the red dashed squares (1–8) in Fig. 5 (a3–d4), 
morphological variations associated with the shape of the dissolved 
IMPs during anodizing are evident. These variations lead to protrusions 
on the anodic film surface.

Table 5 presents the average depth of these cavities, measured by 
AFM for 20 cavities in each alloy.

The cavity depth values correspond to the size of the IMPs within the 
alloy matrix, indicating that relatively large intermetallic particles can 
expose the underlying alloy or reduce the thickness of the anodic film. 
This observation is further supported by the standard deviation values, 
which reveal that the cavity depths are comparable to or exceed the 
thickness of the anodic film.

A more detailed surface analysis of an aluminium alloy before and 
after anodizing, using AFM, is provided in Fig. 6. The results specifically 
focus on the AA7475-T761 alloy, where the dissolution of IMPs, 
particularly those with high-copper-containing, leads to the formation of 
surface cavities. Due to the consistent nature of this behaviour across 
different materials with high-copper-containing IMPs (Figs. 2 and 4), 
data for the other samples has not been presented in detail.

Fig. 6 (a) presents surface topography maps before and after anod
izing, focusing on a region containing IMPs and the cavities formed by 
their dissolution. The topographic profiles, represented by the red 
dashed lines below the maps, provide an analysis of the height of the 
IMPs and the depth of the resulting cavities. The protrusions within the 
cavities become more evident when the oxide surface is tilted, as shown 
in Fig. 6 (b), where the region highlighted in Fig. 6 (a) is displayed at 
higher magnification (Fig. 6 (b 1)). The discontinuity in the oxide film, 
observed in the topographic spectrum of Fig. 6 (a), becomes more pro
nounced at higher magnification (Fig. 6 (b 2)), clearly revealing the 
discontinuities in the area associated with the dissolution of the IMP.

Additionally, a cross-sectional analysis of a region containing a 
cavity was conducted, as illustrated in Fig. 6 (c). Fig. 6 (c1) provides a 
low-magnification view of the region with a defect in the oxide surface. 
At higher magnifications in the area associated with the defect (Fig. 6
(c3, c4)), the discontinuities and protrusions related to the cavity are 
evident, with a depth of ~1.1 μm, approximately one-third of the anodic 
film thickness.

Considering the results presented in Fig. 6, which suggest that the 
initial position of the IMPs influences the formation and characteristics 
of cavities in the anodic films, further cross-sectional analysis is neces
sary to better understand their spatial distribution and impact on the 
overall film integrity. This aspect is explored in the following section.

3.2. Anodizing behaviour of constituent intermetallic particles (IMPs): 
Cross-sectional analysis

Fig. 7 presents a cross-sectional analysis of the anodic films, 
providing further insight into the spatial distribution of cavities formed 
by the dissolution of IMPs and their impact on film integrity.

Fig. 7 (a) shows the cross-section of the anodic film formed on the 
AA2198-T8 alloy, with an approximate thickness of 2.8 μm in a defect- 
free region. Higher magnification images of regions A-C, shown in Fig. 7
(a1-a3), reveal cavities (1–3) associated with the dissolution of high- 
copper-containing IMPs. The distances of these defects from the alloy 
substrate vary based on the initial position of the IMPs. In Fig. 7 (a1), 
defect (1) is ~1.1 μm from the film surface and ~1.3 μm from the 

Fig. 2. – Scanning electron micrographs of aluminium alloys at lower magni
fication, before (a1–d1) and after (a2–d2) anodizing for 20 min. The red dashed 
squares (1–8) indicate higher magnification regions containing constituent 
intermetallic particles (IMPs) before and after anodizing. All images were ac
quired in backscattered electron (BSE) mode at an accelerating voltage of 20 
kV. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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substrate, suggesting an IMP initially located below the alloy surface, 
resulting in a mid-film defect. In Fig. 7 (a2), a distance of ~2.2 μm from 
defect (2) to the substrate suggests an IMP originally at the alloy surface, 
producing a defect near the anodic film surface. Defect (3) in Fig. 7 (a3)
is ~1.7 μm from the substrate, indicating an IMP closer to the surface 
that became occluded within the film during anodizing. These obser
vations indicate that the initial position of IMPs in the aluminium matrix 
influences the final location of defects in the anodic film. Additionally, 
the original defect sizes, ranging from 0.5 to 1 μm, suggest that smaller 
IMPs may lead to less significant discontinuities in the film.

In contrast, Fig. 7(b–e) shows cross-sections of anodic films for 
various aluminium alloys, where defect depths and sizes often exceed 
the film thickness. In Fig. 7 (b), the AA2024-T3 alloy shows a cavity of 
9.1 μm in size and 2.9 μm in depth, exceeding the 2.3 μm film thickness. 
Similarly, Fig. 7 (c) shows the AA2198-T8 alloy with a cavity of 10.2 μm 
and a depth of 2.8 μm, exceeding the defect-free film thickness of 2.7 μm. 
In Fig. 7 (d), the AA2198-T851 alloy has a cavity of 6.1 μm with a depth 

of 2.8 μm, larger than the 2.6 μm film thickness. Finally, Fig. 7 (e) shows 
the AA7475-T761 alloy, where a cavity of 11.1 μm and a depth of 3.9 μm 
is very close to the 4.1 μm film thickness, indicating that the dissolution 
of larger IMPs significantly compromises the structural integrity of the 
anodic film.

The results reported in Figs. 6 and 7 agree with the hypothesis in the 
literature that the size and distribution of IMPs within the aluminium 
matrix significantly influence the integrity of the anodic film [27,44]. 
Larger and more strategically positioned IMPs can lead to the formation 
of deeper cavities (Fig. 7(d–e)), which compromise the structural 
integrity of the anodic film and impact the overall performance of the 
aluminium alloy.

According to the field-assisted dissolution (FAD) theory, IMPs play a 
crucial role in modifying anodic films by altering the local electric fields 
at the surface during anodizing. This directly impacts anodic film for
mation, causing distortions in film growth [27,45–47], which leads to 
irregularities in the film morphology and compromises its integrity, 

Table 3 
– EDX locations indicated in Fig. 2 (wt.%).

Aluminium Alloys Test condition of surface Location of EDX points Elements

Al Cu Fe Mg Mn O S Si Zn

AA2024-T3 Before anodizing L1 62.7 25.7 – 11.6 – – – – –
L2 73.2 17.3 5.1 – 4.4 – – – -
L3 75.3 11.2 5.7 – 4.6 – – 3.2 -
L4 95.5 3.4 – 1.1 – – – – –

After anodizing L5 65.1 1.1 – – – 32.6 1.2 – –
L6 63.3 0.9 – – – 34.7 1.1 – –
L7 74.8 0.8 – – – 20.8 1.1 2.5 –
L8 63.1 – – – – 35.7 1.2 – –

AA2198-T8 Before anodizing L9 57.4 30.2 12.4 – – – – – –
L10 59.5 28.7 11.8 – – – – – –
L11 96.4 3.2 – 0.4 – – – – –

After anodizing L12 65.1 0.9 – – – 32.8 1.2 – –
L13 64.8 0.7 – – – 33.4 1.1 – –
L14 62.1 – – – – 36.7 1.2 – –

AA2198-T851 Before anodizing L15 51.2 35.4 13.4 – – – – – –
L16 54.7 30.8 14.5 – – – – – –
L17 96.1 3.4 – 0.5 – – – – –

After anodizing L18 65.1 0.6 – – – 33.1 1.2 – –
L19 68.2 0.9 – – – 29.7 1.2 – –
L20 63.5 – – – – 35.9 1.3 – –

AA7475-T761 Before anodizing L21 77.1 5.8 17.1 – – – – – –
L22 53.3 30.2 16.5 – – – – – –
L23 90.1 1.1 – 2.6 – – – – 6.2

After anodizing L24 69.3 4.2 3.1 – – 22.8 0.6 – –
L25 68.2 0.4 – – – 30.1 1.3 – –
L26 62.5 – – – – 35.2 1.2 – 1.1

* Lithium cannot be detected by the EDX employed in the present work. The compositions were determined from representative point analysis of constituent 
intermetallic particles (IMPs). A comprehensive statistical analysis, including uncertainties and standard deviations based on more than 50 particles per alloy, has been 
published in our previous work [40].

Fig. 3. – Scanning electron micrographs of the AA7475-T761 anodized aluminium alloy for 20 min: (a) before anodizing; (b) after anodizing; (c) after oxide removal 
over a low-copper-containing constituent intermetallic particle (IMP). The white arrow indicates low-copper-containing IMP, while the dashed white arrow high
lights the anodic film formed above the IMPs after anodizing. In (c), the dotted white arrow points to a residual IMP within the anodic film. All images were acquired 
in backscattered electron (BSE) mode at an accelerating voltage of 20 kV.
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particularly at the film/alloy interface. These effects are even more 
pronounced in high-resolution ultramicrotomed images, as shown in 
Fig. 8.

Fig. 8 (a, b) shows scanning electron micrographs obtained in BSE 
and SE modes of a region within the anodic film containing a cavity 
formed by the dissolution of a high-copper-containing IMP. The dashed 
white circle in Fig. 8 (a) indicates the location of the cavity, which 
formed near the film surface.

In Fig. 8 (b), arrow ’a’ represents the thickness of the anodic film in a 
defect-free region, measuring approximately 2.3 μm. The continuity of 
the anodic film is marked by the dashed line ’A’, which separates the 

thickness of the film below the cavity, indicated by arrow ’b’ (~1.6 μm), 
from the thickness at the film/alloy interface, indicated by arrow ’c’ 
(~0.6 μm). This region is characterized by a discontinuity in the anodic 
film located below the cavity at the film/alloy interface. The dashed line 
’B’ represents the interface between the cavity and the onset of the 
anodic film beneath it. The size of the cavity is approximately 0.5 μm, as 
indicated by arrow ’d’. The combined distances of ’a’ and ’c’ total ~2.1 
μm, which is close to the overall film thickness.

This result (Fig. 8) suggests that the rapid dissolution of the IMP 
during the early stages of anodizing allows the anodic film to continue 
growing around the cavity, thereby promoting film formation directly 
beneath the dissolved IMP, resulting in discontinuity in the anodic film, 
as indicated by arrow ’c’.

At higher magnification of the region associated with cavity forma
tion (Fig. 8 (c)), a significant change in the growth direction of the 
anodic film within the recessed areas of the cavity can be observed, as 
highlighted by the red dashed lines. This change in orientation — from 
perpendicular to the material surface to perpendicular to the cavity 
surface — clearly demonstrates the direct impact of IMP dissolution on 
the final structure of the anodic film. These morphological changes 
provide compelling evidence of the influence of IMPs on film growth, 
leading to discontinuities in pore growth direction and the formation of 
spherical features beneath the cavities, as observed in Figs. 6 and 7. 
Some authors have reported [27,45,46,48,49] that such discontinuities 

Fig. 4. – Scanning electron micrographs of the anodized aluminium alloys for 20 min: (a1–d1) lower magnification images showing constituent intermetallic 
particles (IMPs) before anodizing; (a2–d2) IMPs after anodizing. The red dashed squares in all images (1–4) highlight regions containing only high-copper-containing 
IMPs at higher magnification. Figures (e) and (f) present EDX maps of these regions before and after anodizing. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Table 4 
– EDX locations indicated in Fig. 3 (wt.%).

Condition Location of 
EDX points

Al Cu Fe Mg Zn O S

Before 
anodizing

L1 75.2 5.7 19.1 – – – –
L2 89.7 1.7 – 2.4 6.2 – –

After 
anodizing

L3 83.5 0.6 – – – 15.1 0.8
L4 – 4.8 1.2 – – 6.3 –
L5 67.7 – – – 0.9 30.2 1.2

After the film 
stripping 
above the 
IMP

L6 74.9 5.4 7.8 – – 11.2 0.7
L7 55.8 – – – 0.8 42.3 1.1
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in the anodic film contribute to reduced corrosion resistance in anodized 
aluminium alloys.

These findings indicate that upon dissolution, a high-copper- 
containing IMP creates a void (cavities) within the anodic film compa
rable in size to the original intermetallic particle. The dissolution pro
cess of the IMP can lead to the formation of various types of cavities, 
depending on the initial position of the IMP within the alloy matrix. 
These observations are further illustrated in Fig. 9.

Fig. 9 shows regions of the anodic film where cavities have either 
formed or are absent. The anodic film is uniform in areas without cav
ities (Fig. 9(a–d)). However, the initial position of the IMPs within the 
alloy matrix leads to the formation of distinct types of cavities in the 
anodic film. These cavities, indicated by red arrows, are observed at 

different locations: at the surface (Fig. 9 (a1-d1)), within the film (Fig. 9
(a2-d2)), near the surface (Fig. 9(a3-d3)), and at the interface between 
the film and the alloy (Fig. 9 (a4-d4)). The cavity size correlates with the 
size of the IMPs in the alloys (Figs. 1 and 2), and their morphology is 
shaped by the dissolution of the IMPs.

The results presented up to this point, particularly the observations 
in Figs. 6–9, pertain to the dissolution of high-copper-containing IMPs, 
which dissolve more rapidly than the alloy matrix. However, as illus
trated in Fig. 2, for the AA2024-T3 and AA7475-T761 alloys, IMPs 
containing silicon (dashed square 3 in Fig. 2 (a1)) and those with low- 
copper-containing (dashed square 8 Fig. 2 (d1)) exhibited a slower 
dissolution rate during anodizing when compared to the alloy matrix. 
Fig. 10 further explores how these differences in dissolution rates of Si- 
containing and low-copper-containing IMPs affect the structure of the 
anodic film, highlighting the formation of a distinct morphology 
resulting from the slower dissolution of these particles.

Fig. 10(a) and (b) present scanning electron micrographs of ultra
microtomed cross-sections of AA2024-T3 and AA7475-T761, respec
tively. These alloys exhibited IMPs positioned at the film/alloy interface, 
with distinct chemical compositions that play a crucial role in influ
encing the formation of the anodic film. In Fig. 10 (a1), the IMP in the 
AA2024-T3 alloy contains 65.1 wt% Al, 15.5 wt% Cu, 11.1 wt% Fe, 5.2 
wt% Mn, and 3.1 wt% Si, indicative of an Al–Cu–Fe–Mn–Si particle. By 
contrast, Fig. 10(b1) shows a particle in the AA7475-T761 alloy con
taining 78.5 wt% Al, 5.4 wt% Cu, and 16.1 wt% Fe, characteristic of a 

Fig. 5. – Scanning electron micrographs of the anodized aluminium alloys showing regions where high-copper-containing constituent intermetallic particles (IMPs) 
dissolved during the anodizing process: (a1–d1) images obtained at an accelerating voltage of 20 kV; (a2–d2) images obtained at an accelerating voltage of 1.5 kV; 
and (a3–d3) higher magnification of the dashed squares in (a2–d2). The images in (a1–d1) were obtained in BSE mode, while those in (a2–d4) in secondary electron 
(SE) mode at an accelerating voltage of 1.5 kV, respectively.

Table 5 
– Average size of cavities on the surface of Al alloys caused by the disso
lution of high-copper-containing constituent intermetallic particles (IMPs) 
during anodizing in TSA solution for 20 min.

Al – alloys Average depth of the cavities (μm)

AA2024-T3 1.5 ± 0.8
AA2198-T8 1.7 ± 0.9
AA2198-T851 1.5 ± 1.1
AA7475-T761 2.4 ± 1.4

* Values calculated using the AFM technique in tapping mode.
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low-copper-contend particle.
The IMPs in Fig. 10 (a1, a2) and (b1, b2) protrude into the anodic 

film, indicating that they dissolve more slowly than the surrounding 
alloy matrix. The ratio a/b, which represents the distance from the 
dashed line (A) to the film/alloy matrix interface compared to the dis
tance from the line (B) to the film/particle interface, was calculated as 
0.53 in Fig. 10 (a1) and 0.45 in Fig. 10 (b1). These values suggest that 
the particles anodize at approximately half the rate of the matrix, 
leading to the slower growth of the anodic film over the particles 
compared to the surrounding alloy.

Additionally, the film morphology at the film/IMP interface (Fig. 10
(a3, a4) and (b3, b4)) exhibits higher porosity than the film/alloy 
interface. In Fig. 3, the oxide formed above the IMPs was observed; 
however, it was not possible to resolve the cross-sectional morphology of 
the film at the IMP interface. The findings in Fig. 10 suggest that the 
incomplete dissolution of IMPs contributes to the formation of porous 
regions within the anodic film, which may affect its structural integrity.

These findings demonstrate that variations in the chemical compo
sition of IMPs, such as the presence of Si-containing or low-copper- 
containing IMPs, can significantly influence the anodizing rate and the 
subsequent growth of the anodic film. Similar behaviour has been re
ported for low-copper-containing IMPs in AA2099 Al–Cu–Li alloy [41], 
showing consistency with the results observed in AA7475-T761 in this 
study (Fig. 10 (b)) Additionally, previous studies [1] have suggested that 
Si-containing IMPs may dissolve at a slower rate than the matrix, leading 
to irregularities in the oxide, a hypothesis supported by our results 
(Fig. 11 (a)).

Importantly, both the complete and partial dissolution of IMPs can 
adversely affect the integrity of the anodic film. Therefore, under
standing the dissolution rates of different IMPs during anodizing is 
crucial for optimizing film performance.

4. Discussion

The results reported in Figs. 1 and 2 demonstrate that the anodizing 
behaviour of IMPs in the alloys cannot be generalized, as small varia
tions in their chemical composition significantly influence their disso
lution rates. This selective dissolution contributes to localized defects at 
the surface, within the anodic film, and at the film/alloy interface. These 
defects result from either the complete (Fig. 9) or partial (Fig. 10) 

dissolution of the IMPs, as further illustrated in Fig. 11.
Fig. 11 illustrates the behaviour of IMPs during anodizing and their 

influence on the formation of defects. The initial surface condition (stage 
1) represents the air-formed oxide film on the aluminum matrix and the 
location of IMPs in a cross-sectional view. The positioning of these 
particles determines their interaction with the electrolyte during anod
izing, directly influencing the formation and spatial distribution of de
fects in the anodic film. As anodizing progresses (stages 2–4), different 
defect mechanisms arise depending on the fate of the IMPs: complete 
dissolution (Fig. 11(a and b and c)), retention within the anodic film 
(Fig. 11 (d)), or partial dissolution (Fig. 11 (e)). The final morphology 
and location of these defects are presented in stage 5.

Fig. 11(a–c) illustrates the anodizing behaviour of high-copper- 
containing IMPs (>12 wt%), located either at the alloy surface or 
embedded within the matrix. At the onset of anodizing (stage 2), high- 
field ionic conduction drives the outward migration of Al3+ ions from 
the matrix, while O2− ions migrate inward, leading to anodic film 
growth at both the metal/film and film/electrolyte interface [50]. In 
acidic media, Al3+ ions reaching the oxide/electrolyte interface are 
ejected into the electrolyte, contributing to aluminum dissolution and 
facilitating porous film growth [51,52]. Approximately 40 % of the 
anodic film thickness develops at the film/electrolyte interface, while 
the remaining 60 % forms at the metal/film interface a growth ratio that 
remains consistent across anodizing conditions due to cooperative ionic 
transport [47].

However, IMPs, particularly those rich in copper, dissolve prefer
entially during anodizing. The presence of Mg, Fe, and Mn in these 
particles further enhances anodic dissolution in the acidic electrolyte [4,
53]. The high electrical conductivity of Cu-rich IMPs also creates pref
erential pathways for the electric current compared to the surrounding 
matrix where anodic film (with a barrier layer) is being formed, accel
erating particle dissolution [1,54]. As anodizing progresses (stage 3), 
defect formation becomes more pronounced, with cavity enlargement 
accompanying film growth on alloy matrix. Depending on the initial 
location of the IMP in the matrix, different types of defects can be 
observed during anodizing as the particle dissolves. These defects may 
appear on the surface, within the anodic film, or at the film/alloy 
interface, as illustrated in Fig. 11(a–c) and reported Fig. 9.

The electric field distribution around these IMPs (stage 4) influences 
pore orientation within the anodic film (Fig. 8). This distortion results 

Fig. 6. – (a) AFM surface topography of the AA7475-T761 alloy surface before and after anodizing, showing a region with constituent intermetallic particles (IMPs). 
Below the maps are topography line profiles (red dashed lines) across the intermetallic particles indicated in the maps, before and after anodizing; (b) scanning 
electron micrograph of the dashed square in (a) after anodizing, at (b1) lower magnification and (b2) higher magnification; (c) cross-section along the dashed line in 
(a), showing the defect caused by the dissolution of the IMP, with images (c1–c4) at increasing magnifications. The cross-sections presented in (c) were prepared by 
mechanical bending. Images in (b) and (c) were obtained in secondary electron (SE) mode at an accelerating voltage of 1.5 kV, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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from localized alterations in the electric field, induced by the rapid 
dissolution of the particles, ultimately leading to deviations in pore 
alignment [55]. In the final stage (stage 5), the complete dissolution of 
the IMPs gives rise to voids in the region they previously occupied, while 
the anodic film continues to grow beneath them. This process results in 
hemispherical features forming beneath the former particles, generating 
characteristic defects and discontinuities at the film/alloy interface 
(Fig. 8).

Fig. 11 (d) illustrates the anodizing behaviour of Si-rich IMPs (>10 
wt% Si), which were not observed in this study but have been exten
sively reported in literature, particularly in AA2024 alloys [1,56]. These 

particles remain intact in acidic anodizing baths due to their low reac
tivity and high electrical resistance, while the electric current concen
trates in the surrounding matrix, leading to selective aluminum 
oxidation and occluded the particles within the anodic film (stages 2–4).

Fig. 11 (e) depicts the anodizing behaviour of low-copper-containing 
IMPs, particularly in AA7475-T761 (6 wt% Cu IMPs) and AA2024-T3 
(Fe–Mn–Si IMPs as shown in Fig. 10). At the initial stage (stage 2), the 
surrounding aluminum matrix oxidizes more rapidly, while Fe–Mn –Si 
and low-copper-containing IMPs exhibit slower oxidation kinetics, 
resisting current flow. These particles also form a porous anodic film 
although not protective due to the absence of a barrier layer. Si, Fe, Mn, 

Fig. 7. – Scanning electron micrographs of mechanically bent cross-sections of anodized aluminium alloys for 20 min: (a) lower magnification of the cross-section of 
the anodic film formed on the AA2198-T8 alloy; (a1–a3) higher magnification of regions A–C in (a); (b–e) cross-sections of anodic films highlighting defects that 
exceed the film thickness. All images were acquired in secondary electron (SE) mode at an accelerating voltage of 1.5 kV.
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and Cu enrich at the particle/oxide interface, hindering further disso
lution [29,57].

In AA2024, Fe, Mn, Si-containing IMPs with high-copper-content 
(~15 wt% Cu) exhibit behaviour similar to low-copper-containing 
IMPs, as the enrichment of Fe, Mn and Si delays the dissolution of 
other elements within the particle, reducing the overall oxidation rate 
[29,58]. As a result, the matrix surrounding these particles recedes more 
rapidly, leading to protrusion of the IMPs into the anodic film (Fig. 10). 
This behaviour is quantified by the a/b ratio, which remains <1, indi
cating that these particles anodize at approximately half the rate of the 
matrix (Fig. 10 (a1, b1)). Because of the higher Gibbs free energy 
required to form Cu, Si, Fe and Mn oxides, these elements accumulate at 
the film/particle interface, resulting in a highly porous anodic film 
caused by O2 evolution (Fig. 10 (a3, b3)) over these IMPs (stage 4).

The results indicate that low-copper-containing IMPs are oxidized 
more slowly, forming a stable, though porous, anodic film. In contrast, 
high-copper-containing IMPs dissolve rapidly, resulting in cavities in the 
resultant anodic films due to the high solubility of Cu oxides in the 
electrolyte.

A thorough understanding of how IMPs affect anodic film properties 
can help with the development of predictive models to optimize anod
izing conditions and reduce critical defects, thereby improving the 
performance of anodic films [16]. Advanced characterization tech
niques, such as X-ray tomography and 3D volumetric reconstruction, can 
improve defect analysis and provide more accurate predictive models 
[59,60]. Additionally, machine learning and computational simulations 
could be employed to predict defect formation and optimize anodizing 
parameters in real-time [61]. Such approaches would enable automated 
optimization of alloy compositions and anodizing conditions, facili
tating the development of high-performance aluminum alloys with 
improved mechanical strength and corrosion resistance.

5. Conclusions

Based on the present investigation, respective conclusions can be 
highlighted regarding the role of constituent intermetallic particles 
(IMPs) in defect formation during anodizing: 

a) The chemical composition of IMPs plays a critical role in the for
mation of defects in anodic films during anodizing. The preferential 
dissolution of specific IMPs directly influences the morphology and 
continuity of resultant anodic films, ultimately affecting their 
structural integrity.

b) High-copper-containing IMPs (>12 wt% Cu) are strongly associated 
with the formation of cavities and discontinuity in anodic films, 
significantly degrading their structural integrity. Their rapid disso
lution during anodizing generates micrometer-sized cavities in 
anodic films. The size of the defects is proportional to the initial size 
of the particles.

c) In the AA2024-T3, Fe, Mn, Si (Cu) particles, and in the AA7475- 
T761, low-copper-containing IMPs (<7 wt% Cu), exhibit a lower 
oxidation rate compared to the surrounding alloy matrix. These IMPs 
are partially oxidized and partially maintained within the anodic 
film. The lower oxidation rate of some particles often results in local 
protrusion of alloy substrate into anodic film, affecting film thickness 
uniformity. Their incomplete oxidation also leads to local composi
tional heterogeneity of the resultant anodic films.

d) The differences in anodizing behaviour among IMPs confirm that 
small variations in chemical composition might significantly influ
ence their oxidation kinetics. This highlights the importance of 
tailoring anodizing parameters to minimize defect formation, 
particularly in alloys with a high population density of reactive IMPs.

Fig. 8. – Scanning electron micrographs of ultramicrotomed cross-sections of the AA2024-T3 alloy after anodizing for 20 min: (a) cross-sectional image obtained 
with backscattered electrons (BSE); (b) cross-sectional image obtained with secondary electrons (SE); and (c) higher magnification of the dashed region in (b). The 
white dashed circle in (a) indicates a cavity formed near the film surface due to the dissolution of a high-copper-containing constituent intermetallic particle (IMPs). 
All images were acquired at an accelerating voltage of 1.5 kV.
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Fig. 9. – Scanning electron micrographs of cross-sections of anodized aluminium alloys for 20 min: anodic films with no cavities (a–d); cavities at the surface 
(a1–d1); cavities within the film (a2–d2); cavities near the oxide surface (a3–d3); and cavities at the film/alloy interface (a4–d4). All images were acquired in 
secondary electron (SE) mode at an accelerating voltage of 1.5 kV. Cross-sections were prepared by mechanical bending.

Fig. 10. – Scanning electron micrographs of ultramicrotomed cross-sections after anodizing for 20 min: (a) AA2024-T3 alloy; (a1, a2) images at lower magnification; 
(a3, a4) higher magnification of the region above the particle in (a1, a2); (b) AA7475-T761 alloy; (b1, b2) images at lower magnification; (b3, b4) higher 
magnification of the region above the particle in (b1, b2). White arrows in (a3, b3) indicate highly porous oxide. Images were acquired in backscattered electron 
(BSE) and secondary electron (SE) modes at an accelerating voltage of 1.5 kV.

J.V.S. Araujo et al.                                                                                                                                                                                                                             Materials Chemistry and Physics 350 (2026) 131803 

12 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the financial support provided 
by FAPESP under grant numbers 2019/18388-1 and 2022/06935-0, 
awarded for the Ph.D. studies of João Victor de Sousa Araujo. Addi
tionally, this work was supported by the UK EPSRC under grant EP/ 

Fig. 11. – Schematic diagrams illustrating the anodizing behaviour of constituent intermetallic particles (IMPs) and their relation to the formation of various defect 
types during anodizing process of aluminium alloys: (a) high-copper-containing particle exposed at the surface; (b) high-copper-containing particle below the surface; 
(c) high-copper-containing particle exposed at the film/alloy interface; (d) particles containing inert elements; (e) Si-rich or low-copper-containing particle below the 
surface. The stages are as follows: (1) polished surface condition, showing the position of the IMP relative to the matrix; (2) initiation of the anodizing process and 
interaction between the particle and the electrolyte; (3) defect formation; (4) distribution of electric field lines based on the Field-Assisted Dissolution (FAD) theory; 
and (5) final location of the defect after anodizing. All diagrams assume a cross-sectional view of the IMP and defect formation.
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