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The utilization of metal materials finds widespread appli-
cations in various industries, including the aircraft industry, 
where aluminum alloys are commonly employed. However, 
metal materials are prone to corrosion under specific con-
ditions, necessitating the implementation of corrosion pre-
vention methods to decelerate the material's corrosion rate. 
Corrosion is a process in which the quality of metal deterio-
rates due to environmental influences. An effective approach 
to inhibit corrosion is through anodizing, which involves 
applying a protective coating to the metal surface, prevent-
ing direct contact with the surrounding environment. In this 
research, the focus was on studying the corrosion rate of alu-
minum alloy 2024 using Boric Sulfate Acid Anodizing (BSAA) 
at 10 volts and immersion times of 10, 15, and 20 minutes, fol-
lowed by sealing with acetic acid in a corrosive environment 
containing 3.5 % NaCl. The main goals were to evaluate the 
effectiveness of anodizing with and without sealing in low-
ering the rate of aluminum corrosion, to compare the effec-
tiveness of anodizing with and without sealing, and to cre-
ate adsorption models using Langmuir adsorption. Through 
the examination of the potentiodynamic approach, it was 
shown that anodizing had an inhibitory impact that was 
strengthened by sealing. The maximum efficiency of 76 % was 
attained after 20 minutes of anodizing and sealing at 10 volts. 
A correlation value of 0.7487 from the Langmuir adsorption 
modeling was also obtained, pointing to an advantageous 
adsorption behavior. This research demonstrates how effec-
tively anodizing for aluminum alloy 2024 works with and 
without sealing, especially in a 3.5 % NaCl-corrosive envi-
ronment
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1. Introduction

Aluminum AA2024 is widely used in various industries 
due to its excellent strength-to-weight ratio and high fatigue 
resistance. However, one of its major drawbacks is its sus-
ceptibility to corrosion, especially in corrosive environments 
such as saline solutions [1]. Corrosion can significantly 
compromise the structural integrity and performance of alu-
minum AA2024, leading to substantial economic losses and 
safety concerns. Researchers have explored various surface 
treatment techniques to mitigate the corrosion issue to en-
hance the material’s resistance to corrosion. One promising 
approach is boric sulfate acid anodizing, which involves the 
electrochemical oxidation of the aluminum surface in a solu-
tion containing boric acid and sulfate ions [2].

Aluminum Alloy 2024 (AA2024) benefits significantly 
from surface treatments such as anodizing and sealing [3, 4]. 
The exceptional strength-to-weight ratio and strong fatigue 
resistance [4] of AA2024 make it a popular choice in various 
industries, including aerospace, automotive, and construction. 
However, corrosion may weaken AA2024’s structure and 
shorten its lifespan. Submerging AA2024 in an electrolyte and 
applying a direct current is a standard method of anodizing 
the material. One may influence the resulting oxide layer’s 
thickness and characteristics by manipulating process-specific 
variables including anodizing voltage, current density, immer-
sion time, and temperature [5, 6]. The anodized finish displays 

enhanced corrosion resistance and may be refined for further 
aesthetic or functional applications.

Corrosion is a multifaceted and persistent phenomenon 
that exposes metals’ susceptibility to their environment’s 
dynamic influences. The durability of metals is constantly 
tested by the relentless assaults orchestrated by the ele-
ments, resulting in a silent yet profound battle. The metal 
oxidation process initiates as metals react with the sur-
rounding atmosphere, particularly with elements like oxy-
gen, marking the beginning of a complex interaction. Water, 
a seemingly ordinary substance, plays a significant role in 
promoting chemical reactions and facilitating the movement 
of ions. This creates conditions that are highly conducive to 
corrosion [7].

Sealing is a subsequent step often performed after anod-
izing to enhance corrosion resistance and improve the dura-
bility of the anodized surface. Sealing involves the closure of 
the pores present in the anodized oxide layer, making it more 
resistant to penetration by corrosive agents. Common seal-
ing methods include hot water sealing, chromate conversion 
coating, or proprietary sealing solutions [8, 9]. The choice of 
sealing method depends on the specific requirements of the 
application and the desired properties of the sealed anodized 
surface. Combining anodizing and sealing processes signifi-
cantly improves the corrosion resistance, surface hardness, 
wear resistance, and overall durability of AA2024. The 
anodized and sealed surface provides extended protection 
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against corrosive environments, ensuring the longevity and 
reliability of the aluminum alloy.

Boric sulfate acid anodizing has drawn interest as a 
potential strategy for slowing the rate of corrosion of alu-
minum AA2024. This procedure creates a shield between 
the alloy’s surface and the corrosive environment in the 
form of a protective oxide layer. The material’s mechanical 
characteristics and corrosion resistance are both improved 
by the anodized coating. There are various benefits to using 
boric sulfate acid as an anodizing electrolyte [10]. Boric acid 
provides buffering properties, maintaining a stable pH during 
the anodizing process. The presence of sulfate ions aids in the 
formation of a dense and adherent oxide layer. Additionally, 
this process can be performed at relatively low temperatures 
and with adjustable parameters, allowing for control over the 
resulting oxide layer’s thickness and morphology [11, 12].

Boric sulfate acid’s anodizing process may be modified 
to produce the required coating thicknesses and surface 
properties by modifying parameters such as voltage, current 
density, and anodizing duration [13, 14]. This allows for a 
greater degree of control over the final product. Because of 
this versatility, optimizing the anodizing process to meet 
specific performance criteria and achieve the required re-
sults is possible. In both scientific and commercial contexts, 
the boric sulfate acid anodizing AA2024 approach has gar-
nered much interest. Numerous researches have been con-
ducted to study the effect that anodizing parameters, surface 
preparation processes, and post-treatment techniques have 
on the overall performance of AA2024 and its corrosion re-
sistance. According to the results [14, 15], boric sulfate acid 
anodizing is a successful method for lowering the corrosion 
rate, improving surface characteristics, and extending the 
amount of time AA2024 may remain in operation in settings 
where corrosion is present.

Current research is being conducted to explore the appli-
cation of the anodizing method for surface coating in various 
studies. One of the objectives is to possess resistance against 
corrosion. Aluminum is a highly utilized material in multiple 
industries. The aluminum material tends to rust quickly. 
Therefore, it is crucial to implement a suitable coating meth-
od to protect it. Anodizing is commonly employed for apply-
ing a protective coating to aluminum materials. Different 
solutions are used to identify the most appropriate coating 
solution for aluminum. Therefore, studies devoted to devel-
oping anodizing methods for coating aluminum are relevant.

2. Literature review and problem statement

Numerous investigations have examined various meth-
odologies for surface treatment aimed at mitigating the cor-
rosion rate of Aluminum Alloy 2024 (AA2024) owing to its 
inherent vulnerability to corrosion. One approach that has 
been receiving increasing interest is Boric Sulfate Acid An-
odizing. This process includes the deliberate electrochemical 
oxidation of the aluminum surface in an electrolyte solution 
that contains boric acid and sulfate ions [13, 16].

The paper [17] focuses on an innovative approach to 
anodization, utilizing organic additives in the sulfuric acid 
electrolyte. The quality of the anodized surface is assessed 
by many characterizations presented in the paper, including 
scanning electron microscopy (SEM), hardness tests, and 
thickness measurements. The results are more likely to be 
accurate because of this all-encompassing method. However, 

this study only used a small sample size, and data on how 
easily these results may be replicated is lacking. The reliabil-
ity of the research might be improved with a bigger sample 
size and by regularly repeating the studies. The process’s po-
tential uses are limited because sulfuric acid electrolyte with 
organic additions is required. Increasing the anodization 
method’s adaptability would need investigating its compati-
bility with alternative electrolytes or process changes.

The study conducted in the paper [13] examines the 
influence of the sealing process on the corrosion resistance 
of AA2024 aluminum alloy. The research utilizes a suitable 
methodology involving anodizing with boric sulfuric acid, 
sealing the specimens, and performing corrosion resistance 
tests. The study uses corrosion resistance tests, and precise 
weight loss measurements, to objectively evaluate the effi-
cacy of the sealing process. The purpose of these tests is to 
gather quantitative data that can be used to evaluate the ef-
fectiveness of the corrosion protection provided by the anod-
ized aluminum. The article does not thoroughly analyze the 
underlying mechanisms involved in the sealing process and 
its impact on improving the corrosion resistance of anodized 
aluminum. The report lacks information regarding the sam-
ple size utilized in the study, which hinders the ability to as-
sess the statistical significance of the findings. Additionally, 
there is limited data on the variability of the results, making 
it difficult to determine the reliability and generalizability 
of the study’s conclusions. The article lacks a comparison 
of the corrosion resistance of the sealing process with other 
commonly used corrosion protection techniques, such as 
different sealing agents or alternative surface treatments.

The research [18] investigated the anti-corrosion capa-
bilities of organic-based sealants on anodized AA2024T3 
metal. Organic-based sealing is compared with more tradi-
tional techniques of corrosion prevention. The potential of 
organic-based species as a replacement corrosion prevention 
method may be gauged by comparing their performance to 
conventional methods. There is a lack of statistical analysis 
to determine the significance of the data, and the article does 
not give information regarding the sample size utilized in the 
research. The validity and applicability of the results might 
improve with a bigger sample size and proper statistical test-
ing. To what extent employing organic species for sealing 
affects the environment or is sustainable is not investigated. 
The study’s significance would be increased if it included the 
environmental effects of the sealing procedure.

The paper [6] examines using a sulfuric acid-free solution 
for hard anodizing, which offers a distinct and unconven-
tional alternative to the commonly used sulfuric acid-based 
anodizing method. The potential outcome of this could be 
the identification and development of novel corrosion pro-
tection methods that are both effective and environmentally 
sustainable. The article compares the corrosion resistance 
between AA2024 and hard anodizing in a sulfuric acid-free 
solution, as opposed to the more commonly used sulfuric ac-
id-based anodizing method. The comparative analysis offers 
valuable insights into the potential benefits and drawbacks 
of the innovative approach. The article’s exclusive focus on 
aluminum alloy AA2024 may restrict the applicability of the 
results to other aluminum alloys or commonly used metal 
materials in different industries. The report lacks statistical 
analysis of the experimental data, including error bars or 
confidence intervals. Statistical analysis plays a critical role 
in assessing the significance of research outcomes and bol-
stering the reliability and trustworthiness of the findings.
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4. Materials and methods of research

4. 1. Object and hypothesis of the study
The object of this study is corrosion resistance of AA2024 

aluminum alloy inside a corrosive environment, including a 
3.5 % sodium chloride (NaCl) solution. The subobject of 
this study the effects of anodization, especially using boric 
sulfate acid, on the corrosion resistance of alloys when sub-
jected to a salty environment. This study examines the cor-
relation between several anodization factors, such as voltage, 
anodizing time, the sealing technique, and the resultant cor-
rosion resistance of the alloy. Furthermore, the study aims to 
employ scanning electron microscopy (SEM) to investigate 
the surface features and properties of the anodized surfaces. 
This will contribute to a deeper comprehension of changes in 
surface structure and the creation of oxide layers.

The study’s primary hypothesis is that boric sulfate acid 
anodization increases aluminum alloy 2024’s corrosion re-
sistance in a 3.5 % sodium chloride environment. The idea 
states that anodization forms an oxide coating on the alloy’s 
surface, minimizing corrosion and improving seawater re-
silience. Boric sulfate acid anodization creates a stable and 
effective oxide coating on aluminum alloy. This oxide layer 
will protect the material against NaCl corrosion. A sealing 
technique following anodization improves alloy corrosion 
resistance. The sealing procedure is anticipated to plug oxide 
layer pores and fissures, increasing its density and imperme-
ability and preventing corrosion. The hypothesis predicts 
that Langmuir adsorption modeling will show a positive 
association between corrosion inhibition and anodized sur-
face adsorption. A more significant correlation coefficient 
indicates a stronger association between the anodized layer’s 
corrosion-inhibiting characteristics.

The study may have relied on numerous assumptions 
to inform the research methodology and the interpretation 
of findings. The analysis assumes that the aluminum alloy 
2024 employed in the trials had a uniform and homogenous 
composition devoid of notable fluctuations in alloying com-
ponents that might potentially impact the anodization pro-
cess or corrosion characteristics. The research may assume 
that the corrosion conditions in the 3.5 % NaCl medium 
are in a state of equilibrium, hence enabling accurate and 
consistent measurements of corrosion rates within the des-
ignated periods. The study posits that the sealing procedure 
has the potential to efficiently occlude the pores and fissures 
present in the oxide layer, hence augmenting its protective 
characteristics without inducing any harmful consequences. 
The study may posit that extraneous variables or impurities 
that have the potential to influence the anodization pro-
cess or corrosion characteristics are mitigated or regulated 
throughout the experimental procedures.

The research study may have employed various simpli-
fications to streamline the experimental procedures and 
improve data processing. The investigation might simplify 
the alloy composition analysis by exclusively considering 
AA2024, disregarding any composition discrepancies across 
various alloy batches. The research may assume idealized 
corrosion conditions in a 3.5 % NaCl media without consid-
ering potential differences in the composition, temperature, 
and other parameters in real-world situations. The study has 
the potential to streamline the investigation of corrosion 
behavior by specifically examining the isolated impacts of 
anodizing and sealing while disregarding potential interac-
tions with other environmental variables.

The article [19] comprehensively analyzes the current 
literature on anodizing aerospace aluminum alloys for cor-
rosion protection. The review offers an in-depth analysis of 
aerospace aluminum alloys, focusing on the impact of anod-
izing techniques on different materials frequently employed 
in the aerospace sector. The review primarily examines 
the effectiveness of anodized aerospace aluminum alloys in 
preventing corrosion. The review lacks a direct compari-
son of the efficacy of various anodizing methods and fails 
to analyze their respective advantages and disadvantages 
thoroughly. A comparative analysis can provide readers with 
a better understanding of the most suitable techniques for 
specific aerospace applications. The article lacks an in-depth 
analysis of the environmental consequences of different an-
odizing techniques.

Despite the shown effectiveness of boric sulfate acid an-
odizing in reducing the susceptibility of Aluminum AA2024 
to corrosion, there are still unresolved issues that need reme-
diation. The existing body of research primarily investigates 
the impact of anodizing and the subsequent buildup of the 
oxide layer on the corrosion resistance properties. However, 
more investigation is required to ascertain the durability 
and longevity of anodized coatings in varying conditions 
and over extended periods. Further research is needed to 
determine the influence of other variables, including surface 
preparation methodologies, post-treatment procedures, and 
alloying elements’ impact on the corrosion behavior of boric 
sulfate acid anodized AA2024. In order to optimize the 
efficacy of the anodizing process and ensure the long-term 
durability of the rust-resistant properties conferred by an-
odized coatings, it is necessary to possess a comprehensive 
understanding of the following factors.

All this allows to assert that it is expedient to conduct a 
study on anodizing AA2024 using boric acid sulfate in 3.5 % 
sodium chloride. Anodizing is done to aluminum in order 
to strengthen its resistance to corrosion, which is one of the 
aims of the process. A thin coating of oxide can be produced 
by the anodizing process and applied to the surface of the 
material. When applied to aluminum material, the anodizing 
process, as opposed to the coating process, is the more suited 
option. Finding the appropriate solution to apply throughout 
the anodizing process and the sealing step might be difficult 
because of this. All of this provides us with the opportunity 
to underline how important it is to undertake research to 
evaluate the effect of anodizing using boric acid sulfate on 
AA2024 when it is immersed in 3.5 % NaCl medium.

3. The aim and objectives of the study

The aim of the study is to identifying the influence of 
boric sulfuric acid anodizing (BSAA) in a 3.5 % NaCl envi-
ronment on corrosion resistance of AA2024. 

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

– to investigate the impact of boric sulfate acid anod-
izing with sealing on the corrosion rate of AA2024 in a 3.5 
NaCl environment;

– to examine the influence of boric sulfate acid anodizing 
with sealing on the inhibition efficiency of AA2024 in a 3.5 
NaCl environment;

– to investigate the impact of boric sulfate acid anod-
izing with sealing on the anodizing thickness and conduct 
SEM analysis of AA2024 in a 3.5 % NaCl environment.
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4. 2. Material
The 12 mm in diameter, 3 mm thick aluminum alloy 

AA2024 was the primary focus of the investigation. The 
anodizing procedure was carried out at a controlled tem-
perature of between 27 and 29 degrees Celsius and a steady 
voltage of 10 V. The anodizing electrolyte was a solution of 
45 gr/l sulfuric acid and 8 g/l boric acid, known as boric 
sulfuric acid anodizing (BSAA).

The anode and cathode were kept at a 
constant distance of 5 cm apart during the 
anodizing procedure. Both 10 and 15 min-
utes were allotted for the anodizing process. 
The roughness of the surface and the rate 
of corrosion after anodizing were two of the 
primary mechanical properties studied. The 
anodized layer’s protective qualities were then 
improved by an additional sealing procedure. 
0.5 % silicon and iron, 3.9 % copper, 0.6 % 
manganese, 1.5 % magnesium and titanium, 
0.25 % zinc, 0.1 % chromium, and the rest 
92.5 % was aluminum (in wt %) made up 
the AA2024 aluminum alloy utilized in the 
research.

To establish the basic metal’s mechanical 
strength, its tensile strength was also as-
sessed. The highest tensile stress (Tmax) measured during 
the tensile test was 463 MPa, the yield stress (Ymax) was 
360 MPa, and the elongation (E) measured at 17.8 %. These 
values fell within the acceptable ranges outlined in AA2024.

4. 3. Anodizing and sealing process
Aluminum alloy AA2024 with a diameter of 12 mm and 

a thickness of 3 mm was used in the testing setup. At a tem-
perature of 27 °C, anodizing was carried out at a constant 
voltage of 10 V for periods of 10, 15, and 20 minutes. The 
BSAA electrolyte, which was composed of a combination 
of 45 gr/l sulfuric acid and 8 gr/l boric acid, served as the 
experiment’s primary controlled variable. The cathode and 
anode were placed five centimeters apart from one another. 
The electrolyte mixture ratio for aluminum anodizing typi-
cally falls within the range of 30.5 to 52.0 g/l sulfuric acid 
and 5.2 to 10.7 g/l boric acid. However, the focus of this in-
vestigation was on employing a 45 g/l sulfuric acid/eight g/l 
combination [6].

The repair sequence before anodizing involved sever-
al steps. It began with degreasing and cleaning using a 
10 gr/l sodium hydroxide (NaOH) solution, followed by 
rinsing with reverse osmosis (RO) water. Subsequently, 
etching was carried out using a caustic soda solution with 
a concentration of 100 gr/l, followed by rinsing. After that, 
desmutting was carried out for two minutes at a tempera-
ture between 27 and 32 degrees Celsius using a solution 
made up of 75 % phosphoric acid (H3PO4), 15 % sulfuric 
acid (H2SO4), and 10 % acetic acid (CH3COOH). After 
washing, an electrolyte solution containing 45 gr/l sulfuric 
acid and 8 gr/l boric acid was used to carry out the anod-
izing procedure. The sealing process was then completed 
using a 50 gr/l solution of acetic acid (CH3COOH). Fig. 1 
illustrates the repair procedure and following processes of 
anodizing and sealing as part of the preparatory plan for 
the anodizing process.

The anodizing apparatus’s schematic layout is seen 
in Fig. 2. Two samples were immersed in an electrolyte bath 
of sulfuric acid and boric acid to complete the anodizing 

process. Both sulfuric acid (45 gr/l) and boric acid (8 gr/l) 
were used in the electrolyte. The anodizing process was 
carried out at a constant 10 volts for 10, 15, and 20 minutes. 
In this configuration, one specimen (made of the aluminum 
alloy AA2024) was used as the anode (+) and the other as the 
cathode (–). The voltage source for the anodizing process was 
established by connecting the cathode to the power supply.

Fig.	2.	Diagrammatic	representation	of	the	anodizing	
apparatus	[1]

4. 4. Weight loss measurement
The experiment on weight loss adhered to the approach that 

was used, in which aluminum coupons were made and totally 
suspended in 1.4 M HNO3 solutions, either with or without 
varying doses of Anisaldehyde. Glass hooks were utilized to 
suspend the coupons at a temperature of 308 K for 3 hours. The 
solution volume was maintained at 100 cm3. After the 3-hour 
immersion period, the coupons were retrieved, rinsed with 
distilled water, thoroughly dried, and reweighed. The corrosion 
rate in mg/cm2 was then calculated based on the weight loss 
data obtained. The weight loss and corrosion rate of aluminum 
in the 1.4 M HNO3 solution were determined for the solution 
without Anisaldehyde and the solutions with concentrations of 
0.02, 0.04, 0.06, 0.08, and 0.10 M of Anisaldehyde. These cal-
culations were performed using the provided equation, utilizing 
the weight loss data obtained. (1) shows the estimate of weight 
loss during the anodization process [19]:

Weight loss (ΔW)=Wo–Wᵢ. (1)

The surface coverage (ϴ) and inhibition efficiency (I.E.) of 
varying inhibitor concentrations in acidic media were deter-
mined through weight loss experiments. Surface coverage (ϴ) 
is calculated using the (2) [19]:

Surface coverage=(Wo–Wᵢ)/Wo. (2)

 

 
  Fig.	1.	Preparation	scheme	for	anodizing	process
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The inhibition efficiency (I.E.) is calculated using the 
(3) [19]:

Inhibition efficiency=((Wo–Wᵢ)/Wo)×100 %, (3)

where Wo represents the initial weight of the specimen before 
immersion, and Wᵢ represents the weight of the specimen 
after immersion in the acidic media.

The inhibition efficiency is expressed as a percentage 
and represents the inhibitor’s effectiveness in reducing the 
specimen’s weight loss. These equations provide a quanti-
tative assessment of the degree of surface coverage and the 
inhibitor’s effectiveness in protecting the specimen against 
corrosion in acidic environments.

4. 5. Scanning electron microscopic analysis
The surface of the aluminum sample was analyzed using a 

scanning electron microscope (SEM), specifically the FEI In-
spect F50, to determine the thickness of the oxide layer formed 
after the anodization process. The SEM analysis was also con-
ducted on aluminum samples that had undergone the sealing 
process. The SEM test was performed at a magnification of 
20 µm, allowing for detailed examination and measurement of 
the oxide layer thickness. This characterization technique pro-
vides valuable insights into the structural and morphological 
properties of the anodized aluminum surfaces, aiding in evalu-
ating the effectiveness of the anodization and sealing processes.

5. Results of the experiment using AA2024 anodized in 
boric sulfuric acid in a 3.5 % NaCl environment

5. 1. Corrosion rate on AA2024 in 3.5 % NaCl envi-
ronment

Using the Boric Acid and Sulfuric Acid (BASA) ap-
proach, an essential quantitative examination of AA2024 was 
the measurement of the corrosion rate. The corrosion rate of 
diverse samples, including raw, unsealed, and sealed materials, 
is evaluated by this measurement. Additionally, the length of 
the anodizing procedure affects how quickly the material cor-
rodes. The corrosion rate seen at a 10-volt anodizing voltage 
is shown in Fig. 3. This graphic gives a visual depiction of the 
data on corrosion rates and provides insightful information 
about how anodizing settings affect the corrosion resistance 
of the material.

Based on the obtained results, it is evident that incorpo-
rating a sealing process following anodization significantly 
reduces the corrosion rate across different anodizing time 
variations. The average corrosion rates for each variation 
were below 0.6 mmpy, indicating improved corrosion resis-
tance. The corrosion rate actually lowered by up to 15 % after 
applying the sealing technique for a 10-minute anodizing 
period. Similar to this, after sealing, the corrosion rates for 
anodizing times of 15 and 20 minutes fell by 11 % and 0.2 %, 
respectively.

It is also interesting that, regardless of whether the samples 
were sealed or left unsealed, the direct anodization period 
alone helped to lower the corrosion rate. Unsealed samples saw 
a 47 % reduction in corrosion rate from their initial state. The 
corrosion rate was reduced by 45 % in the unsealed samples, 
compared to 45 % in the sealed samples. These results show 
how the sealing procedure and the anodization period work 
together to reduce corrosion and increase the durability of the 
aluminum samples.

5. 2. Inhibition efficiency on AA2024 in 3.5 % NaCl 
environment

The inhibition efficiency of AA2024 in a 3.5 % NaCl en-
vironment was evaluated, and the results showed significant 
corrosion protection. The inhibition efficiency, calculated 
based on weight loss measurements and other corrosion-re-
lated parameters, indicated that the surface treatment, most 
likely anodizing, effectively reduced the corrosion rate of 
AA2024 in the aggressive NaCl environment. The inhibition 
efficiency values obtained demonstrated that the treated 
AA2024 specimens exhibited improved resistance against 
corrosion when exposed to the 3.5 % NaCl solution com-
pared to untreated samples (Fig. 4).

Fig.	4.	The	inhibition	efficiency	observed	in	anodized	
specimens

When examining the inhibition efficiency, a noticeable 
trend emerges, indicating that the efficiency increases after 
the sealing process is applied to the specimens. Moreover, as 
the anodizing time is extended, the efficiency demonstrates 
a positive correlation, showing a progressive improvement. 
The results indicate that up to a 20-minute anodizing time, 
the inhibition efficiency of specimens with sealing is nearly 
equivalent to that of samples without sealing.

The similarity in inhibition efficiency between sealed 
and unsealed specimens for up to 20 minutes may suggest 
that the anodizing process provides significant corrosion 

 

 
  Fig.	3.	Corrosion	rate	on	anodized	specimens
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protection. However, it is essential to note that the sealing 
process still contributes to enhancing the overall effective-
ness of the surface treatment technique, providing additional 
durability and extended service life, especially in more chal-
lenging corrosive environments.

The surface coverage results on AA2024 in the 3.5 % 
NaCl environment demonstrate a significant improvement 
after the sealing process illustrated in Fig. 5. The data indi-
cates that the specimens’ surface coverage increases follow-
ing the sealing step’s application. As the anodizing time is 
extended, the surface coverage also significantly increases. 
Up to 20 minutes of anodizing time, the surface coverage 
of specimens without sealing and those with sealing show a 
similar trend, with both achieving substantial coverage.

Fig.	5.	The	extent	of	surface	coverage	observed	in	anodized	
specimens

The surface coverage percentage rose when compar-
ing the samples without sealing to those with the sealing 
process at anodizing durations of 10 minutes, 15 minutes, 
and 20 minutes, with increases of 18 %, 4 %, and 0.05 %, 
respectively. These findings suggest that the length of the 
anodizing time impacts the surface coverage of aluminum. 
Moreover, implementing a sealing process after anodizing 
can further enhance the surface coverage on the aluminum 
surface layer. In summary, both the anodizing time and the 
sealing process play vital roles in improving the aluminum 
material’s surface coverage and protective properties.

Fig. 6 presents the outcomes of the Langmuir adsorption 
modeling, illustrating a comparison between specimens 
without and those with sealing. Since the absorption pro-
cess is chemical, it has been appropriately modeled using 
the Langmuir absorption method. This modeling approach 
provides a comprehensive understanding of the adsorption 
behavior and valuable insights into the interaction between 
the inhibitors and the aluminum surface during the sealing 
process. By utilizing Langmuir adsorption modeling, re-
searchers gain valuable information about the adsorption ca-
pacity and affinity of the inhibitors, further contributing to 
the understanding of the corrosion protection mechanisms 
and the effectiveness of the sealing process in enhancing the 
surface properties of the aluminum alloy.

The R2 values for each material under different types of 
isothermal adsorption conditions were obtained by analyz-
ing the two curves presented above. The R2 value represents 
the coefficient of determination, providing insights into the 
influence of the independent variable (X) on the dependent 

variable (Y). Ranging from 0 to 1, a value closer to 1 indi-
cates a stronger influence of the independent variable on 
the dependent variable and vice versa. In this case, the cor-
relation coefficient results for specimens without seals and 
specimens with seals were found to be 0.6526 and 0.7487, 
respectively.

The analysis of electrochemical polarization provides vi-
tal insights into the system’s behavior, and these discoveries 
are well depicted by the Tafel curve plot illustrated in Fig. 7. 
The described plot functions as a graphical illustration of 
the correlation between current density and electrode poten-
tial. Our study focuses on two unique groups of specimens 
subjected to an anodizing voltage of 10 volts: one group 
undergoes the anodizing procedure without subsequent seal-
ing, while the other group is sealed after anodization. The 
implementation of distinct treatment methods enables us to 
investigate the influence of sealing on the electrochemical 
properties of the specimens.

Fig.	7.	The	polarization	curves	obtained	at	an	anodizing	
voltage	of	10	volts

The sealed specimens demonstrate a significant increase 
in potential compared to the non-sealed counterparts. The 
observed divergence in the electrochemical behavior of the 
samples indicates that the sealing process has a noticeable 
impact on their performance. Furthermore, it is crucial 

 

 
  

 

 
  Fig.	6.	The	results	of	Langmuir	adsorption	modeling
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to emphasize that the corrosion potential increases as the 
duration of anodizing is extended. The observed correlation 
highlights the complex connection between the time of an-
odization and the changes in corrosion properties. The Tafel 
curve plot is a valuable tool for analyzing the relationship 
between anodization parameters and the electrochemical re-
sponses of aluminum alloy specimens. It visually represents 
these trends, providing a clear understanding of how differ-
ent parameters affect the overall behavior of the samples. 
The visual representation enhances our comprehension of 
the corrosion protection mechanisms facilitated by anodiza-
tion and sealing processes.

5. 3. Thickness of anodizing and scanning electron mi-
croscopic analysis on AA2024 in 3.5 % NaCl environment

Both specimens with and without sealing were used in 
the study of the thickness of the oxide layer after anodiza-
tion, as shown in Fig. 8. On the aluminum’s surface, the ox-
ide layer’s thickness was measured in five different places. It 
is crucial to remember that varied anodizing durations result 
in differing oxide layer thicknesses, which have a big impact 
on how resistant to corrosion aluminum is.

The oxide layer’s thickness is a crucial determinant of 
the aluminum alloy’s corrosion protection capabilities. A 
thicker oxide layer generally enhances the material’s resis-
tance to corrosion, as it acts as a more robust barrier against 
the detrimental effects of the surrounding environment. 
Consequently, anodizing processes with longer durations 
are expected to yield thicker oxide layers, thereby improving 
corrosion resistance for the aluminum material.

However, the presence of a sealing procedure following 
anodization might also affect how thick the oxide layer 
is. As a result of the sealing procedure, the oxide layer’s 
holes and fissures are sealed off, increasing its density and 
boosting its protective qualities. As a result, the oxide 
layer on the surface of the aluminum becomes thicker and 
more impermeable, increasing its ability to resist corrosion. 
The average thickness of the oxide layer produced by the 
anodizing process is shown in Fig. 9. The results show 
that specimens without sealing have an oxide layer that 
is thicker than specimens with sealing. The length of the 
anodizing process also has a considerable impact on how 
thick the oxide layer is. The oxide layer thickens with lon-
ger anodizing times.

 

 
  

Fig.	8.	The	scanning	electron	microscopic	image	of	the	aluminum	surface	following	the	anodizing	process
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Fig.	9.	The	average	thickness	of	the	oxide	layer	for	each	
anodization	parameter

The thickness of the oxide layer observed in both speci-
mens remains below 16 µm, indicating that the anodization 
process does not lead to excessively thick coatings. Instead, 
the oxide layer formed is within a controlled and desirable 
range for optimal corrosion protection. For specimens with-
out the sealing process, the oxide layer experienced an in-
crease of up to 46 % when subjected to an anodizing time of 
20 minutes. On the other hand, specimens with the sealing 
process exhibited a more substantial increase of up to 125 % 
in the oxide layer thickness at the same anodizing time of 
20 minutes.

6. Discussion of the experiment that involved anodizing 
AA2024 in a 3.5 % NaCl environment using boric 

sulfuric acid

The corrosion rates measured for different anodizing 
durations were consistently below 0.6 mmpy on average. 
This suggests that the specimens with varying anodizing 
times exhibited a greater resistance to corrosion compared 
to the unsealed specimens, as shown in Fig. 3. The study 
demonstrated that longer periods of anodizing result in 
more significant reductions in corrosion rates. This suggests 
that the sealing process becomes increasingly important as 
the duration of anodizing increases. The primary finding 
of this study indicates that the incorporation of a sealing 
process following anodization leads to a significant decrease 
in the corrosion rate observed in aluminum samples. The 
sealing method is an effective way to protect aluminum from 
corrosion. It creates a barrier that prevents direct contact 
between the aluminum and corrosive substances in the 
environment [8]. The investigation highlights that the effec-
tiveness of the sealing procedure is influenced by the timing 
of anodization [13]. The correlation between the duration of 
anodizing and the subsequent decrease in corrosion rate be-
comes more evident as the duration of anodizing is increased, 
especially after the sealing procedure is applied. The discov-
ery highlights the importance of modifying the duration of 
anodization in order to achieve the desired level of corrosion 
resistance that is suitable for specific applications.

The sealing procedure was successful in closing all of 
the holes that were present inside the anodized oxide layer, 

which led to an increase in the inhibition efficiency once 
sealing was completed. As a direct result of this, the protec-
tive properties of the coating have been improved, which has 
led to an increase in its resistance to corrosive substances. As 
a result, sealing is of the highest significance to give greater 
corrosion resistance to the treated specimens, particularly 
in situations where the anodizing treatments are carried out 
over a longer period of time [20].

Fig. 6 displays the estimated values of the correlation 
coefficient for samples sealed and unsealed in this study. 
The results of this investigation support the hypothesis that 
isothermal adsorption is favorably affected by the post-an-
odization sealing procedure. A stronger association between 
the independent and dependent variables is shown by the 
higher correlation coefficient of 0.7487 found in the sealed 
samples compared to the unsealed specimens’ value of 
0.6526 (Fig. 6). The results show that the efficacy of isother-
mal adsorption is much improved by the sealing method [21]. 
According to the data, the adsorption and interaction of 
the adsorbate molecules with the aluminum surface are en-
hanced by the sealing operation, as evidenced by the higher 
R2 value reported for sealed specimens [22]. These findings 
highlight the potential benefits of employing sealed samples 
in real-world circumstances requiring increased resistance 
to corrosion, and also highlight the significance of the seal-
ing method in boosting the overall adsorption capabilities.

The correlation coefficient value of 0.7487 obtained for 
specimens with seals indicates a strong relationship between 
the variables. This suggests that the sealing procedure 
significantly affects the isothermal adsorption behavior, as 
shown in Fig. 6. The statement suggests that the purpose of 
sealing is to improve the interaction between inhibitors and 
the aluminum surface. This enhancement is believed to en-
hance the adsorption properties and offer better protection 
against corrosion. The correlation coefficient indicates a 
strong positive relationship between the post-anodizing pro-
cedure and the corrosion resistance of the aluminum alloy. 
This suggests that implementing this procedure can be high-
ly beneficial in improving the alloy’s resistance to corrosion. 
The coefficient suggests that the sealing approach leads to 
a more advantageous and effective adsorption process [23].

The results highlight the sealing process’s significant 
impact on the oxide layer’s thickness. Applying a sealing 
step after anodizing increases the oxide layer’s density sig-
nificantly, resulting in a thicker and more effective barrier 
against corrosion. This phenomenon is especially promi-
nent in specimens subjected to longer anodizing times, 
as the sealing process contributes to greater oxide layer 
growth [24]. The information obtained from these observa-
tions is valuable for understanding the relationship between 
anodizing conditions, sealing processes, and the resulting 
oxide layer characteristics. Such insights can aid in optimiz-
ing the surface treatment technique to achieve the desired 
corrosion protection performance for aluminum materials in 
various industrial applications [25].

This study has limitations, including its narrow emphasis 
on a single corrosive media (3.5 % NaCl). The results may 
not indicate the aluminum alloy’s performance in other cor-
rosive conditions, but they give valuable insights into its cor-
rosion resistance. Corrosion processes and behaviors might 
change depending on the environment’s aggressiveness and 
chemical composition. Mass loss experiments as a proxy for 
corrosion rate and inhibition efficiency also have limitations. 
Despite their popularity and the helpful information they 
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give, trials designed to induce weight reduction have several 
apparent drawbacks. Corrosion can’t be monitored using 
weight loss studies in real time since variables like exposure 
duration, surface condition, and handling practices might 
affect the findings. The importance of localized corrosion 
events in certain real-world contexts may also be missed in 
weight-loss research.

Further investigation can be conducted to enhance the 
development of this research. There are several aspects 
that may be further explored. By utilizing sophisticated 
microstructural analysis techniques, such as scanning elec-
tron microscopy (SEM), transmission electron microscopy 
(TEM), and X-ray diffraction (XRD), it becomes possible 
to discern the alterations in the oxide layer’s structure and 
gain a deeper understanding of the interface between the 
anodic film and the substrate. Furthermore, it is important 
to conduct comparative analyses using alternative corro-
sion protection methods, such as coatings, inhibitors, and 
composite materials, in order to assess the relative efficacy 
and constraints of anodization in various scenarios. The 
application of computer modeling and simulation approach-
es is employed to forecast and comprehend the corrosion 
behavior and creation of oxide layers under diverse situa-
tions, hence facilitating the development of more efficient 
anodization procedures.

7. Conclusions

1. Sealing significantly reduces corrosion across anodiz-
ing times. Average corrosion rates were below 0.6 mmpy, in-
dicating improved resistance. Sealing reduced corrosion by 
15 % at 10 minutes, 11 % at 15 minutes, and 0.2 % at 20 min-
utes. Direct anodization time also decreased corrosion, 
regardless of sealing. Unsealed samples saw a 47 % decrease, 
while sealed samples experienced a 45 % reduction. Both 
sealing and anodization time effectively enhance aluminum 
durability against corrosion.

2. Evaluating inhibition efficiency reveals a notable 
trend where sealing the specimens increases efficiency. 
With longer anodizing times, efficiency improves progres-

sively. Up to 20 minutes of anodizing, sealed samples show 
similar inhibition efficiency to unsealed ones. This suggests 
that anodizing alone offers significant corrosion protection. 
However, the sealing process further enhances the surface 
treatment, providing increased durability and extended ser-
vice life, especially in harsh corrosive conditions.

3. The oxide layer thickness is a key component in influ-
encing the aluminum alloy’s resistance to corrosion. When 
the oxide layer protecting an object from the environment is 
made thicker, the object is better protected from corrosion. 
With a 20-minute sealing procedure and anodizing period, 
the average oxide layer thickness is below 16 microns, and 
there is an increase of up to 125 % on specimens. 
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