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Anodic aluminum oxide (AAO) is commonly utilized in functional surface engineering, yet the influence
of alloy composition on AAO growth behavior, pore-widening (PW) characteristics, and structural stabil-
ity remains poorly understood. This study investigates AAO films formed on Al 1050, Al 3003, Al 5052,
and Al 6061 through anodization for 1 hour under identical conditions, followed by PW in phosphoric acid
for varying durations. Despite the same anodizing conditions, significant differences were noted in pore
diameter, oxide-film thickness, and AAO growth rates based on alloy composition. Al 5052 demonstrated
the highest growth and PW rates, while Al 3003 exhibited the lowest. During the PW process, all alloys ini-
tially experienced increased porosity and enhanced wettability; however, extended PW led to distinct collapse
behaviors of the oxide film that were dependent on the alloy. These behaviors ranged from gradual structural
transformation to rapid oxide removal. Notably, wettability enhancement occurred only while a stable porous
structure was intact; once the oxide film collapsed or was removed, wettability reverted. These findings indicate
that the PW rate and structural stability are governed by different mechanisms, highlighting the critical role of
alloy composition in influencing AAO growth, collapse behavior, and wettability.
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1. Introduction

Anodizing is a representative surface treatment
technique that enables the formation of various functional
surfaces by artificially generating an oxide film on a metal
surface, leading to improved corrosion resistance,
enhanced durability, and controlled surface wettability [1-
3]. In particular, anodic aluminum oxide (AAO) possesses
a porous oxide-film structure that allows precise control
over pore size and oxide-film thickness, and therefore
plays an important role in a wide range of industrial and
research fields, including catalyst supports, nanostructure
templates, and pretreatment layers for functional coatings
[4-6].

To date, studies on AAO have mainly focused on the
effects of process parameters such as electrolyte type,
applied voltage, temperature, and anodizing time on pore
structure and oxide-film growth behavior [7-11].
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However, most previous studies have been limited to pure

aluminum or aluminum alloys with restricted
compositions, which constrains their applicability to the
diverse aluminum alloys widely used in industrial
applications [12,13].

In practical industrial applications, not only pure
aluminum from the Al 1000 series but also aluminum
alloys from the Al 3000, 5000, and 6000 series containing
alloying elements such as manganese (Mn), magnesium
(Mg), and silicon (Si) are widely used [14-17]. These
alloying elements can influence the chemical composition
of the oxide film, ion transport characteristics, and oxide
dissolution behavior during the anodizing process, thereby
significantly affecting the growth rate and structural
stability of AAO [18,19]. Nevertheless, systematic
comparative studies on AAO formation behavior as a
function of alloy composition under identical anodizing
conditions remain relatively limited.

In addition, the pore-widening (PW) process performed
after anodizing is a key step for controlling the pore
diameter and surface porosity of AAQO, thereby tuning its

wettability and functional properties [20-22]. Previous
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Fig. 1. Schematic illustration of anodic aluminum oxide (AAO) formation and its alloy-dependent structural evolution during

pore-widening (PW)

studies have reported that PW leads to an increase in pore
diameter and an improvement in wettability [23-25].
However, the oxide film collapse and structural changes
that can occur during prolonged PW have not been
sufficiently discussed. In particular, although differences
in alloy composition can alter the chemical stability of
the oxide film and result in distinct PW rates and collapse
behaviors [26], these two characteristics have rarely been
clearly distinguished and systematically analyzed.

The PW rate represents an indicator describing the
rate at which the pore diameter increases with time,
whereas the structural stability of the oxide film refers
to how long the oxide film can maintain its structure
in an acidic solution environment [27-29]. Therefore,
even when PW proceeds rapidly, early structural
collapse may occur if the chemical stability of the oxide
film is low [30]. Conversely, even when PW occurs
relatively slowly, a uniform oxide film structure can
remain stable for an extended period. From this
perspective, it is necessary to separately understand the

AAO growth rate, PW rate, and structural collapse
behavior.

Accordingly, in this study, AAO films were formed by
anodizing Al 1050, Al 3003, Al 5052, and Al 6061
aluminum alloys for 1 h under identical conditions, and
the pore structure, oxide-film thickness, and average AAO
growth rate were comparatively analyzed as a function
of alloy composition. Subsequently, the PW time was
varied to observe structural evolution and collapse
behavior of AAO, and to clarify the relationship between
PW rate and oxide-film structural stability. Furthermore,
the correlation between surface porosity or void fraction
and water contact angle was analyzed to indirectly
evaluate the influence of surface structural changes and
wettability on electrolyte penetration behavior. Based on
these results, this study aims to elucidate the effect of
alloy composition on the wettability behavior of AAO
and to provide fundamental guidelines for oxide-film
structural design aimed at improving corrosion resistance
in future applications.
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2. Experimental Methods

2.1 Materials and specimen preparation

In this study, Al 1050, Al 3003, Al 5052, and Al 6061
aluminum alloys were used to compare oxide-film growth
behavior and pore-widening (PW) characteristics as a
function of alloy composition. The aluminum specimens
were plates with a thickness of 1 mm, and the exposed
working electrode area for electrochemical reactions was
fixed at 7.5 cm®. To remove surface contaminants, the
aluminum specimens were ultrasonically cleaned
sequentially in acetone, ethanol, and distilled water for
10 minutes each, followed by drying.

Prior to anodization, electropolishing was performed to
remove the native oxide layer and to achieve surface
planarization. Electropolishing was carried out for 1
minute at an applied voltage of 20 V in an electrolyte
composed of perchloric acid (70%) and ethanol (99%)
mixed at a volume ratio of 1:4. Subsequently, anodization
was conducted for 1 h at 40 V in a 0.3 M oxalic acid
electrolyte maintained at 0 °C, using a platinum plate as
the counter electrode. The aluminum specimen and
platinum electrode were fixed as the anode and cathode,
respectively, and a double-jacketed beaker combined with
a cooling chiller was used to maintain the electrolyte
temperature.

After anodization, PW was performed by immersing
the aluminum specimens in a 0.1 M phosphoric acid
solution at 30 °C for 10, 30, and 50 minutes. During the
PW process, the phosphoric acid electrolyte was placed

on a hot plate to maintain a constant temperature.

2.2 Characterization

The surface morphology of the oxide films formed after
anodization and PW was examined using a field emission
scanning electron microscope (FE-SEM, IT800, JEOL,
Inc., Converging Materials Core Facility, Dong-Eui
University). Prior to observation, the specimens were
coated with platinum, and FE-SEM imaging was performed
at an accelerating voltage of 15 kV. In addition, the surface
chemical composition of the oxide films was qualitatively
and quantitatively analyzed using an energy dispersive X-
ray spectrometer (EDS) attached to the FE-SEM.

The pore diameter (D,), interpore distance (D;,), and
oxide-film thickness of anodic aluminum oxide (AAO)

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

were measured from the FE-SEM images using Image]
software, and the surface porosity was evaluated using
the thresholding function. The solid fraction (f) is
calculated using equation (1), where “a” is the interpore
distance and “r” is the pore radius.

anz
Bd’

The average growth rate of AAO formed after 1 h of
anodization and the PW rate as a function of PW time
were calculated using equation (1) and equation (2),

Jop = 1- 1)

respectively. Here, D, (0) represents the average pore
diameter before PW, and D (t) denotes the average pore
diameter after a PW time t. To ensure a consistent
comparison among alloys, the PW rate was defined as
the slope of pore diameter increase within the initial stable
widening region (0-10 min), where structural collapse had
not yet occurred for all samples.

AAQO thickness

A AAO growth rate = ———
verage growth rate Anodizing time

@
D, (1)~ D,(0)

t

PW rate = 3)

In this study, “porosity” refers to the area fraction of
well-defined pores before structural collapse. After pore
merging or collapse, where individual pore boundaries
become indistinct, the term “void fraction” is used to
represent the total void area including irregular merged
regions. In addition, structural stability was discussed in
terms of the PW time at which the pore diameter became
unmeasurable due to pore merging or structural collapse.

Surface wettability was evaluated using a contact angle
meter (SmartDrop, Femtobiomed, Inc.). A 3 pL droplet
of distilled water was gently deposited onto the surface
of each specimen, and the static water contact angle was
measured. The static contact angle was measured 3 s after
droplet deposition to minimize time-dependent spreading
effects on porous AAO surfaces. For each specimen, the
contact angle measurement was repeated five times, and
the average value and standard deviation were calculated.

3. Results and Discussion

3.1 AAO formation behavior after 1 h anodization
Fig. 2 and Table 1 present the surface morphology and
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Fig. 2. (a) Top-view and (b) cross-sectional FE-SEM images of anodic aluminum oxide (AAQO) films formed on Al 1050, Al
3003, A1 5052, and Al 6061 anodized in 0.3 M oxalic acid at 40 V for 1 h

Table 1. Structural parameters of anodic aluminum oxide (AAO) films formed on Al 1050, Al 3003, Al 5052, and Al 6061 after
anodization in 0.3 M oxalic acid at 40 V for 1 h; f; represents the solid fraction, and the average AAO growth rate was
calculated by dividing the final AAO thickness by the anodizing time (1 hour)

Structural parameters A11050 A13003 Al 5052 A1 6061
D, (nm) 7.29 +1.32 8.10+1.44 9.70 + 1.89 11.53 £1.32
D, (nm) 68.31+19.80 62.68 +15.63 58.79+£6.97 56.11 +7.39
S (%) 99.0 98.5 97.5 96.2
AAO thickness (nm) 1455.13 £18.92 844.40 + 18.63 1719.67 + 35.04 1053.38 + 13.02
AAO growth rate (nm/min.) 24.25 14.07 28.66 17.56

Table 2. Surface elemental composition (wt%) of AAO films formed on Al 1050, Al 3003, Al 5052, and Al 6061, determined by
EDS analysis after anodization

Element (wt%) Al1050 Al3003 Al'5052 Al 6061
Al 58.35 62.99 55.39 61.25
0 41.65 36.59 43.78 38.07
Mn - 0.42 ; R
Mg - - 0.83 021
Si - - - 0.47

quantitative structural characteristics of oxide films Al 5052, and Al 6061. Correspondingly, the interpore
formed on Al 1050, Al 3003, Al 5052, and Al 6061 distance (D,,,) and solid fraction ( f;;) showed a decreasing
anodized under identical conditions. Typical porous AAO trend, with Al 6061 exhibiting the lowest £, value. These

structures were formed on all specimens; however, distinct differences are attributed to changes in the
differences in pore morphology and oxide-film growth electrochemical characteristics of the barrier layer and
behavior were observed depending on the alloy oxide dissolution behavior caused by the presence of
composition. From the top view images in Fig. 2a, Al alloying elements, which alter pore initiation and growth

1050 exhibited the smallest average pore diameter of 7.29 conditions during anodization [31,32].
nm and a relatively uniform pore arrangement. In contrast, The cross sectional SEM images in Fig. 2b and the
the average pore diameter gradually increased for A13003, structural parameters listed in Table 1 further reveal that
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the oxide-film thickness and growth rate strongly depend
on the alloy composition. Al 5052 exhibited the thickest
oxide film of 1719.67 nm and the highest average AAO
growth rate of 28.66 nm/min, whereas Al 3003 showed
the thinnest oxide film of 844.4 nm and the lowest growth
rate of 14.07 nm/min. Al 1050 and Al 6061 displayed
intermediate growth behavior. These results indicate that
alloying elements modify the balance between oxide
formation and dissolution reactions, thereby directly
influencing the efficiency of oxide-film growth [33,34].
The EDS results summarized in Table 2 provide further
insight into these structural differences
compositional perspective. Al 5052 contains Mg at 0.83
wt%, while Al 6061 contains both Mg at 0.21 wt% and
Si at 0.47 wt%. These alloying elements are expected to
form Mg-, Si-, and Mn-containing oxides (e.g., MgO and

from a

Si0,) during anodization or produce mixed oxides with
AL, [35]. The presence of these oxides may alter ion
transport properties and the chemical stability of the
barrier layer. It should be noted that EDS analysis provides
elemental information but cannot directly confirm the
chemical states of the oxides; therefore, the presence of
Mg-, Si-, and Mn-containing oxides is inferred based on
alloy composition and previous literature. In particular,
the highest oxide-film growth rate observed for Al 5052
can be attributed to the presence of Mg based oxides,
which may exhibit higher ionic conductivity than AlL,O,
or promote localized dissolution, thus accelerating oxide
growth and pore development. In contrast, Al 3003, which

PW 0 min.

PW 10 min.

(@)

contains Mn, exhibited a relatively low oxide growth rate,
suggesting that Mn may hinder charge transport in the
barrier layer or induce nonuniform oxidation behavior.

3.2 Structural evolution of AAO during pore-widening

Figs. 3-6 show FE-SEM images illustrating the surface
morphology and pore structure evolution of AAO formed
on Al 1050, Al 3003, Al 5052, and Al 6061 after
anodization for 1 h under identical conditions, followed
by pore-widening (PW) in a 0.1 M phosphoric acid
solution for 0, 10, 30, and 50 minutes. For all alloys, the
pore diameter and surface porosity increased with
increasing PW time, which is consistent with the

quantitative results of D, D,,, and porosity summarized

int?
in Table 3. However, during prolonged PW, the chemical
stability of the oxide film varied significantly depending
on the alloy composition.

For Al 1050 shown in Fig. 3, the pore diameter
increased from 7.29 nm to 51.27 nm as the PW time
increased from 0 to 30 minutes. After 50 minutes of PW,
the pore walls were dissolved to such an extent that
quantitative measurement of the pore diameter and
interpore distance was no longer possible, resulting in the
formation of an interconnected tip like network structure.
Consequently, a well defined porous structure in which
D, and D, could be quantitatively determined was no
longer maintained.

Under these conditions, the measured area fraction is
more appropriately interpreted as a void fraction,

PW 30 min. PW 50 min.
WG 2T i e g

e.a 9.

Fig. 3. (a) Top-view and (b) tilted-view FE-SEM images of AAO formed on Al 1050 after pore-widening (PW) for 0, 10, 30, and

50 minutes in 0.1 M phosphoric acid at 30 °C

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026
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Fig. 4. (a) Top-view and (b) tilted-view FE-SEM images of AAO formed on Al 3003 after pore-widening (PW) for 0, 10, 30, and

50 minutes in 0.1 M phosphoric acid at 30 °C

representing the proportion of empty regions within the
collapsed oxide film, rather than porosity based on
cylindrical pores. The void fraction was determined to be
82.39%. This behavior indicates that AAO formed on Al
1050 exhibits relatively high chemical stability in acidic
solutions. Even as PW progresses, the oxide film does
not undergo immediate complete dissolution; instead,
pore walls first collapse and reorganize into a tip like
network structure, followed by further dissolution at
longer PW times. When pore merging or collapse occurs,
individual pore boundaries become ill-defined, making
D, and D,, measurements increasingly uncertain.
Therefore, the observed structural collapse at longer PW
times was primarily evaluated based on morphological
changes observed in FE-SEM images.

For Al 3003 shown in Fig. 4, the pore diameter
increased from 8.10 nm to 16.42 nm up to a PW time of
10 minutes, indicating a typical PW behavior. However,
from 30 minutes of PW, rapid dissolution of the pore walls
occurred, leading to collapse of the pore structure.
Although a porous morphology was still observed, the
original cylindrical pore arrangement was no longer
preserved, making it impossible to quantitatively define
the pore diameter (D,) and interpore distance (D). After
50 minutes of PW, the oxide film was almost completely
removed, exposing the aluminum substrate, and the
surface effectively transitioned to a nonporous state.

Notably, although the PW rate of Al 3003 (0.83 nm/
min) was lower than that of Al 1050 (1.13 nm/min), the

pore structure of Al 3003 collapsed at an earlier PW time
of 30 minutes. This behavior is attributed to the presence
of Mn based oxides in the AAO formed on Al 3003,
which exhibit relatively low chemical stability in acidic
phosphoric acid solutions. As a result, localized
dissolution readily occurs within the oxide film, causing
premature collapse of the pore walls before sufficient PW
can take place.

For Al 5052 shown in Fig. 5, the pore diameter
increased rapidly from 9.70 nm to 28.84 nm within 10
minutes of PW, exhibiting the highest PW rate of 1.91 nm/
min among the investigated alloys. This rapid PW
behavior is attributed to the relatively high solubility of
the oxide film formed on Mg containing Al 5052 in
phosphoric acid solution, which promotes accelerated
dissolution of the pore walls. However, after 30 minutes
of PW, both the oxide film and pore structure were almost
completely collapsed, making quantitative analysis of the
pore structure no longer possible. This behavior may be
explained by the possibility that Mg-containing oxides
(e.g., MgO or MgAL0,), which are expected to be present
based on alloy composition and previous reports, are more
susceptible to dissolution in acidic environments than
AlO,, thereby potentially accelerating PW while
simultaneously reducing the structural stability of the
oxide film [36,37].

For Al 6061 shown in Fig. 6, a typical PW behavior
was observed up to 10 minutes, with the pore diameter
increasing from 11.52 nm to 24.04 nm, corresponding to

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026
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Fig. 5. (a) Top-view and (b) tilted-view FE-SEM images of AAO formed on Al 5052 after pore-widening (PW) for 0, 10, 30, and

50 minutes in 0.1 M phosphoric acid at 30 °C
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Fig. 6. (a) Top-view and (b) tilted-view FE-SEM images of AAO formed on Al 6061 after pore-widening (PW) for 0, 10, 30, and

50 minutes in 0.1 M phosphoric acid at 30 °C

a PW rate of 1.25 nm/min. For the 30 minutes pore
widened Al 6061 specimen, a tip like network structure
similar to that observed for Al 1050 after 50 minutes of
PW was formed. Under this condition, the measured area
fraction is more appropriately interpreted as a void
fraction, representing the proportion of empty regions
within the collapsed oxide film rather than porosity based
on cylindrical pores, and this value was determined to be
61.58%.

After 50 minutes of PW, the oxide film was almost
completely removed, and the surface transitioned to a
nonporous state. This behavior can be attributed to the

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

chemically heterogeneous oxide film formed on Al 6061
containing both Mg- and Si-related phases, which
promotes localized dissolution and micro-galvanic effects
in acidic solutions [38].

The EDS results summarized in Table 4 support the
observed pore structure collapse behavior. With increasing
PW time, all alloys exhibited a pronounced decrease in
oxygen content accompanied by an increase in aluminum
content, indicating progressive dissolution of the oxide
film and exposure of the aluminum substrate. In particular,
the specimens of Al 3003 after 50 minutes of PW, Al
5052 after 30 and 50 minutes, and Al 6061 after 50
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Table 3. Pore diameter (D ), interpore distance (D, ), porosity, AAO morphology, and initial pore-widening (PW) rate of AAO
formed on Al 1050, Al 30(f , A1 5052, and Al 6061 after PW for different times (0, 10, 30, and 50 minutes);

PW time N Initial PW rate
Alloy (min.) D, (nm) D, (nm) Porosity (%) AAO morphology (nm/min.)
0 7.29+1.33 68.30 £ 19.80 0.69 Porous
10 18.59 +2.45 62.80 + 8.49 10.76 Porous
1050 1.13
30 51.27+3.84 81.94 +12.50 43.83 Porous
50 N/A N/A 82.39%* Tip-like network
0 8.10+1.44 62.68 £ 15.63 1.41 Porous
10 16.42 £2.29 57.38+15.97 8.85 Porous
3003 0.83
30 N/A N/A 48.97* Locally dissolved
50 N/A N/A 0 Almost removed
0 9.70+ 1.89 58.79 £ 6.97 3.01 Porous
10 28.84 £3.07 65.03 £ 10.64 21.02 Porous
5052 1.91
30 N/A N/A 0 Almost removed
50 N/A N/A 0 Removed
0 11.52 +£1.32 56.11 £7.39 4.75 Porous
10 24.04 +4.43 56.15+10.11 17.70 Porous
6061 1.25
30 N/A N/A 61.58* Tip-like network
50 N/A N/A 0 Almost removed

* Void fraction of collapsed or locally dissolved oxide films

Table 4. Surface elemental composition (wt%) of AAO formed on Al 1050, Al 3003, Al 5052, and Al 6061 after pore-widening

(PW), determined by EDS analysis

Alloy PW time (min.) Al (¢} Mn Mg Si
0 58.35 41.65 - - -
10 59.35 40.65 - - -
1050
30 65.65 34.35 - - -
50 94.77 5.23 - - -
0 62.99 36.59 0.42 - -
10 65.34 33.94 0.71 - -
3003
30 85.30 13.48 1.22 - -
50 96.35 3.07 0.58 - -
0 55.39 43.78 - 0.83 -
10 60.22 38.71 - 1.07 -
5052
30 94.85 2.75 - 2.39 -
50 96.11 1.45 - 2.43 -
0 61.25 38.07 - 0.21 0.47
10 68.64 30.57 - 0.32 0.47
6061
30 89.94 8.82 - 0.66 0.59
50 97.11 1.69 - 0.69 0.51

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026
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Fig. 7. (a) Average AAO growth rate and (b) pore-widening (PW) rate of AAO formed on Al 1050, A13003, Al 5052, and Al 6061

minutes showed oxygen contents reduced to
approximately 1-3 wt%, confirming that the AAO layer
was almost completely removed under these conditions.

In contrast, Al 1050 retained a relatively high oxygen
content even after 50 minutes of PW, demonstrating a
higher degree of residual oxide film. This result suggests
that AAO formed on pure aluminum exhibits the highest
chemical stability among the investigated alloys in acidic
phosphoric acid solution.

Fig. 7 compares the average AAO growth rate during
anodization and the PW rate of AAO in phosphoric acid
for Al 1050, Al 3003, Al 5052, and Al 6061, and both
parameters exhibit clear differences depending on the
alloy composition.

The AAO growth rate shown in Fig. 7a was the highest
for Al 5052 at 28.66 nm/min and the lowest for Al 3003
at 14.07 nm/min. This behavior can be attributed to the
oxide film formed on Mg containing Al 5052, which
exhibits high ionic conductivity and enhanced oxidation
reactivity, leading to rapid oxide-film formation. In
contrast, the oxidation reaction of A1 3003, which contains
Mn, is relatively suppressed. Al 1050 and Al 6061
exhibited intermediate growth behavior between these
two extremes.

The PW rate shown in Fig. 7b was also the highest for
Al 5052 at 1.91 nm/min and the lowest for Al 3003 at
0.83 nm/min. This trend can be explained by the fact that
Mg based oxides dissolve more readily than Al; O3 in
phosphoric acid, thereby accelerating PW, whereas the
oxide film formed on Al 3003 containing Mn undergoes

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

PW more slowly.

However, comparison with the pore structure collapse
behavior discussed above reveals that the PW rate and
the structural stability of the oxide film are independent
characteristics. Although Al 3003 exhibited the lowest
PW rate, premature structural collapse occurred at a PW
time of 30 minutes, which is attributed to the low chemical
stability of the mixed oxide film containing Mn based
oxides, leading to facile localized dissolution. In contrast,
Al 1050, despite exhibiting a relatively high PW rate,
showed a gradual collapse mechanism involving the
formation of a tip like network structure due to its uniform
AlO, based oxide film. As a result, the AAO structure
was maintained for a prolonged PW duration.

Therefore, Fig. 7 collectively demonstrates that the
AAO growth rate and PW rate in aluminum alloys are
governed by the chemical composition of the oxide film,
whereas the actual onset and mode of structural collapse
are determined by the chemical stability of the oxide film.
This finding indicates that alloy composition is a key
factor not only in controlling the microstructure of AAO
but also in determining its structural stability during
prolonged PW processes.

3.3 Wettability evolution and its correlation with surface
structure

Fig. 8 show the variation in water contact angle as a
function of PW time for Al 1050, Al 3003, Al 5052,
and Al 6061, while Fig. 9 summarize the correlation
between surface porosity (or void fraction) and contact
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angle for the same specimens. For all alloys, the contact
angle initially decreased with increasing PW time,
indicating enhanced wettability. However, upon
prolonged PW, a common trend of wettability reversal
was observed due to collapse of the oxide film.

For Al 1050 shown in Fig. 8a and Fig. 9a, the water
contact angle continuously decreased from 25.11° to
14.93° as the PW time increased from 0 to 30 minutes.
This behavior is attributed to the increase in surface
porosity from 0.69% to 43.83% resulting from pore
expansion and corresponds to a typical Wenzel wetting
behavior, in which increased surface roughness enhances
wettability [39,40]. After 50 minutes of PW, collapse of
the pore walls led to the formation of a tip-like network
structure, allowing the water droplet to infiltrate into the
surface and resulting in near-zero contact angles
indicative of superhydrophilic behavior. In this study, a

PW 0 min. PW 10 min.

near-zero contact angle is defined as a measured contact
angle below 5°, indicating a superhydrophilic surface.
This enhanced wetting is not governed by conventional
pore-based porosity but rather by the high void fraction
generated by the collapsed network structure, which
maximizes liquid infiltration [41].

For Al 3003 shown in Fig. 8b and Fig. 9b, the contact
angle decreased from 24.89° to 12.07° up to 30 minutes
of PW as the surface porosity increased. However, after
50 minutes of PW, the contact angle sharply increased
to 39.80° due to near-complete removal of the oxide
film. This behavior arises from exposure of the
aluminum substrate caused by localized dissolution of
the oxide film, resulting in the dominance of metallic
surface characteristics rather than those of a porous oxide
surface.

For Al 5052 shown in Fig. 8c and Fig. 9c, the contact

PW 30 min. PW 50 min.
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Fig. 8. Water contact angle images of AAO formed on (a) Al 1050, (b) A13003, (c) Al 5052, and (d) Al 6061 after pore-widening
(PW) for 0, 10, 30, and 50 minutes in 0.1 M phosphoric acid at 30°C
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Table 5. Water contact angle values of AAO formed on Al 1050, Al 3003, Al 5052, and Al 6061 after pore-widening (PW) for 0,

10, 30, and 50 min in 0.1 M phosphoric acid at 30 °C

Alloy PW 0 min. PW 10 min. PW 30 min. PW 50 min.
1050 25.11 £ 1.14° 17.25 £1.55° 14.93 £2.93° = 0°
3003 24.89 + 1.02° 17.34 +£ 1.50° 12.07 £ 0.51° 39.80 + 6.65°
5052 19.36 + 2.66° 15.05 £2.95° 26.00 + 4.56° 71.06 + 4.86°
6061 17.43 £ 0.53° 16.81 + 1.50° 10.74 £1.99° 75.36 + 6.68°
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Fig. 9. Correlation between surface porosity (or void fraction) and water contact angle as a function of pore-widening (PW)
time for AAO formed on (a) Al 1050, (b) Al13003, (c) Al 5052, and (d) Al 6061

angle initially decreased up to 10 minutes of PW due to
pore expansion. However, after 30 minutes of PW, the
contact angle increased sharply to 26.00° and 71.06° as
a result of oxide-film collapse and removal. This
behavior is attributed to the rapid dissolution of the Mg-
containing oxide film in phosphoric acid, which prevents
the maintenance of a porous structure and instead leads
to a deterioration of wettability.

Similarly, Al 6061 shown in Fig. 8d and Fig. 9d
exhibited improved wettability up to 30 minutes of PW,
with the contact angle decreasing from 17.43° to 10.74°.

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

In contrast, after 50 minutes of PW, the contact angle
increased sharply to 75.36° due to collapse and removal
of the oxide film. This behavior can be attributed to the
rapid elimination of the chemically heterogeneous mixed
oxide film containing Si and Mg through localized
dissolution and structural collapse.

Overall, an increase in surface porosity induced by
PW led to enhanced wettability for all alloys. However,
once the oxide film collapsed or was removed, the
wettability behavior reversed and the contact angle
increased again. This indicates that wettability is
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governed not simply by porosity but by the structural
stability of the oxide film and the resulting surface
morphology [42]. In particular, the tip-like network
structure formed through uniform collapse and
rearrangement of pore walls provides continuous
and high
simultaneously, thereby maximizing liquid infiltration

capillary  pathways surface  energy
and acting as the structure that exhibits the most superior
wettability. In contrast, when the oxide film is locally
removed and the aluminum substrate is exposed, the
porous structure is no longer maintained, leading to a

deterioration in wettability.

4. Conclusions

In this study, anodic aluminum oxide (AAO) films
formed by anodizing Al 1050, Al 3003, Al 5052, and
Al 6061 aluminum alloys for 1 h under identical
conditions were systematically investigated to compare
their structural characteristics and growth behavior.
Subsequently, the structural evolution and wettability
behavior of AAO were analyzed as a function of pore-
widening (PW) time.

Despite the use of identical anodizing conditions,
pronounced differences in pore diameter, interpore
distance, oxide-film thickness, and average AAO growth
rate were observed depending on the alloy composition.
In particular, Al 5052, which contains Mg, exhibited the
highest AAO growth rate and PW rate, whereas Al 3003,
containing Mn, showed relatively low growth rates.
These results indicate that alloying elements directly
influence oxide-film formation and dissolution
reactions, thereby governing the growth behavior of
AAO.

During the PW process, all alloys initially exhibited
an increase in pore diameter and surface porosity with
increasing PW time. However, during prolonged PW,
distinct oxide-film collapse behaviors were observed
depending on the alloy composition. Al 1050 exhibited
a gradual collapse behavior in which the pore walls
uniformly collapsed and reorganized into a tip-like
network structure, whereas Al 3003 and Al 5052 showed
early removal of the oxide film at relatively short PW
times due to localized dissolution. Al 6061 exhibited an
intermediate collapse behavior between these two types,
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clearly demonstrating the dependence of oxide-film
collapse mechanisms on alloy composition.

The wettability analysis revealed that, within the
regime where a well-defined porous AAO structure was
maintained, an increase in surface porosity led to a
decrease in water contact angle, indicating enhanced
wettability. However, once the oxide film collapsed or
was removed, the wettability behavior reversed and the
contact angle increased again. In particular, specimens
forming a tip-like network structure exhibited the most
superior wettability due to the formation of continuous
capillary pathways, whereas specimens in which the
oxide film was removed and the aluminum substrate
was exposed showed deteriorated wettability.

This study experimentally demonstrates that the PW
rate and the structural stability of the oxide film are
governed by different mechanisms, and identifies alloy
composition as a key factor determining the growth
behavior, collapse characteristics, and wettability of
AAO. These findings provide fundamental insights for
structural design of AAO formed on aluminum alloys
and for optimization of long term PW processes, and
are expected to offer important guidelines for the
development of functional and superhydrophilic
surfaces. Furthermore, the wettability behavior observed
in this study is also meaningful in relation to corrosion
performance. In particular, the tip-like network structure,
which provides continuous microstructural features and
high surface roughness simultaneously, is expected to
enable the realization of highly water-repellent or
superhydrophobic surfaces when combined with post-
treatment coatings using low-surface-energy materials.
Such structure—coating combinations are anticipated to
effectively suppress electrolyte access to the surface,
thereby contributing to enhanced long-term corrosion
resistance.
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