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Aluminum is widely used due to its excellent prop-
erties, lightweight and thermal conductivity. However, 
when used in aircraft applications, it can cause corro-
sion and sticking, compromising safety. To address this 
issue, anodizing is used to improve aluminum's corrosion 
resistance and adhesion. In this study, the AA2024 mate-
rial was anodized using the boron-sulfuric acid anod-
ization (BSAA) process, followed by a sealing process 
using acetic acid. This sealing process forms an oxide 
layer on the aluminum's surface, which reduces the cor-
rosion rate. The study investigated the effects of anod-
ization voltage and time on the results of BSAA anodiza-
tion through quantitative and qualitative measurements, 
including corrosion resistance, potentiodynamic polar-
ization, scanning electron microscopy (SEM), and ener-
gy dispersive X-ray spectroscopy (EDS). The results 
showed that samples anodized with a gasket could 
reduce the corrosion rate by up to 85 % compared to 
those without a gasket and substrate. The most signifi-
cant reduction in corrosion rates occurred at an anod-
ization voltage of 10 V and an anodization time of 15 min. 
The potentiodynamic test results indicated that the Tafel 
plot during sealing lies in the cathodic region where the 
corrosion current density decreases with increasing volt-
age. SEM observations revealed that the anodizing pro-
cess could provide an oxide layer on the samples' surface, 
while the sealing process creates a smooth surface. EDS 
analysis showed that an oxide compound was formed in 
an oxide bond state after the sample surface was subject-
ed to the sealing treatment. Overall, the study demon-
strates the effectiveness of BSAA anodization in improv-
ing corrosion resistance and highlights the importance of 
considering the anodization parameters
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1. Introduction

Aluminum alloys in the 2xxx series are particularly 
useful for their high strength-to-weight ratio, making them 
ideal for aircraft structures. They also have good fatigue 
resistance and excellent machinability, which makes them 
popular for aerospace applications [1]. Moreover, aluminum 
alloys in the 2xxx series have good weldability and formabil-
ity, which allows them to be shaped into complex parts with 
relative ease. Additionally, they are relatively inexpensive 
and widely available, making them a cost-effective solution 
for many applications. Overall, aluminum and its alloys 
are an important and versatile group of materials that are 
widely used in industry due to their desirable properties and 
cost-effectiveness.

The use of the 2xxx series aluminum alloys in air-
craft structures has significantly contributed to the aero-
space industry’s advancements. Due to their high strength-
to-weight ratio and excellent resistance to fatigue crack 
growth [2], these alloys have enabled aircraft manufacturers 
to design and build lighter, more fuel-efficient, and more 
durable aircraft. However, the presence of copper in these 
alloys can negatively impact their corrosion resistance and 

fatigue strength [3]. This is a significant issue since aircraft 
operate in harsh environments that expose them to various 
corrosive elements and high stress loads.

To address these issues, several methods have been 
developed to enhance the corrosion resistance and fatigue 
strength of 2xxx series aluminum alloys. One of these meth-
ods is the impressed current cathodic protection (ICCP) 
system [4], which involves the application of an electrical 
current to the metal to prevent corrosion. Coating is another 
effective method that can be used to protect aluminum from 
corrosion by forming a protective barrier between the metal 
and the environment [5].

Anodizing is a process that is commonly used to enhance 
the corrosion resistance of aluminum alloys, including the 
2xxx series. This process involves immersing the metal in 
an acid bath and applying an electrical current to produce 
a protective oxide layer on the surface of the metal [6]. This 
coating not only provides excellent corrosion protection 
but also improves the metal’s adhesion properties, making 
it more suitable for bonding with other materials [7]. The 
process uses oxidation to alter the chemical composition of 
the material’s surface. The specific requirements for anod-
izing aluminum alloys depend on their composition, which 
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determines the appropriate current and voltage densities [8]. 
During the anodizing process, the substrate composition, 
current density, voltage changes, and temperature all play 
a role in the formation of the aluminum oxide layer [9]. An-
odizing creates two different types of oxide layers: a non-po-
rous, thin, and sturdy barrier layer called the barrier layer, 
and a thicker, porous oxide layer called the porous layer [10].

Boric sulfuric acid anodizing is a widely used surface 
treatment technique that improves the corrosion resistance 
and durability of aluminum and its alloys. However, the 
corrosion resistance of the anodized layer can be further 
enhanced by applying a sealing treatment to the anodized 
surface [11]. The sealing effect on corrosion resistance refers 
to the process of closing the pores and voids in the anodized 
layer by using various sealing agents such as hot water, nick-
el acetate, sodium dichromate, and others [12]. This process 
enhances the barrier properties of the anodized layer and 
protects the underlying metal from corrosive environments.

Several studies are still conducting experiments to pro-
vide a coating on metal to inhibit the corrosion rate. One 
coated metal type is aluminum because the material is light 
and easy to form. However, one of the weaknesses of alumi-
num is its mechanical properties, which tend to be weak. In 
addition, this material will easily corrode in an inappropri-
ate environment. therefore, research on the development of 
the corrosion rate by sealing the material with the anodizing 
method is relevant.

2. Literature review and problem statement

Anodization is essential in automotive assembly, air-
craft, and other metal products. Anodizing is done to get a 
thicker and uniform oxide layer on the aluminum surface. 
In recent years, several studies on anodization research 
have been carried out. First, the relationship between the 
forming conditions of the alumina film and the breakdown 
voltage is examined [13]. This study’s results indicate that 
the breakdown voltage’s magnitude during the anodizing 
process depends on the electrolyte solution. Furthermore, 
the influence of substrate composition, current density, volt-
age, and temperature changes during the anodizing process 
was investigated [9]. In addition, this study’s results indicate 
that the electrolyte’s temperature increases with increasing 
applied current density, while the resulting film thickness is 
more influenced by the magnitude of the anodizing voltage 
and is independent of the substrate.

The Boeing Company is developing BSAA (Boric Sul-
furic Acid Anodization) anodizing and has met the tech-
nical requirements as a substitute for chromic acid anodiz-
ing [11, 14]. This anodization is environmentally friendly 
and also offers high corrosion resistance. Over the past two 
decades, researchers have conducted many experiments 
to optimize BSAA coatings on a wide range of aluminum 
alloys [15]. The paper [16] presents the effect of the compo-
sition of the electrolyte solution on the aluminum anodizing 
process. The results showed that the thickness of the alumi-
num oxide layer produced varied greatly depending on the 
type and composition of the electrolyte used. This research 
also mentions that temperature differences in the electrolyte 
cause the resulting viscosity.

The paper [17] highlights a study on the anodizing pro-
cess of the 1100 series aluminum using variable voltage and 
anodizing time. The results indicate that the characteristics 

of the resulting aluminum oxide layer depend on several fac-
tors, including the electrolyte temperature, current density, 
and the surface polishing process of the substrate. Further-
more, the paper investigates the growth mechanism of the 
porous aluminum oxide layer formed using an electrolytic 
sulfuric acid solution. The study revealed that the porosity 
of the coating is influenced by the substrate material rather 
than the level of anodizing stress. This finding is essential 
as it indicates that, to control the porosity of the coating, it 
is crucial to choose the right substrate material [18]. Addi-
tionally, this study’s findings can be useful in developing im-
proved anodizing techniques that can be used to control the 
porosity of the coating and, therefore, optimize the anodized 
aluminum’s properties.

Sealing is traditionally accomplished by immersion in 
boiling deionized water, known as hot water sealing. Howev-
er, high temperatures and slow kinetics are required, which 
means significant energy consumption [19]. As a result, the 
hot water process has been successively replaced by cold 
sealing since the 1980s [20]. Sealing dichromate and nickel 
acetate is considered the most effective for corrosion preven-
tion, but Cr(VI) is toxic [21, 22].

Recent studies have explored various sealants to protect 
anodic aluminum oxide from corrosion, including nickel 
acetate, nickel fluoride, cerium acetate, sol-gel sealing, and a 
complex sealing process with PTFE. For example, one study 
found that cold nickel acetate and hot water sealing de-
creased the pore size, while hot nickel acetate filled the pores 
resulting in a low porosity and small mean pore radius [23]. 
Another study showed that boiling water and potassium 
dichromate sealed films provided higher corrosion resis-
tance in acidic solutions, while nickel fluoride sealed film 
was better in basic solutions [24, 25]. Cerium acetate was 
found to be effective in protecting insulator pins in low-pH 
and high-corrosion-rate environments, potentially leading 
to the development of eco-friendly anti-corrosion coatings 
for power industries [12]. Sol-gel sealing was shown to delay 
the access of aggressive species to the barrier layer [26, 27], 
while a complex sealing process with PTFE had a large 
positive reverse pump rate but may not extend its service life 
before leakage [28].

The research paper referenced as [13] examined the 
relationship between bound water and the stability of an-
odic oxide films on aluminum by measuring the quantity of 
bound water and its stability through various experimental 
methods. However, it did not investigate bound water’s 
formation mechanisms or impurities’ impact on the oxide 
film’s stability. Another paper referenced as [19] investigat-
ed the effect of different sealing processes on the corrosion 
resistance of coatings formed on 2024 aluminum alloy via 
tartaric-sulfuric anodizing. However, it did not examine the 
effects of other anodizing parameters on the coatings’ cor-
rosion resistance or the coatings or the microstructure and 
composition of the coatings and their impact on the sealing 
process and corrosion resistance. The effectiveness of a novel 
sealing process on the corrosion resistance of an anodic ox-
ide coating was evaluated in the article [21]. However, the 
study did not examine the mechanical properties of the coat-
ing or how the coating affected the mechanical properties of 
the substrate. The article [22] investigated the effects of two 
sealing treatments on the corrosion behavior of Al-based 
amorphous/nanocrystalline coatings using electrochemical 
impedance spectroscopy and potentiodynamic polarization 
measurements. The article did not thoroughly explain the 
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– simplified sample geometry: the study may have used 
simple geometric shapes (e.g., flat disks) instead of more com-
plex shapes to simplify the anodizing and sealing processes;

– controlled environmental conditions: the study may 
have controlled the environmental conditions (e. g., tem-
perature, humidity, etc.) to minimize the effect of external 
factors on the corrosion resistance of the samples;

– homogeneous material composition: the study may 
have assumed that the AA2024 material used was homoge-
neous throughout, without any defects or impurities affect-
ing the corrosion resistance;

– idealized sealing process: the study may have assumed 
an idealized sealing process that completely covers the an-
odized surface with a uniform layer of oxide without any 
defects or variations in thickness;

– single anodizing and sealing parameter: the study may 
have focused on a single anodizing voltage and time and a 
single-sealing solution and time to simplify the experimen-
tal setup and isolate the effect of sealing on the corrosion 
resistance.

4. 2. Material
In this study, an aluminum alloy AA2024 with a diame-

ter of 12 mm and thickness of 3 mm was used. The alloy was 
subjected to anodizing at room temperature with constant 
voltage of 10 V and 15 V using a BSAA electrolyte mixture 
containing 45 gr/l sulfuric acid and 8 g/l boric acid. The 
anodizing was performed for 10 and 15 minutes, and the 
selected mechanical variables were the surface roughness of 
the coating and the corrosion rate after anodizing and seal-
ing. The chemical composition of aluminum AA2024 was 
determined using an optical emission spectrometer (OES), 
and it was found that AA2024 is an aluminum alloy with 
copper as the main alloying element. Table 1 provides details 
of the chemical composition of aluminum AA2024.

Table 1

Chemical composition (wt %) of aluminum AA2024

AA2024

Si Fe Cu Mg

0.5 0.5 3.9 1.5

Zn Cr Ti Al

0.25 0.1 0.15 92.5

In addition, the base metal is also tested for tensile 
strength to determine the strength of the base metal. The 
results of the tensile test show that it still has a maximum 
tensile stress (σT) of 463 MPa, yield stress (σy) of 360 MPa, 
and elongation (ε) of 17.8 %, which is still within the materi-
al limits of the AA2024 standard.

4. 3. Anodizing process
Aluminum alloy AA2024 has a diameter of 12x3 mm 

thick with constant voltage, 10 V and 15 V for 10, 15, and 
20 minutes at room temperature 27 °C. The controlled 
variable was the BSAA electrolyte used as an electrolyte 
mixture of 45 gr/l sulfuric acid and 8 gr/l boric acid. The 
distance between the anode and cathode was 5 cm. The elec-
trolyte mixture ratio for anodizing aluminum ranges from 
30.5 to 52.0 g/l sulfuric acid and 5.2 to 10.7 g/l boric acid. 
This study focused on a mixture of 45 gr/l of sulfuric acid 
and 8 gr/l and boric acid, as recommended [12].

Fig. 1 outlines the various steps involved in preparing for 
the anodizing process. The first step involves preparing the 

observed corrosion behavior and recommended further re-
search to explore the underlying mechanisms.

Previous research on the anodizing process has primarily 
focused on the impact of various parameters, such as tem-
perature, time, current density, solution composition, and 
pre-treatment, on the thickness of the aluminum oxide layer 
produced. The thickness of the oxide layer is essential for 
determining the material’s corrosion resistance. However, 
further research is necessary to investigate the impact of 
anodizing on other material properties, such as mechani-
cal and physical properties and corrosion resistance. Such 
studies can help optimize the anodizing process for specific 
applications. Additionally, there is a need to develop new 
sealant methods that can improve the corrosion resistance of 
anodized aluminum. Based on these problems, all this allows 
to assert that it is expedient to conduct a study on the cor-
rosion resistance of boric sulfuric acid anodizing on AA2024 
with acetic acid sealing process.

3. The aim and objectives of the study

The aim of the study is to inhibit the corrosion rate of 
AA2024 with boric sulfuric acid anodizing (BSAA) with 
and without sealing process using acetic acid (CH3COOH) 
solution.

To achieve this aim, the following objectives are accom-
plished:

– to study the effect of sealing using boric sulfuric acid 
anodizing on the corrosion rate of AA2024;

– to study the effect of sealing using boric sulfuric acid 
anodizing on potentiodynamic polarization of AA2024;

– to study the effect of sealing using boric sulfuric acid 
anodizing on micrographs with SEM and changes in the 
compound elements of AA2024.

4. Materials and methods of experiment

4. 1. Object and hypothesis of the study
The object of research on the sealing effect on corrosion 

resistance of boric sulfuric acid anodizing on AA2024 is to 
investigate the effect of the sealing process on the corrosion 
resistance of anodized AA2024 samples. The study’s main 
hypothesis was that the sealing process using an acetic 
acid solution after the boric sulfuric acid anodizing process 
would improve the corrosion resistance and adhesion of the 
AA2024 material. Some of the assumptions made in this 
study include: 

1) anodizing with boron-sulfuric acid improves the cor-
rosion resistance and adhesion of AA2024;

2) sealing the anodized samples with acetic acid solution 
further enhances the corrosion resistance of the material;

3) anodization voltage and anodization time affect the 
corrosion resistance of the samples;

4) samples anodized with a gasket can reduce the corro-
sion rate compared to samples anodized without the gasket 
and its substrate.

In general, scientific studies often involve simplifying 
assumptions to make the research more manageable or to 
isolate specific factors of interest. Some possible simplifi-
cations that could have been adopted in this study on the 
sealing effect on corrosion resistance of boric sulfuric acid 
anodizing on AA2024 are:
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material. The process involves cleaning/degreasing with al-
kaline solution (sodium hydroxide, potassium hydroxide, and 
trisodium phosphate), rinsing with RO water, etching with 
100 gr/l caustic soda, rinsing, desmut with a mixture of 75 % 
phosphoric acid (H3PO4), 15 % sulfuric acid (H2SO4), and 
10 % acetic acid (CH3COOH) at room temperature for 
2 minutes, rinsing, anodizing with a mixture of 45 gr/l H2SO4 
and 8 gr/l boric acid, rinsing again, and finally sealing with 
a mixture of 50 gr/l acetic acid (CH3COOH). Acetic acid is 
a popular choice for filling oxide films due to its ability to 
dissolve in water and form a stable solution, penetrate pores 
of the oxide film, react with the oxide layer, and form a dense 
and uniform aluminum oxide layer. Moreover, acetic acid has 
a low boiling point and is relatively safe to handle, making it 
a practical choice for the anodizing process.

Fig. 1. Preparation scheme for anodizing process

In this anodizing tool, the anode is typically made of the 
material to be anodized, while the cathode is usually made of a 
material that doesn’t react with the electrolyte. The anode and 
cathode are placed in the electrolyte, which is a solution that 
conducts electricity. The direct current source is then used to 
apply a voltage to the anode and cathode, which initiates the 
anodizing process. The voltage can be adjusted depending on 
the desired thickness and properties of the anodized layer. The 
schematic also shows other components in Fig. 2, such as the 
container that holds the electrolyte and the mechanism for 
circulating the electrolyte to ensure uniform anodizing. The 
anodizing tool can be designed in different shapes and sizes 
depending on the specific application and requirements.

Fig. 2. Schematic illustration of anodizing tool

During the anodizing process, the two specimens of the 
AA2024 aluminum alloy were immersed in the electrolyte 
solution, with one serving as the anode (+) and the other 
as the cathode (‒). A voltage source was connected to the 
cathode to supply a constant voltage of 10 volts for a dura-
tion of 10, 15, and 20 minutes. The electrolyte solution was 
a mixture of sulfuric acid and boric acid with concentrations 
of 45 gr/l sulfuric acid and 8 gr/l boric acid. The anodizing 
process involved the formation of a protective oxide layer 
on the surface of the aluminum alloy through the process 
of electrolysis. The duration of the process and the concen-
tration of the electrolyte solution were varied to investigate 
their effect on the resulting properties of the oxide layer, 
such as its thickness, porosity, and corrosion resistance.

4. 4. Specimen test method
Compositional and tensile tests are performed to deter-

mine material properties. A material composition test was 
performed using a spectrometer to determine the type and 
specifications of materials used. Aluminum alloy AA2024 A 
tensile test to determine the strength of the base metal to ob-
tain the following mechanical properties of the test material: 
Elastic limit, yield point, and tensile strength.

The process of testing corrosion with anodizing is de-
picted in Fig. 3. In the first step, the material is prepared 
as described earlier. In the second step, the corrosion test is 
conducted on the AA2024 specimen by utilizing the boric 
sulfuric acid anodizing (BSAA) process for durations of 10, 
15, and 20 minutes, and the voltage utilized is either 10 or 
15 volts. Finally, in the third step, the specimens are tested, 
and both qualitative and quantitative measurements, in-
cluding corrosion rate and polarization, are conducted using 
Scanning Electron Microscopy (SEM) and Energy Disper-
sive X-Ray Spectroscopy (EDS) techniques.

Fig. 3. Corrosion testing flow by an anodizing process

In addition to the SEM and EDS tests, the study con-
ducted various other tests to evaluate the effectiveness of 
the anodizing process. The ASTM G102 standard was uti-
lized to measure the corrosion rate and polarization of the 
specimen. This standard involves measuring the specimen’s 
potential, current, and corrosion rate under specific condi-
tions. By collecting this data, the study aimed to evaluate 
the corrosion resistance of the anodized aluminum samples.

The corrosion testing results were carefully analyzed 
to identify the optimal anodizing process parameters that 
could deliver the required level of corrosion resistance. By 
comparing the corrosion rates of samples subjected to dif-
ferent anodizing process parameters, the researchers could 
determine which process parameters produced the most ef-
fective corrosion resistance. This information can help guide 
the development of new anodizing processes that can deliver 
superior corrosion resistance in various applications.

5. Results of the experiment corrosion rate using boric 
sulfuric acid anodizing of AA2024

5. 1. Corrosion rate on aluminum AA2024 with boric 
sulfuric acid anodizing

The corrosion rate is one of the quantitative measure-
ments carried out on AA2024 with the BASS method. This 
corrosion rate measurement is applied to raw materials, ma-
terials without sealing, and materials with sealing. Anodiz-
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ing time also determines how fast or slow the corrosion rate 
is on the material. Fig. 4, a, b show the corrosion rate with an 
anodizing voltage of 10 and 15 volts, respectively.

b 

Fig. 4. Corrosion rate with anodizing voltage:  
a – 10 volts; b – 15 volts

The anodizing process with a voltage of 10 volts showed 
decreased corrosion rate on specimens without sealing and 
samples with sealing at each anodizing time variation. At an-
odizing time of 10 minutes, the corrosion rate decreased by up 
to 84 % of the raw material. Furthermore, at anodizing time of 
15 minutes, the corrosion rate decreased by up to 85 %. Mean-
while, at anodizing time of 20 minutes, the corrosion rate only 
reduced by 19 %. The corrosion rate also decreased with an 
anodizing voltage of 15 volts and anodizing time of 10 min-
utes, which was 54 %. Anodizing time of 15 minutes reduced 
the corrosion rate by up to 74 %, while at 20 minutes, the cor-
rosion rate decreased by 76 % compared to the raw material.

5. 2. Potentiodynamic polarization on aluminum 
AA2024 with boric sulfuric acid anodizing

The results of the electrochemical polarization observa-
tions are depicted as a Tafel curve plot shown in Fig. 5. At an 
anodizing voltage of 10 volts (Fig. 5, a), there are two types 
of specimens: specimens without sealing and samples with 
sealing. Variations in the anodizing time used are 10 min-
utes, 15 minutes, and 20 minutes. There is an increase in 
potential in the sealed specimen compared to the non-sealed 
specimen. Meanwhile, the longer anodizing time will also 
increase the corrosion potential.

a

b 

Fig. 5. Polarization curves with anodizing voltage:  
a – 10 volts; b – 15 volts

The graph mentioned in the text represents the corrosion 
rate of aluminum samples under different anodization condi-
tions. The y-axis represents the potential corrosion (V), while 
the x-axis represents the current density (µA/cm2). The graph 
shows that the corrosion rate of the samples decreases with 
increasing anodization voltage and time. Based on the graph 
above, an odd number with a solid line on the curve indicates an 
anodized sample without sealing, while an even number with 
a dotted line is an anodized sample with sealing. The results 
show that sealing the samples after the anodization process 
can significantly reduce the corrosion rate of aluminum. The 
difference between the solid and dotted lines for the same 
anodization conditions indicates the effect of sealing on the 
corrosion rate.

The study involved various corrosion parameters in an-
alyzing the effects of anodization and sealing on aluminum. 
The results showed that at an anodizing voltage of 15 volts, the 
potential for corrosion increased for each specimen parameter 
without sealing, and the specimen with the seal was not signifi-
cantly affected. Corrosion testing yielded various parameters, 
including potential corrosion (Ecorr), current density corrosion 
(Icorr), cathodic (βc), anodic (βa), Tafel slope, and (IE).

The potentiodynamic test results revealed that the Tafel 
plot using sealing is in the cathodic region where the stress 
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increases, reducing the corrosion current density and indi-
cating a decrease in the corrosion rate. The highest corro-
sion potential (Ecorr) value was –0.537 V obtained at the 
anodizing time of 10 minutes, while the lowest corrosion 
potential (Ecorr) value was –0.708 V with the anodizing time 
of 15 minutes. The highest and lowest values for the current 
density corrosion (Icorr) were –8.7E-05 and –2.87515, re-
spectively, at 15 minutes of anodizing time. These results 
suggest that the anodizing and sealing processes can signifi-
cantly affect the corrosion behavior of aluminum, and proper 
parameter selection is crucial to achieving optimal corrosion 
resistance.

It can be observed that the corrosion rate decreases as 
the anodization voltage and time increase, and the lowest 
corrosion rate is obtained at an anodization voltage of 10 V 
and an anodization time of 15 minutes. Additionally, sam-
ples anodized with a gasket have a lower corrosion rate than 
those without the gasket and substrate. This reduction in 
corrosion rate is attributed to the formation of an oxide layer 
on the surface of the aluminum during anodization, which is 
further sealed by acetic acid treatment, resulting in a smooth 
surface and increased corrosion resistance.

5. 3. Scanning electron microscopy and energy dis-
persive X-ray spectroscopy on aluminum AA2024 with 
boric sulfuric acid anodizing

The AA2024 aluminum alloy is characterized by a thin 
layer of oxide (Al2O3) prior to anodizing. The SEM images 
depicted in Fig. 6, a, b show that the surface of the alumi-
num alloy without anodizing appears flat. However, after 
undergoing the anodizing process, the surface layer becomes 
uneven and porous, as evident in the SEM images. This po-
rous surface is a characteristic feature of materials that have 
undergone the anodizing process.

The pores shown in the photomicrographs are larger 
than those typically formed on anodized aluminum because 
they are not proper anodic pores but rather areas where the 
coating is not present or incomplete due to copper, zinc, iron, 
or their compounds with aluminum. These areas can be more 
susceptible to corrosion and may impact the overall effec-
tiveness of the anodizing process in preventing corrosion. It 
would require further analysis and investigation to confirm 
the exact cause of these larger pores.

The aluminum oxide layer significantly formed influ-
ences the corrosion resistance properties of the AA2024 
aluminum alloy. However, if the resulting pores are too large 
or exceed their optimum size, the corrosion resistance will not 
be optimal or will increase again. To minimize the resulting 
pores, a 50 g/l vinegar/acetic acid solution was used to close 
the open pores in the oxide layer from the anodization pro-
cess to reduce the pores formed. Helpful seals are performed. 
The results are better where it can be seen that the surface 
of the specimen is smoother when sealing is done, as shown 
in Fig. 7, a. Meanwhile, if sealing is not carried out, the sur-
face of the specimen will be rougher, as shown in Fig. 7, b.

The SEM-EDS test is required to determine the forma-
tion of an oxide layer in the anodizing process, where its main 
function is used to obtain information on topography and mor-
phology. Topography is the surface and textural characteristics 
of the specimen. Meanwhile, morphology is the shape and size 
of the particles making up the object and composition, namely 
the semi-quantitative data of the elements and compounds con-
tained in the anodizing process. Fig. 8 shows the EDS results 
on specimens without and with seals.

 

 
a

 
b 

Fig. 6. Scanning electron microscopy micrography for a 
specimen: a – without anodizing; b – with anodizing

 

 

A  
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b 

Fig. 7. Scanning electron microscopy micrography for a 
specimen: a – without sealing; b – with sealing
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The EDS test conducted on the samples provided valuable 
information on the composition of the aluminum oxide layer 
formed after the anodizing process. As expected, the results con-
firmed that the layer consisted of pure aluminum and oxygen. 
In addition, as shown in Fig. 8, a, the EDS spectrum revealed 
peaks corresponding to aluminum, oxygen, and trace amounts 
of other elements such as copper and zinc. These elements 
likely originate from the underlying aluminum alloy substrate.

Furthermore, Fig. 8, b shows that the elements in the oxide 
layer form oxide compounds, which are in an oxide bond state. 
This is consistent with the expected formation of a dense and 
uniform aluminum oxide layer during the anodizing process. 
The results of the EDS test support the effectiveness of the 
anodizing process in producing a stable and uniform oxide 
layer on the surface of the aluminum alloy substrate.

6. Discussion of the experiment corrosion rate using boric 
sulfuric acid anodizing of AA2024

Further analysis of the preliminary test results indi-
cates that sealing has a significant impact on the corrosion 

rate of AA2024. Corrosion rate tests were 
carried out on the unsealed and sealed 
anodized samples and the base material 
based on Fig. 4. The anodizing time was 
varied for three samples, namely 10, 15, 
and 20 minutes. In addition, two different 
anodizing voltages, namely 10 volts and 
15 volts, were used. The anodizing process 
causes the formation of pores on the alu-
minum layer, resulting in a decrease in the 
corrosion rate of the specimen. The size of 
the pores is influenced by the anodizing 
stress and process time. The results of this 
study suggest that an anodizing voltage 
of 10 volts and an anodizing time of 10 or 
15 minutes are more effective in reduc-
ing the corrosion rate than an anodizing 
voltage of 15 volts (Fig. 4, a). However, an 
anodizing time of 20 minutes combined 
with an anodizing voltage of 15 volts is 
more effective in reducing the corrosion 
rate (Fig. 4, b). Another study [29] found 
that anodizing stress affects the formation 
of pores in the material, with a higher an-
odizing stress resulting in larger pore ge-
ometry. Therefore, the decrease in the cor-
rosion rate in this study can be attributed 
to the increased formation of pores with 
the use of a 10 V anodizing voltage. Addi-
tionally, it is likely that longer anodizing 
times will lead to the formation of larger 
pores [30].

In addition to the improvement in cor-
rosion potential observed in the anodizing 
samples, the study also found that seal-
ing the anodized specimens resulted in a 
slightly higher corrosion potential com-
pared to unsealed samples based on Fig. 5. 
However, increasing the anodizing stress 
may also increase the corrosion potential 
of the material. Despite this, the tested 
parameters all demonstrated a higher cor-

rosion potential, indicating that the addition of sealing after 
anodizing can effectively enhance the corrosion resistance 
of the material. It is worth noting that previous research 
has also shown that applying the BSAA process to AA2024 
can lead to a lower current density in anodized samples [21], 
further supporting the positive effects of anodizing on the 
corrosion resistance of the material.

The formation of aluminum oxide layer during the anod-
izing process is determined by the size and number of pores 
present in the material (Fig. 6, a). However, the surface mi-
crostructure of the aluminum oxide layer formed is observed 
to be uneven. This unevenness is attributed to the excessive 
current and energy that cause decay of the aluminum oxide 
layer back into the electrolyte solution. This decay results 
in the formation of pores in the aluminum oxide layer that 
are too large, leading to its unevenness. As a result, the alu-
minum oxide layer cannot be detected on the base material 
using SEM or EDX. However, after the anodizing process, 
aluminum oxide pores are visible, which vary in size and 
number and are not evenly distributed, but the thickness of 
the oxide formed increases (Fig. 6, b). The presence of these 
pores explains how the aluminum content decreases after 
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Fig. 8. Energy dispersive x-ray spectroscopy analysis of the selected area:  
a – without sealing; b – with sealing
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the anodizing process. In addition, the quality of anodized 
aluminum is also affected by the potential difference provid-
ed. A significant potential difference affects the width and 
thickness of the aluminum oxide pores formed, leading to 
variations in the resulting material’s properties [31].

Aluminum anodic coatings are widely used in aviation 
technology for various purposes, such as corrosion resis-
tance, wear resistance, and electrical insulation. These coat-
ings can provide a protective barrier that prevents corrosion 
and prolongs the lifespan of aircraft components, especially 
those exposed to harsh environmental conditions such as 
moisture and salt water. In addition, anodized aluminum can 
improve the adhesion of paints and other coatings, making it 
a popular choice for aircraft exterior and interior parts. An-
odizing can also increase the hardness and durability of alu-
minum, making it more resistant to scratches, abrasion, and 
wear. Overall, using aluminum anodic coatings in aviation 
technology can improve the safety, reliability, and efficiency 
of aircraft operation.

Iron, zinc, and copper in aluminum alloys are not subject 
to electrochemical oxidation during anodization. To address 
this, a pre-treatment process is typically employed to remove 
these impurities from the surface of the alloy. Additional-
ly, the anodization process can be adjusted to produce a 
thicker and more porous oxide layer on the surface of the 
alloy, which can provide increased protection against corro-
sion (Fig. 7, a). Regarding the issue of porosity, it is possible 
that some areas of the alloy containing phases or intermetal-
lics of aluminum with copper are not fully anodized, leading 
to variations in the porosity of the surface (Fig. 7, b). This 
can result in uneven corrosion resistance across the surface 
of the alloy. As for the reported decrease in corrosion rate, 
it is important to note that anodization is not a foolproof 
solution for corrosion protection, and it is possible that the 
oxide film does not cover the entire aluminum alloy surface. 
Therefore, while anodization can significantly reduce the 
corrosion rate, it may not eliminate it completely.

In spite of the valuable insights gained from this study, 
it should be noted that there are still some limitations that 
need to be addressed. One of the main limitations is that 
the test samples were only taken once, whereas it is gener-
ally recommended to collect samples at least three times to 
ensure the accuracy of the results. This is particularly im-
portant for validating the test data. Additionally, SEM and 
EDS tests were only performed for one of the study param-
eters, which means that the SEM and EDS results are only 
applicable to the tested parameters. Other parameters may 
exhibit different properties when tested. Thus, including 

SEM and EDS test results for other parameters can further 
enhance the discussion and results of this study.

7. Conclusions

1. Anodizing treatment was carried out on aluminum 
with the BSAA process without sealing and has been suc-
cessfully carried out with sealing. The decrease in corro-
sion rate was more significant for specimens with sealing. 
With an anodizing voltage of 10 V and an anodizing time 
of 15 minutes, the corrosion rate decreased by up to 85 % 
compared to the base material.

2. Potentiodynamic polarization indicates a difference 
between unsealed and sealed specimens. An increase in the 
corrosion potential occurs in specimens with sealing. The 
taffel plot shows sealing in the cathodic region where the 
stress increases, thereby reducing the corrosion current 
density.

3. SEM testing showed that the specimens with anod-
ized surface experienced a porous surface, while the sealing 
treatment provided an oxide layer and a smoother surface. 
The EDS results also indicated that oxide compounds were 
formed on the specimens by sealing.
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