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Abstract

Aluminium is widely used in many industries like automotive, aerospace and construction because
of its low weight, good mechanical strength and resistance to corrosion. This resistance comes mainly
from a passive oxide layer that forms on its surface. However, when aluminium is exposed to harsh
environments, especially those containing chloride ions in marine environments, this layer can break
down and lead to localized corrosion, such as pitting. This study examined aluminum profiles at
different processing stages, including homogenization and aging, anodizing and pre-anodizing
followed by The corrosion behavior of the samples was studied using two electrochemical methods.
Potentiodynamic polarization was used to measure corrosion rate and current density, while
Electrochemical Impedance Spectroscopy (EIS) helped to understand how the protective layers
behave and how corrosion progresses. The tests were carried out in a 3.5% NaCl solution at room
temperature. The EIS results were analyzed using equivalent circuit models to better understand the
electrochemical processes. Overall, the study shows how surface treatment affects corrosion
resistance and highlights the advantages of EIS in studying corrosion behavior in a more reliable and
repeatable way.

Keywords: aluminum profile;, EN AW 6060; potentiodynamic polarization; electrochemical
impedance spectroscopy (EIS); microstructure

1. Introduction

Aluminum and its alloys are widely used across industries such as aerospace, automotive and
construction, due to their favorable properties, including low density, high mechanical strength,
excellent thermal and electrical conductivity and ease of manufacturing and recycling [1]. In
architectural applications and sectors like automotive, aerospace and construction aluminum profiles
combine attractive aesthetics, mechanical robustness and corrosion resistance [2]. However, they can
be susceptible to certain types of localized corrosion, including filiform, pitting, crevice and
intergranular corrosion. To address this issue, various accelerated laboratory corrosion tests have
been conducted; however, they do not provide a solution to predicting the corrosion tendency
combined with the selected surface treatment system [3]. The increasing use of recycled aluminum
in architectural constructions is a best practice because it significantly reduces energy costs, carbon
emissions and retains its original properties, such as strength and corrosion resistance, and is
infinitely recyclable without degradation. But on the other hand, it can create potential problems in
the corrosion resistance of the parent material. A poorly executed homogenization process in
secondary aluminium billet production can significantly compromise corrosion resistance, leading to
performance issues in downstream applications.
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More specifically, the role of intermetallic compounds, the uneven grain structure and the
chemical segregation that are created during casting and continue to exist during the
thermomechanical processes that follow, is under investigation as they may constitute preferential
ascending routes leading to localized corrosion and a reduction in the corrosion resistance of
structures [4].

The production of aluminum profiles is a process that requires precision and expertise at every
stage, from the selection of the appropriate alloy to the final surface treatment. The quality of the final
product depends on the correct implementation of each step and understanding the scientific
principles governing production is crucial to optimizing the process and achieving high-quality
profiles.

The choice of aluminum alloy is the first and fundamental step. Each alloy has unique properties
that make it suitable for specific applications. The 6000 (Al-Mg-5i) series, for example, offers excellent
corrosion resistance and extrudability, making it ideal for automotive and architectural construction
applications [2]. Other alloys, such as the 7000 (Al-Zn) series, offer high strength, suitable for
aerospace applications [5]. The choice of alloy directly affects the mechanical properties, corrosion
resistance and processability of the final product.

A major benefit of aluminum is its inherent corrosion resistance, which is due to the spontaneous
formation of a thin and stable oxide layer that protects the surface from further degradation.
Anodizing is a widely used electrochemical process that creates a protective, decorative, and durable
oxide layer on the surface of the aluminum profiles. During anodizing, the aluminum part serves
as the anode in an electrolytic cell, forming a controlled, nanoscale porous oxide film. The properties
of the film can be adjusted by critical parameters control of voltage, current density, electrolyte
concentration, temperature, and anodizing time [6,7]. Among various anodizing techniques, sulfuric
acid anodizing is preferred for decorative finishes and moderate corrosion protection. The 6xxx series
alloys, particularly 6060, are well-suited to this process due to their favorable anodizing response,
good formability and balanced mechanical properties [8].

Despite surface treatments, aluminum in aggressive conditions, especially in seawater, can still
lose its protective oxide layer, causing localized corrosion such as pitting. This can quickly damage
the structural integrity [9-13]. To better understand aluminum corrosion mechanisms and improve
durability, numerous experimental methods have been developed. Traditional techniques such as
weight loss measurement provide simple estimates of material degradation but are time-consuming
and offer limited insight into corrosion mechanisms. Hydrogen evolution methods quantify
corrosion rates based on gas generation but can be influenced by external factors such as temperature
and pressure, limiting reliability [14-16]. Corrosion tests like acetic acid salt spray (AASS, ISO 9227)
and Filiform corrosion test (FFC, ISO 4623-2) are commonly used for assessing the corrosion
resistance of decorative coatings but often fails to replicate complex real-world conditions, resulting
in variable and sometimes non-representative results [17-21]. Electrochemical Noise Analysis can
monitor spontaneous fluctuations related to corrosion but presents challenges in data interpretation
and usually requires supplementary methods [22-26].

To overcome these problems, Electrochemical Impedance Spectroscopy (EIS) is used as a strong,
non-damaging tool that can carefully and repeatedly monitor corrosion in real time. EIS enables the
detection of minor defects before they become visible under electron microscopy and allows
continuous monitoring of the same samples. By measuring impedance over a range of frequencies,
EIS provides detailed information about charge transfer, film stability, diffusion and double-layer
behavior [27-31]. Also, modeling corrosion with equivalent electrical circuits from EIS data helps
explain corrosion processes, evaluate coating performance, and monitor changes over time without
damaging the sample. This study investigates the corrosion behavior of EN AW 6060 aluminum alloy
samples subjected to various surface treatments. Electrochemical corrosion techniques, including
potentiodynamic polarization and EIS were employed, while scanning electron microscopy (SEM) to
analyze the morphology of the treated surfaces.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Materials and Coating Production

In this study, four EN AW 6060 aluminum alloy profiles samples were examined. One untreated
sample was used as a reference after it was homogenized and aged (initial), while the other three
were subjected to different surface treatments, such as clear anodizing, black anodizing and one pre-
anodized coated sample, to assess their corrosion resistance and aesthetic properties. For the clear
and the black anodized sample, the used process was sulfuric acid anodizing according to Qualanod
and DIN 17611 specifications. The production steps are: alkaline degreasing, alkaline etching,
desmutting, anodizing, electro coloring and cold sealing. Careful control of these parameters ensures
a uniform and durable oxide layer suitable for a variety of applications. This process resulted in an
approximately thickness of 17 um oxide layer, composed of hexagonal columnar cells with
nanometric pores [31-34].

The third sample was anodic pretreated and coated with architectural polyester powder. Pre-
anodizing is a process that forms a protective oxide layer of 5-8 um on the profiles before powder
coating. This treatment improves corrosion resistance of the aluminium profiles. This combined
surface treatment sample was produced according to Qualicoat specifications. Overall, these three
treatments, like clear anodizing, black anodizing, and pre-anodizing combined with powder coating,
provide a complete way to compare different surface modification methods on EN AW 6060
aluminum alloys.

2.2. Experimental Procedure

Corrosion characterization of the aluminium samples was conducted using potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS). Potentiodynamic polarization was
used to determine the corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion rate for
each sample. EIS measurements were performed to investigate the electrochemical behavior over a
frequency range, typically from 100 kHz to 100 mHz. The impedance data were analyzed using
electrical circuit models to understand how different layers, like oxide films and coatings, contribute
to corrosion protection and to quantify parameters such as pore resistance, coating capacitance and
diffusion effects.

All electrochemical tests were carried out in a 3.5 wt.% NaCl aqueous solution at room
temperature (25°C) using a Gamry potentiostat/galvanostat system. A standard three-electrode
setup was used, with the aluminium sample as the working electrode, a platinum rod as the counter
electrode and a saturated calomel electrode (SCE) as the reference. The microstructure of the
aluminum matrix as well as the coatings formed through different surface treatments was analyzed
using Scanning Electron Microscopy (SEM).

3. Results and Discussion

3.1. Surface Morphology

Figure 1a presents SEM micrographs of the aluminum matrix, clearly revealing grain boundaries
and possible inclusions. These microstructural features reflect the complex internal structure of the
alloy. The prominent lines denote the interfaces between individual grains, while dispersed particles
may correspond to secondary phases or impurities. In 6xxx series aluminum alloys, magnesium and
silicon are the primary alloying elements, with iron, manganese and chromium typically present as
trace elements or impurities. During solidification and subsequent processing, these elements form
intermetallic compounds that play a critical role in determining the alloy’s mechanical performance
and corrosion behavior. Common Fe-rich phases include [3-AloFe:Siz (also known as (3-AlsFeSi) and
a-AlizFesSi. In the presence of Mn or Cr, these atoms can replace Fe within the crystal structure,
promoting the formation of intermetallic phases such as a-Aliz(FeMn)sSi or a-Ali2(FeCr)sSi [35].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figures 1 (b, c) depict SEM images of the anodized layers, which exhibit a fibrous morphology that
develops along the growth direction of the layer. The fibers within the oxide are aligned parallel to one
another, forming gaps between them. The porosity of these oxide layers plays a crucial role in defining
their function. The type, size and shape of the pores depend on factors such as the substrate’s structure,
the etching conditions of the aluminum alloy surface, the electrolyte type and the parameters of the
anodizing process [36]. The black anodized layer is visibly thicker (~18 um) than the clear natural one
(~17 pm), likely due to different anodizing parameters. The anodized layer is well-adhered to the
substrate, with no evidence of interfacial defects or delamination. The sample that was both anodized
and powder coated shows a well-formed multilayer structure (Figure 1d). However, in the magnified
surface image of the anodized samples, some voids and discontinuities are observed within the anodic
oxide layer. These features are indicative of poor sealing, which can reduce the long-term effectiveness
of anodizing by allowing chloride ions to penetrate through the porous structure. Despite this
limitation, the presence of the additional powder coating layer significantly minimizes this risk. The
powder coating acts as a supplementary barrier, filling surface defects and sealing the underlying oxide
layer, thereby enhancing the overall corrosion resistance of the system.
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Figure 1. (a) Microstructure of the matrix of aluminium sample, cross-section of (b, ¢) anodized and (d) pre-

anodized and powder coated Al samples.

3.2. Electrochemical Characterization

Figure 2 shows the potentiodynamic polarization curves of the aluminium samples to study the
influence of different surface treatments on corrosion behavior in 3.5% NaCl solution at 25 °C. The
anodized samples show significantly lower current densities values compared to the initial
(uncoated) samples, in which a clear tendency for pitting corrosion is observed. The anodized and
powder coated sample exhibits the lowest corrosion current density among all tested samples. This
confirms the synergistic protective effect of combining anodization and electrostatic coating, creating
a dual barrier against corrosion. A tendency for pitting corrosion, indicated by the pitting potential
(Epit), was also observed in both natural and black anodized samples. This means that although
anodizing improves general corrosion resistance, it does not fully protect against localized corrosion.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Small defects or pores in the oxide layer may allow pitting to start under certain conditions.
Additionally, metastable pits, reflected as small current fluctuations, typically occur at voltages
approaching the pitting potential (Epit) [37].
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Figure 2. Potentiodynamic polarization curves of aluminium samples with different surface treatments in
sodium chloride solution.

Table 1 shows the corrosion potential (Ecorr), corrosion current density (icerr), the anodic (3a) and
cathodic (f3c) Tafel slopes for aluminium samples with different surface treatments in sodium chloride
solution. The corrosion current densities (Iorr) and corrosion rates decrease with the application of
various surface treatments compared to the initial sample. The initial sample exhibits the highest Lcor
value and a corresponding corrosion rate of 0.03 mmpy. The natural and black anodized samples
show about 30 times lower corrosion current and corrosion rate compared to the untreated sample,
indicating much better corrosion resistance. The combination of anodizing and powder coating
provides the most effective corrosion protection, achieving an extremely low Icorr of 9.72%10710 A/cm?

and a corrosion rate of 0.00003 mmpy, which is approximately 1000 times lower than that of the
original sample.

Table 1. Corrosion potentials (Ecorr), corrosion currents (icor), anodic (a) and cathodic (3c) Tafel slopes for

aluminium samples with different surface treatments in sodium chloride solution.

Leorr Corrosion rate
Sample Ecorr [mV] ﬁa Bc
[A/cm?] [mmpy]
Initial -0.756 9*107 0.022 -0.52 0.03
Natural anodized -0.702 2.72* 108 0.78 -0.52 0.0009
Black anodized -0.722 4*108 1.19 -0.86 0.0014
Anodized and powder
-0.729 9.72 * 10710 0.91 -0.46 0.0004
coated

Electrochemical impedance spectroscopy (EIS) was used to investigate the corrosion behaviour
of aluminium samples with different surface treatments, in a sodium chloride (NaCl) solution. Figure
3a displays the Nyquist, figure 3b Bode magnitude and figure 3c Bode phase angle, plots for initial
(uncoated), anodized and anodized plus powder coated samples.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the Nyquist plot (Figure 3a), the diameter of the semicircle is directly related to the
polarization resistance, which serves as an indicator of corrosion protection efficiency. The sample
treated with both anodizing and powder coating exhibits the largest semicircle diameter, indicating
significantly higher impedance values and higher corrosion resistance. The initial samples show
much smaller semicircles, showing that the material is more likely to corrode. The remaining
samples, including those that were only anodized, show intermediate semicircle diameters, reflecting
moderate levels of corrosion resistance. The Bode magnitude plot (Figure 3b) supports these
observations. The anodized samples showed medium impedance, suggesting they provide some
level of protection. The untreated samples had low impedance, indicating very limited or no effective
surface protection. Also, a decrease in the low-frequency impedance typically reflects degradation or
breakdown of the protective passive film, indicating loss of corrosion protection, which is consistent
with the potentiodynamic polarization curves of the initial sample [27,29,30]. In the Bode phase
angle plot (Figure c), the pre-anodized and powder coated sample demonstrates a broad plateau with
a phase angle near -90°, which is characteristic of capacitive behaviour and indicates a stable dielectric
interface [38]. The phase angle plots for the aluminium samples indicate the presence of at least two
time constants. This suggests a complex protective system involving multiple electrochemical
processes. The initial samples show a rapid phase drop and low phase angles, indicating limited
corrosion protection [39,40]. Overall, the EIS results clearly illustrate the beneficial effect of combined
anodizing and powder coating. This multilayer system provides enhanced corrosion protection. The
white and black anodizing samples showed different levels of corrosion protection, likely due to
differences in pigment type, thickness or porosity that affect their electrochemical properties. In the
diagrams (Figure 3), the straight line represents the fitting curve, while the data points correspond to
the experimental measurements.
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Figure 3. (a) Nyquist (b) Bode impedance magnitude and (c) Bode phase angle plots of aluminium samples with

different surface treatments after immersion in 3.5 wt% sodium chloride solution.
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3.3. Proposed Equivalent Electrical Circuit Models

To thoroughly analyze the electrochemical behavior of EN AW 6060 aluminum alloy samples
subjected to different surface treatments, three distinct equivalent electrical circuits were constructed.
Each circuit represents the distinct structural and electrochemical properties of the surface layers
produced by each treatment, enabling a detailed analysis of the impedance spectroscopy results.

For the mill finished homogenized and aged sample, the simplest equivalent electrical circuit
model was employed. This model includes the solution resistance (Rs), which represent the resistance
of the electrolyte solution between the working and reference electrodes, a constant phase element
(CPE,) models the non-ideal capacitive behavior of the electrochemical double layer formed at the
metal-electrolyte interface, describing surface heterogeneities and roughness. The charge transfer
resistance (Ret) quantifies the resistance to electron movement during corrosion reactions occurring
on the aluminum surface. This basic circuit effectively models the corrosion process in bare
aluminum samples, where no protective layers affect the electrochemical reactions [41].

Aluminium
substrate

CPE:

%

—WW

Rect

Figure 4. Equivalent circuit representing the corrosion of uncoated aluminium samples.

In contrast, the anodized samples exhibit a more complex structure due to the presence of a
porous oxide film. Therefore, a two-layer model was used to represent both the anodic film and the
aluminum substrate. The first layer models the anodic oxide film, including Rs, a constant phase
element (CPE;) and a resistance (R;) that characterizes the oxide layer’s dielectric and resistive
properties. The oxide layer acts as a shield, stopping ions from passing through and improving
corrosion resistance. Below the oxide film, the aluminum substrate is modeled by a second constant
phase element (CPEy) in parallel with a charge transfer resistance (R«), reflecting the electrochemical
activity at the metal interface beneath the oxide. Additionally, a Warburg diffusion element (W) is
included for diffusion-controlled processes.

For the anodized samples that were further powder paint, a more detailed equivalent circuit was
necessary for the representation of the multi-layered protective system. This circuit includes all the
components found in the model used for anodized-only samples, Rs, CPE;, R, for the anodic oxide
layer and CPE,, Re, W for the substrate, while including an additional parallel branch consisting of
CPE; and R. This additional branch represents the electrostatic powder coating, which forms a
continuous, insulating barrier on top of the anodic film. The coating’s capacitive and resistive
characteristics are modeled by the constant phase element (CPE;) and resistance (Ry), respectively.
This hierarchical modeling approach provides a deep understanding of how corrosion protection
works in each surface treatment. By separating the effects of the electrolyte, anodic oxide layer,
substrate and powder coating, the equivalent circuits allow for precise measurement of coating
durability, oxide layer quality and corrosion resistance of the sample.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Equivalent circuit representing the corrosion of anodized aluminium samples.
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Figure 6. Equivalent circuit representing the corrosion of anodized plus powder coated aluminium samples.

In addition to the specific equivalent circuits designed for each sample type, a more generalized
equivalent circuit model was developed to include uncoated, anodized and anodized-plus-powder
coated samples within a single, flexible model. This model adapts to different surface conditions by
adjusting key parameters, particularly the variables u and n, which define the behavior of the constant
phase elements and resistances for each case. The circuit includes the solution resistance (Rs),
representing the electrolyte’s resistance, along with parameters R; and CPE,, which correspond to
the powder coated layer when present. The anodized layer is described by CPE, and R,, capturing
its capacitive and resistive properties, respectively. At the metal/electrolyte interface, the charge
transfer resistance (Re), a third constant phase element (CPE;) model the non-ideal double-layer
capacitance and a Warburg impedance element (Zw) is incorporated when necessary. This flexible
equivalent circuit allows reliable fitting and interpretation of electrochemical impedance data for
various surface treatments, offering valuable understanding of how each layer contributes and
interacts within the overall corrosion protection system. The values of the equivalent circuit elements
shown in Figure 4 are listed in Table 2. The model fits the experimental data well, meaning it can
effectively describe the corrosion behavior of all aluminum samples in NaCl solution (with a standard
error less than 10%) [42].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. (a) General equivalent circuit proposed for the corrosion behavior of uncoated, anodized and anodized
plus powder coated samples, after immersion in 3.5 wt% sodium chloride solution (where 17=0 and u=0 for

uncoated, #7=0 and u=1 for anodized, =1 and u=1 for anodized plus powder coated, Al samples).

The uncoated sample exhibited an o value of 0.87 and a low charge transfer resistance (13 kQ2),
indicating poor corrosion protection. Anodized samples showed medium corrosion protection. The
natural one exhibited a nearly ideal dielectric response (a~1) suggesting a uniform oxide and Ret of
1.48 MQ), while the black anodized sample showed higher resistance of the anodized layer but lower
charge transfer resistance (0.74 MQ) and «a values, indicating reduced oxide integrity, possibly due
to increased porosity or dye-related degradation. The high values of resistance indicate that the
sealing process was highly effective [43]. The anodized and powder coated samples have the highest
resistance (R; = 7.5 MQ), which corresponds to the powder coating, an intermediate anodized-layer
resistance (R, =2 kQ) and improved «a values (0.93-0.95). These features show a strong combination
of barrier effects, meaning better corrosion protection than anodizing alone. Low values of Rz indicate
poor sealing quality of the porous layer, a fact also confirmed by the SEM images, which can be
attributed to the fact that this is not the only protective layer, but an additional powder coating is
applied on top. Overall, while the uncoated sample exhibited the lowest resistance, pre-anodized and
powder coated samples show the most efficient protective behavior [44-46].

The thickness of the different layers can be estimated using the Eq. (1):

C=eeoA/d (1)

where ¢ = 8.85*1014 F/cm the dielectric constant of vacuum, € = 10 the relative dielectric constant of
aluminum oxide, A the active surface and d the thickness of the layer. This equation is most accurate
when the a is close to unity [42]. The calculated average values of natural anodized samples are di=
14.8 pm and d2=4.4 um while di1 =22 pm and d2=3 pm for the black anodized samples, with a total
thickness of 19 um and 25 pm, respectively, values that are very close to those measured from the
SEM images. For the anodized and powder coated sample, the thicknesses of the anodized layers are
d2=4.9 um and ds = 6.3 um, with a total thickness of 11 pm, which coincides with and confirms the
thickness measured from the SEM images.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Parameters of the equivalent circuit elements (Figure 4) representing the corrosion behavior of
uncoated, anodized, powder coated and anodized plus powder coated samples, after immersion in 3.5 wt%

sodium chloride solution.

Alsamples | o CPE2  a CPE @ CPE3 o R Rt R Ra W,
NaCl solution S*g® S*g® S*g® S*s)a
. 6.63 . -1
initial o 935%10® a8z - - ) ) . ) kg i
White anodized( 283 6*107™° 1 %10 095 - s = = 07 148 dowg*
Blackanodized | & 4*107° 092 2.9*10° 09 - = = = 4R DI vt
Anodized and | 0.1 9 . g 7.5 2 047 .
walnted o 174*10° 095 1.8*10° 093 14*10° 09 - \id kMg 13*10°

4. Conclusions

This study focused on a systematic evaluation of the electrochemical behavior of aluminum
samples with various surface treatments (untreated, anodized, pre-anodized and powder coated).
Through electrochemical impedance spectroscopy (EIS) and equivalent circuit analysis, several
findings were obtained:

(1) Surface treatments significantly improve corrosion resistance. Anodized samples demonstrate
approximately 30 times lower corrosion rate, while the anodized and powder-coated samples
offer the highest protection, with a corrosion rate nearly 1000 times lower than that of the
untreated aluminium.

(2) The natural sample showed an almost ideal dielectric behavior (a ~ 1) and a charge transfer
resistance of 1.48 MQ), indicating a uniform oxide. The clear anodized sample had higher
anodic resistance but lower R« (0.74 MQ) suggesting reduced oxide quality, likely due to
porosity or dye effects.

(3) The pre-anodized and powder coated samples demonstrates a complex multilayer
electrochemical behavior that explains its superior protective performance. The outer layer
exhibits very high resistance (7.5 MQ) and excellent dielectric properties (a = 0.95), indicating an
effective barrier against corrosion.

(4) The high values of resistance for the anodized samples indicate that the sealing process was
highly effective.

(5) The calculated average thicknesses of the anodized layers confirm the SEM results.
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