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Abstract 
Atmospheric acid rain significantly accelerates the deterioration of alumi-
num alloys used in outdoor structures, emphasizing the importance of opti-
mized anodic oxide coatings for AA6005 aluminum alloy. This study inves-
tigated the corrosion behavior of uncoated and anodized AA6005 specimens 
with coating thicknesses of 10 µm and 14 µm in a simulated acid rain solu-
tion using electrochemical techniques combined with post-exposure surface 
characterization. Open circuit potential (OCP), electrochemical impedance 
spectroscopy (EIS), and Tafel polarization tests revealed that anodizing 
markedly enhanced the corrosion resistance, increasing the total polariza-
tion resistance from 73.65 kΩcm2 for the bare alloy to 7597 kΩcm2 for the 
14 µm coating and reducing the corrosion current density from 19.10 to 7.88 
nAcm2. Scanning electron microscopy with energy dispersive spectroscopy 
(SEM-EDS) revealed that the uncoated alloy experienced active dissolution 
and heterogeneous corrosion product formation, whereas the anodized sam-
ples formed a uniform, oxygen-enriched oxide layer that acted as an effective 
barrier against aggressive acidic species despite the presence of microcracks 
in the anodic layer. Atomic force microscopy (AFM) results further showed 
that increasing coating thickness decreased the surface roughness, with the 
Ra value decreasing from 50.213 nm for the bare alloy to 24.073 nm for the 
14 µm coating, indicating improved surface stability under acidic condi-
tions. 
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1. Introduction 

Among the types of degradation that metallic materials are exposed to throughout 
their service life, atmospheric corrosion stands out both for the scale of its impact 
and for the magnitude of its economic consequences. With the growth of indus-
trialization and fossil fuel consumption, sulfur dioxide (SO2) and nitrogen oxides 
(NOx) released into the atmosphere react with water vapor in clouds to form sul-
furic and nitric acid compounds; these compounds then fall to the ground as rain, 
fog, or dew, creating the phenomenon known as “acid rain” [1]. While the pH of 
normal rainwater is around 5.6 when in equilibrium with atmospheric CO2, the 
pH of acid rain measured in industrial areas can drop as low as 3.0 - 4.5. These 
low pH levels increase the ionic conductivity of thin electrolyte films that accu-
mulate on metal surfaces, thereby accelerating the kinetics of electrochemical cor-
rosion reactions [2]. 

Aluminum and its alloys are widely used in many engineering fields—particu-
larly aerospace, automotive, rail systems, architectural facade cladding, and struc-
tural profile production—due to their low density, high strength-to-weight ratio, 
good workability, and relatively high corrosion resistance. The natural corrosion 
resistance of aluminum stems from a thin, dense Al2O3 layer that spontaneously 
forms on its surface; this layer partially isolates the underlying metal from direct 
exposure to atmospheric oxygen and moisture. However, this natural oxide layer 
can lose its stability under aggressive chemical conditions such as chloride ions or 
low-pH environments, which can lead to the initiation of localized pitting corro-
sion [3]. 

Dynamic electrochemical impedance spectroscopy (DEIS) studies conducted 
on 6060 and 6082 alloys have shown that AA6082, which has a higher Mn and Cr 
content, is more susceptible to pitting corrosion than AA6060, which contains 
lower amounts of alloying elements; this difference can be linked to the distribu-
tion of Al-rich phases within the alloy matrix [4]. The same studies emphasized 
that both alloys exhibited a distinct passive region in the simulated acid rain en-
vironment, although the passive current density varied depending on the alloy 
composition. Similarly, wet-dry cycle experiments conducted on 2024-T3 alumi-
num alloy using the electrochemical noise (EN) technique revealed that the cor-
rosion process at low pH values such as 3.5 followed a much more severe and 
multi-stage course compared to pH 4.5 and 6.0; this can be explained by the high 
reactivity of hydrogen ions, their rapid diffusion/migration capability, and the re-
duced stability of the passive film at low pH [5]. 

One of the most widely used electrochemical surface treatments for increasing 
the corrosion resistance of aluminum alloys, improving surface hardness, and 
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providing aesthetic/decorative properties is anodic oxidation, commonly known 
as “anodizing” [6] [7]. In this process, the aluminum part is placed as the anode 
in an electrolytic cell, and a controlled Al2O3 layer is grown on the metal surface 
by applying direct current/voltage in electrolytes typically based on sulfuric acid, 
oxalic acid, or chromic acid. The anodic oxide film structure consists of a thin, 
dense “barrier layer” adjacent to the metal and a porous outer layer above it, com-
posed of regular hexagonal cells; the barrier layer thickness, cell diameter, and 
pore diameter vary as a linear function of the applied anodizing voltage [8]. 

The effect of the anodized coating on corrosion resistance is closely related to 
the electrolyte composition and process parameters. Anodizing studies conducted 
on AA5052 alloy in a mixed citric acid-sulfuric acid electrolyte showed that in-
creasing the citric acid concentration in the electrolyte (up to 70 g/L) increased 
the homogeneity and thickness of the oxide layer, which in turn significantly re-
duced the corrosion dissolution rate in the simulated acid rain environment [9]. 
This finding highlights that corrosion resistance depends not merely on the pres-
ence of the anodized coating, but also on its quality, including its thickness, ho-
mogeneity, and pore structure. On the other hand, a study comparing the corro-
sion performance of different surface treatments (sand-powder film coating, plain 
powder coating, hard anodized film, and conventional thermal sealing oxidation) 
on 6061 alloy in a 3.5% NaCl solution reported that the protective performance of 
all four coating types gradually decreased as the corrosion duration increased, 
with the protective ranking being: sand-powder film coating > hard anodized 
film > plain powder coating > conventional thermal sealing oxidation [10]. This 
result shows that anodized coatings do not provide absolute protection even un-
der long-term exposure to aggressive environments, and that their time-depend-
ent degradation behavior also needs to be characterized separately. 

This study aims to contribute both to clarifying the corrosion mechanism of the 
anodized AA6005 alloy and to evaluating the reliable usability of this alloy in out-
door structural applications that may be exposed to acid rain. To this end, the 
corrosion behavior of uncoated AA6005 aluminum alloys and alloys with differ-
ent anodized coating thicknesses was examined electrochemically in a simulated 
acid rain environment, and the changes occurring on the surface after the corro-
sion tests were investigated. 

2. Materials and Method 
2.1. Materials 

The chemical composition of the AA6005 alloy used in this study is given in Table 
1. The simulated acid rain employed in the corrosion tests was prepared in ac-
cordance with the composition outlined in the study by [11]. The final pH of the 
solution was adjusted/measured as 3.5. The required amounts of the individual 
components were dissolved in distilled/deionized water, and the solution was 
stirred until complete dissolution was achieved. The prepared solution was used 
immediately for the electrochemical corrosion tests. 
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Table 1. Chemical composition of AA6005 alloy. 

Element Si, wt. % Mg, wt. % Cu, wt. % Mn, wt. % Cr, wt. % 

AA6005 0.60 - 1.0 0.40 - 0.60 ≤0.10 ≤0.10 ≤0.10 

2.2. Methods 

For each experimental condition, five independent specimens were analyzed us-
ing OCP, EIS, Tafel polarization, SEM-EDS, and AFM techniques. For each tech-
nique, the measurement exhibiting the smallest deviation from the arithmetic 
mean of the five independent measurements was selected as the representative 
result and presented. 

2.2.1. Anodizing Process 
Before the anodizing process, the sample surfaces were polished using 800# - 2000# 
sandpaper. The anodizing process and subsequent post-anodizing treatments were 
performed using the conditions described below, with reference to DIN 176111. The 
same treatment conditions were applied to all anodized specimens. 

1) Degreasing bath: 60 - 70˚C, 5% detergent. 
2) Caustic bath (NaOH): 55 - 70˚C operating temperature. 
3) Neutralization: 20% sulfuric acid (H2SO4). 
4) Anodizing bath: 20% sulfuric acid maintained at 18 ± 2˚C. The anodizing 

time was 30 min for the nominal 10 µm coating and 42 min for the nominal 14 
µm coating. 

5) Coloring: Tin sulfate (SnSO4), 20˚C. 
6) Yellow bath: Ferric ammonium oxalate, 55˚C. 
7) Hot sealing: 98˚C in distilled water for 30 min and 42 min for the nominal 

10 µm and 14 µm coatings, respectively. 

2.2.2. Electrochemical Impedance Spectroscopy (EIS) 
The EIS experiments were carried out using a three-electrode system, with Ag/AgCl 
as the reference electrode, platinum as the counter electrode, and AA6005 with a 
surface area of 0.636 cm2 as the working electrode. Before each experiment, the 
working electrode was immersed in the test solutions at 25˚C for 1 hour in order to 
obtain a stable open circuit potential (OCP). The EIS measurements were per-
formed using a 10 mV amplitude signal over a frequency range of 0.1 Hz - 100 kHz. 
The obtained data were analyzed using the ZsimpWin 3.21 software. 

2.2.3. Tafel Polarization (TP) 
The TP experiments were carried out immediately after the EIS measurements. 
Tafel polarization tests were performed in the same three-electrode cell used for 
EIS, with Ag/AgCl as reference and a platinum counter electrode. The working 
electrode was scanned first in the cathodic and then in the anodic direction, over 

 
1DIN 17611 (2022) Anodized products of wrought aluminium and wrought aluminium alloys—Tech-
nical conditions of delivery. Deutsches Institut für Normung (DIN), Berlin, Germany.  
https://doi.org/10.31030/3365090 
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a potential range of −0.5 to +1.5 V relative to Ecorr, at a scan rate of 1 mV/s. No iR 
compensation was applied to the polarization data. The Tafel parameters were 
determined by the instrument software from the linear regions of the anodic and 
cathodic branches around Ecorr. 

2.2.4. Surface Analysis 
The surface morphologies formed after the corrosion tests were analyzed in detail 
using SEM (FEI Quanta FEG 250, the Netherlands) and AFM (Park Systems, XE-
100E) instruments. 

3. Results 
3.1. Open Circuit Potential (OCP) 

Figure 1 shows the open circuit potential (OCP) plots of uncoated and anodized 
AA6005 metals exposed to the simulated acid rain environment. 

 

 
Figure 1. OCP graph of AA6005 metals exposed to the acid rain environment. 

 
When Figure 1 is examined, it can be seen that the corrosion potential of the 

uncoated AA6005 metal starts from a more negative value compared to the ano-
dized metals. The potential of the uncoated AA6005 metal shifted in the positive 
direction during the first 900 seconds and then became stable. This indicates the 
gradual formation of either a corrosion product layer or a partially protective ox-
ide film. When the anodized AA6005 metals are examined, their potentials are 
seen to be more stable than that of the uncoated metal. It was determined that the 
corrosion potential also shifted in the positive direction as the anodized coating 
thickness increased. According to the OCP data, the nominal 14 µm anodized 
coating exhibited the most positive and stable potential among the investigated 
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coating thicknesses, indicating improved protection of the underlying aluminum 
substrate against the aggressive species present in the simulated acid rain environ-
ment (H⁺, 2

4SO − , 3NO− , etc.). 

3.2. Electrochemical Impedance Spectroscopy (EIS) 

Figure 2 shows the Nyquist and Bode plots obtained from the EIS measurements of 
uncoated and anodized AA6005 metals exposed to the simulated acid rain environ-
ment.  

When the Nyquist diagrams in Figure 2(a) are examined, it can be seen that 
the uncoated AA6005 sample exhibits a smaller-diameter semicircle compared to 
the anodized samples. A smaller semicircle indicates lower charge transfer re-
sistance and faster corrosion of the metal. In the anodized metals, the Nyquist 
curves reach much higher impedance values. The nominal 14 µm coating exhib-
ited the highest impedance among the investigated specimens, as shown in Figure 
2(a). The Bode and phase angle diagrams given in Figure 2(b) support the 
Nyquist plots. Table 2 presents the EIS test results analyzed using the R (QR) and 
R (QR) (QR) circuit models for the Nyquist curves. 

Table 2 shows that the anodizing process substantially improves the corrosion 
resistance of AA6005 metal in the simulated acid rain environment. While the 
corrosion resistance (Rtotal) of the uncoated AA6005 metal was 73.65 kΩcm2, it was 
determined that this value increased to 3554 and 7597 kΩcm2 respectively in the 
anodized metals. In addition, the decrease observed in the Qf and Qdl values indi-
cates the formation of a more compact and less porous oxide layer. The increase 
in the n values indicates that the anodized layer exhibits a more homogeneous and 
near-ideal capacitive behavior. According to the data obtained from EIS, it was 
determined that the anodizing process slows down the transport of aggressive ions 
present in the simulated acid rain to the metal surface, and that a more protective 
layer forms as the coating thickness increases. 

 

 
Figure 2. EIS graphs of AA6005 metals exposed to the acid rain environment; (a) Nyquist, (b) Bode. 
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Table 2. EIS test results of AA6005 metals exposed to the acid rain environment. 

 
Rs 

(Ωcm2) 

Qf 
Rf 

(kΩcm2) 

Qdl 
Rct 

(kΩcm2) 
Rtotal 

(kΩcm2) 
Chi-

square Y0  
(Ω−1Sncm−2) 

0  ≤   
nf  ≤ 1 

Y0 
(Ω−1Sncm−2) 

0 ≤  
ndl ≤ 1 

Bare AA6005 1215 - - - 1.07E−05 0.89 73.65 73.65 7.090e−05 

Anodized 
AA6005/10 µm 

1206 4.26E−07 0.81 2017 1.99E−07 0.91 1537 3554 2.404e−04 

Anodized 
AA6005/14 µm 

1239 1.23E−08 0.85 3458 3.73E−08 0.92 4139 7597 4.508e−04 

3.3. Tafel Polarization (TP) 

Figure 3 shows the plots obtained from the TP measurements of uncoated and 
anodized AA6005 metals exposed to the simulated acid rain environment. 

 

 
Figure 3. TP graphs of AA6005 metals exposed to the acid rain environment. 

 
The TP curves given in Figure 3 show that anodizing substantially improves 

the corrosion resistance of AA6005 metal. It can be seen that the corrosion current 
densities of the anodized metals are lower compared to the uncoated AA6005 
metal. In particular, the AA6005 specimen with the nominal 14 µm coating exhib-
ited the lowest corrosion current density among the investigated specimens. The 
data obtained from the TP method are given in Table 3. 

According to the data in Table 3, it can be seen that the anodizing process in-
creases the corrosion resistance of AA6005 metal. While the corrosion current 
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density (icorr) of the uncoated AA6005 metal was 19.10 nA/cm2, it was determined 
that this value decreased to 8.93 and 7.88 nA/cm2 respectively in the anodized 
metals. The TP results support the EIS findings, showing that the nominal 14 µm 
coating provided better corrosion protection than the nominal 10 µm coating un-
der the investigated conditions.  
 
Table 3. TP test results of AA6005 metals exposed to the acid rain environment. 

 βa (mV/dec) βc (mV/dec) Ecorr (mV) icorr (nA/cm2) 

Bare AA6005 456 110 −957 19.10 

Anodized AA6005/10 µm 450 140 −832 8.93 

Anodized AA6005/14 µm 447 177 −803 7.88 

3.4. Surface Analysis 

Figure 4 shows the cross-sectional SEM images and EDS analysis results of un-
coated and anodized AA6005 metals. 

When Figure 4(a) and Figure 4(b) are examined, the average coating thick-
nesses are seen to be approximately 10 µm and 13.5 µm respectively, and the re-
sulting oxide layer is seen to be well integrated with the Al substrate. The EDS-1 
analysis obtained from the coating layer showed that the surface was predomi-
nantly composed of Al (41.5%) and O (56.6%), supporting the formation of an A-
O-rich anodic oxide layer. The detected S content (1.8%) is consistent with the 
use of a slfuric acid-based anodizing electrolyte. The EDS-2 analysis taken from 
the base metal, on the other hand, confirmed the chemical composition of the 
AA6005 aluminum matrix through the absence of an O peak and the presence of 
Mg (1.4%), Si (0.3%), and Fe (0.2%) elements. Figure 5 presents the SEM images 
and EDS analysis results taken from the surface after the corrosion tests. 

 

 
Figure 4. Cross-sectional SEM images and EDS results of uncoated and anodized AA6005 metals; (a) 10 µm, (b) 14 µm. 
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Comparative analysis of the SEM images indicates that the applied coating im-
proves the corrosion resistance against the simulated acid rain environment. In the 
SEM images of the uncoated sample (Figure 5(a)), irregularly distributed, porous, 
and heterogeneous corrosion product accumulations were observed on the surface; 
this indicates that the substrate underwent active electrochemical dissolution by 
directly interacting with the acidic environment and that localized corrosion regions 
formed on the surface. When the images of the coated samples are examined, no 
obvious corrosion products were observed, but cracks were observed in the ano-
dized coating layer (Figure 5(b) and Figure 5(c)). The cracks that formed on the 
surface may originate from surface stresses caused by the growth of the anodized 
layer and/or from the thermal shock that occurs when transitioning to the 98˚C 
bath during the anodizing process [12]. When comparing the coatings with 10 µm 
(Figure 5(b)) and 14 µm (Figure 5(c)) thickness, the crack density and cell fre-
quency were found to be relatively higher in the thinner coating (Figure 5(b)), 
which is thought to be related to the increasing stress-to-thickness ratio as the film  

 

 
Figure 5. Post-corrosion SEM images and EDS results of uncoated and anodized AA6005 metals; (a) uncoated, (b) 10 µm, (c) 
14 µm. 
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thickness decreases. The absence of significant corrosion product accumulation on 
the substrate surface in both coated samples indicates that the coating forms an ef-
fective barrier layer that limits the access of acidic species to the substrate. Even 
though both anodized layers showed tiny cracks, the 14 µm layer offered better pro-
tection against aggressive ions, suggesting that the thicker coating improved the 
overall defense capability, despite the existence of surface fractures. 

The EDS elemental mapping and point analysis results quantitatively confirm 
the presence of the coating and the compositional changes, supporting the mor-
phological observations. While the oxygen content was measured at 25.4% in the 
uncoated AA6005 sample, this value increased to 58.1% for the 10 µm coating and 
59.6% for the 14 µm coating in the anodized samples; in contrast, the aluminum 
ratio decreased from 72.8% in the uncoated sample to approximately 36 - 37% in 
the coated samples. The approximately twofold increase in oxygen content and 
the marked decrease in the aluminum signal indicate that the anodized coating 
forms a continuous barrier layer of sufficient thickness on the surface. The ele-
mental mapping results also support this finding: the O K signal showed a homo-
geneous distribution on the surface in the coated samples, whereas the Al K signal 
was dominant in the uncoated sample, with signal weakening observed in regions 
containing corrosion product accumulations. Regarding the changes in S ratio, 
while the S ratio was 0.8% in the uncoated sample, this ratio increased to 4.3% (10 
µm) and 3.7% (14 µm) in the coated samples. A previous study reported that when 
anodizing is carried out in a sulfuric-acid-based environment, it is difficult to de-
termine whether the S element detected by EDS originates from a corrosion prod-
uct or from the chemical composition of the coating, and therefore foreign ele-
ments should be examined instead. The absence of foreign elements in the ob-
tained EDS results suggests that the S element originates from the chemical com-
position of the coating. Overall, the SEM-EDS findings are consistent with the 
electrochemical results, indicating that the nominal 14 µm coating provided better 
protection than the nominal 10 µm coating under the investigated conditions. 
Figure 6 presents the AFM analysis results obtained from the surfaces after the 
corrosion tests.  

The AFM results reveal clear differences in the surface topography of uncoated 
and anodized AA6005 alloys after exposure to the simulated acid rain environment. 
The Ra and Rz values of the uncoated AA6005 alloy were determined to be 50.213 
nm and 143.138 nm, respectively. In the anodized samples (10 µm and 14 µm), the 
Ra values decreased to 38.075 nm and 24.073 nm, respectively, while the Rz values 
decreased to 100.040 nm and 92.874 nm. This decrease indicates that, compared to 
uncoated aluminum, the anodized coating delays the increase in surface roughness 
in the aggressive environment and protects the metal against corrosion. 

4. Conclusions 

The present study is concerned with the evaluation of the corrosion behavior of 
uncoated and anodized AA6005 aluminum alloys within a simulated acid rain en-
vironment. The principal findings are summarized as follows: 
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Figure 6. Post-corrosion AFM results of uncoated and anodized AA6005 metals; (a) uncoated, (b) 10 µm, (c) 14 µm. 

 
1) Anodizing substantially improves the corrosion resistance of the AA6005 al-

loy. The nominal 14 µm coating demonstrated the most robust protective behav-
ior, as evidenced by the shift in the OCP to more noble values, an increase in total 
impedance (Rtotal) from 73.65 kΩcm2 to 7597 kΩcm2, and a reduction in the cor-
rosion current density (icorr) from 19.10 nA/cm2 to 7.88 nA/cm2.  

2) The results of the SEM-EDS analyses demonstrate that whilst uncoated sam-
ples undergo active dissolution with subsequent corrosion product accumulation, 
the anodized coatings form a homogeneous, continuous and oxygen-rich barrier 
layer that effectively isolates the underlying substrate. 
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3) AFM measurements demonstrate a substantial decrease in surface roughness 
subsequent to anodization. The average surface roughness (Ra) of the uncoated 
alloy was measured at 50.213 nm, whereas the 14 µm coated sample exhibited an 
average surface roughness of 24.073 nm. This reduction in surface roughness sug-
gests that the coating process minimizes the physical adsorption of aggressive 
ions, thereby creating a smoother surface. 

4) Based on the electrochemical and surface characterization results obtained 
in this study, the nominal 14 µm anodized coating exhibited the highest corrosion 
resistance among the investigated coating thicknesses. However, a broader range 
of coating thicknesses should be investigated to determine the optimum thickness 
for specific service conditions. 

5) Future research should systematically investigate a wider range of anodic 
coating thicknesses to establish the optimum coating thickness for different ser-
vice conditions. Dynamic Electrochemical Impedance Spectroscopy (DEIS) is rec-
ommended to monitor the time-dependent evolution of the anodic oxide layer 
and its degradation mechanisms, while long-term exposure tests under both sim-
ulated and natural atmospheric environments should be conducted to validate the 
durability and corrosion performance of anodized AA6005 alloys. 
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