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A B S T R A C T

The anodization technology is commonly used for surface enhancement for aluminum and its alloys. It is widely
used to improve the hardness and corrosion resistance of aluminum alloys. In the present work, the Doehlert
experimental design was used to optimize the film generated on aluminum during anodization in oxalic or
phosphoric solutions. The research assessed the oxide layer thickness (TOL) and practical oxide layer efficiency
(ηPOLE) based on variables such as temperature, electrolyte concentration, current density, and exposure dura-
tion. According to the Doehlert experimental design, 25 tests are achieved for each response function. The
anodized aluminum samples are tested in an aggressive saline solution via electrochemical techniques. The open-
circuit potential measurements showed that steady-state potentials are approached after 40 minutes. The po-
larization measurements showed that corrosion current density decreased with an increase in layer thickness.
Maximum protection efficiency was 97 % at optimum layer thickness. Electrochemical impedance spectroscopy
measurements indicated that the metal’s resistance increased with the thickness of the layer, corroborating the
polarization findings. The outcomes of the experimental design and mathematical modeling show that all
process-independent variables are significant. Furthermore, the interaction between the independent variables
on the thickness of the oxide layer and the practical oxide layer efficiency is very considerable. The optimum TOL
and ηPOLE are 25.5459 μm and 0.976, respectively. These results were further validated through surface
morphology analyses.

1. Introduction

Aluminum alloys are extensively utilized due to their lightweight
nature, high specific strength, and ease of formation [1]. Despite these
advantages, their poor corrosion resistance and low hardness restrict
their application and longevity. Aluminum naturally develops a pro-
tective oxide layer in the presence of oxygen [2], which can be enhanced
through anodizing to improve corrosion resistance [3]. This method
produces a coating (porous anodic alumina layer) on the surface of
aluminum [4]. Several electrolytes have been explored to achieve the
anodic oxidation process, with H2SO4 electrolyte being the most often
employed in industry due to its electrolyte stability, cost-effectiveness,
and the characteristics of the resultant film [5]. However, H2SO4

electrolyte is corrosive to the porous anodic alumina film with limited
film hardness [6]. Commonly, the porous alumina films were studied by
many other aqueous solutions to enlarge or modify the surface
morphology and enhance the corrosion resistance [7–9]. Nakajima et al.
[10] investigated the growth behavior of anodic oxide films during the
anodizing process using ketoglutaric, glutaric, and acetonedicarboxylic
acid solutions. Glutaric acid was used to produce a thin layer of anodic
oxide on the metal surface. In contrast, the use of ketoglutaric and
acetonedicarboxylic acids in the anodizing process produced a thick
anodic porous alumina sheet due to their low acid dissociation con-
stants. These findings indicate that acid dissociation constants are crit-
ical in the production of anodic porous alumina. Surganov and Gorokh
[11] studied the development kinetics of aluminum oxide coatings while
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anodizing tartaric acid electrolyte at a constant current density. Re-
searchers discovered that the highest number of oxide cells is
9.2 × 108 cm− 2. Mozalev et al. [12] investigated the anodizing behavior
of aluminum in citric acid solutions by altering current density, con-
centration, electrolyte temperature, and agitating. Their results indi-
cated that the characteristics of the barrier layer were directly
proportional to the formation voltage. Kikuchi et al. [13] demonstrated
the creation of aluminum anodic oxide by anodizing in pyrophosphoric
acid, achieving a nanofiber density of 1010 nanofibers/cm² during the
process. In a separate study, Kikuchi et al. [14] fabricated a highly or-
dered anodic porous alumina using etidronic acid anodizing, forming
nanostructures with cell diameters ranging from 530 to 670 nm under
constant current density.

The anodizing process can be conducted using a combination of
acids. Saeedikhani et al. [15] used a mixed electrolyte containing 10 %
sulfuric acid, 5 % boric acid, and 2 % phosphoric acid to anodize 2024
aluminum alloy. This was followed by a sealing process. Their findings
indicated that the mixed acid electrolyte enhanced the corrosion resis-
tance and durability. Shang et al. [16] investigated the anodizing pro-
cess of Al alloy in sulfuric/oxalic acid, sulfuric/citric acid, and sulfuric
acid/tartaric acid mixed electrolytes. The mixed electrolytes have
improved the corrosion resistance of the metal. The average corrosion
rate was 7.3, 6, and 7.5 mg/h.m2 for sulfuric/oxalic acid, sulfuric/citric
acid, and sulfuric acid/tartaric acid, respectively, as compared with
9.7 mg/h.m2 for sulfuric acid alone. Lu et al. [17] found that the
corrosion resistance was enhanced for the anodizing process of the 2024
Al alloy using mixed acid electrolytes (malonic acid+ H2SO4). Capelossi
et al. [18] anodized aluminum alloy using a tartaric acid and sulfuric
acid mixture. The addition of tartaric acid improved the corrosion
resistance.

Anodizing process parameters play an important role in demining
film properties. Therefore, optimization techniques can be applied. It is
essential to apply a proper design in the optimization process. A linear or
quadratic model can be used for data correlation by experimental
design, such as Box-Behnken Design, Central Composite Design, and
Doehlert Design [19]. These designs are classified as response surface
designs or surface response methodology (RSM). The number of exper-
iments is reduced by using Doehlert designs [20]. The response function
is correlated to all variables at different levels. Then critical points
(maximum, minimum, or saddle) can be evaluated. Doehlert design is
more efficient than some other central composite designs [21]. In gen-
eral, the Doehlert design is highly inexpensive, versatile, and efficient in
modeling experimental data, in addition to allowing very fascinating
flexibility in the selection of levels of the variables under examination as
compared with other designs [21]. Bensalah et al. [22] examined the
factors affecting the tartaric/sulfuric acid anodizing process using a
Doehlert design. They optimized the effects of temperature, anodic
current density, and electrolyte concentrations on the properties of the
anodic oxide layer. The study focused on four objectives: growth rate,
hardness, dissolution rate, and weight loss. The goals were to minimize
weight loss and dissolution rate while maximizing hardness and film
growth rate. Bargui et al. [23] investigated the optimization of the
anodization process for Al 5754 aluminum alloy using sulfuric acid.
Using the Doehlert experimental design, they measured the micro-
hardness, wear rate, and growth rate of the anodic oxide layer in
response to bath temperature, current density, and sulfuric acid con-
centration. The optimization intended to maximize the development
rate and micro-hardness while minimizing the rate of wear, guided by
the desirability function. Similarly, Bensalah et al. [24] used a Doehlert
experimental design to optimize the mechanical and chemical properties
of sulfuric acid-anodized aluminum.

The novelty of this research lies in three main points: the study of the
anodic process of 4643 aluminum alloy is limited in the scientific
literature. The application of Doehlert experimental design is rarely
applied as compared with other experimental designs for the anodiza-
tion processes. Finally, the use of mixed oxalic/phosphoric acid as an

electrolyte. In our previous works, the aluminum alloys were anodized
by using different electrolytes [25,26]. The 5854 aluminum-magnesium
alloy was anodized in a sulfosalicylic/oxalic acid electrolyte. The impact
of sealing time and electrochemical behavior was assessed [25]. The
Box-Wilson central composite design was utilized to optimize the
anodizing process of aluminum ASA 6061 with chromic acid. In the
current study, the Doehlert experimental design was employed to opti-
mize the anodizing process of 4643 Al alloy using a mixture of oxalic and
phosphoric electrolytes. The objective function (film thickness and
corrosion current density) was evaluated at four different variables
(bath temperature, electrolyte concentration, current density, and
exposure time).

2. Experimental and method

2.1. Materials and chemicals

The 4643 aluminum alloy compositions were (wt%): 0.8 Fe, 0.10 Cu,
4.6 Si, 0.05 Mn, 0.15 Ti, 0.10 Zn, 0.30 Mg, and, 93.9 Al. The anodizing
procedure was performed at mixed oxalic/phosphoric acid (OPA) elec-
trolytes (25 g/L oxalic acid (0.198 M) dehydrate (C2H2O4⋅2 H2O) solu-
tion + 150 g/L phosphoric acid (1.531 M)). Distilled water was used
during the dilution and cleaning processes.

2.2. Anodizing process and surface characterizations

The anodizing cell was outfitted to provide up to 5 A of current and
60 V of voltage to the electrodes. A sealing process involved immersing
the working electrode in boiling distilled water for 10 minutes. The full
details of the experimental anodizing process and system installation
were given in our previous works [27,28]. A high-accuracy electronic
balance was used to measure the weight before tests (W1), the weight
after the anodizing process (W2), and the weight after removing the
anodic coating film (W3). W3 was obtained by a stripping in a solution
containing 35 ml phosphoric acid (85 %) and chromic acid (20 g per
litter) at 94 ◦C for 15 minutes, then the specimen was rinsed in distilled
water to remove the excess solution on the specimen. An optical mi-
croscope (Type MeF2, Germany) was used to analyze the microstructure
of the anodic coating film. The response functions for anodizing process
were the oxide layer thickness (TOL) and the practical oxide layer effi-
ciency (ηPOLE). These responses were obtained using Eqs. 1 and 2, and
they evaluated as a function of temperature, electrolyte concentration,
current density, and time.

TOL =
Wc

Sdc
× 1000 (1)

ηPOLE =
Wc

WA
(2)

Where TOL is oxide layer thickness (μm), Wc is oxide layer weight (mg),
which is equal to the difference between the specimen weight after
anodizing (W2) and specimen weight after stripping (W3), S is the oxide
layer area in square millimeters (mm2), and dc is the oxide layer density
(g/cm3). The oxide layer density is 2.6 g/cm3 for sealed oxide layer). ηp
is the practical oxide layer efficiency, WA is the weight of metal removed
in milligrams (mg), which is equal to the difference between the spec-
imen weight before anodizing (W1) and specimen weight after
stripping (W3). The practical oxide layer efficiency represents the
weight of the anodic layer that is formed on the metal surface divided by
the weight of the total aluminum oxide formed. In other words, it is a
coating ratio that reflects the amount of actual layer that acts as coating.

2.3. Electrochemical measurements

Electrochemical tests were carried out using a typical three-electrode
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cell. The setup consisted of a calomel reference electrode (CRE), a
platinum counter electrode (PCE), and a 1 cm² aluminum working
electrode immersed in 0.5 M NaCl solution. The open-circuit potential
(OCP) was measured after 150 minutes. Polarization measurements
were performed under various conditions, both with and without the
anodic film, at a scan rate of 1 mV per second within a range of − 100 to
+ 100 mV around the OCP. Electrochemical impedance spectroscopy
(EIS) was carried out with a signal amplitude of 10.0 millivolts over a

frequency range from 10 kilohertz to 0.01 kilohertz. All electrochemical
analyses were conducted using the Vertex-One potentiostat from the
Netherlands.

2.4. Doehlert experimental design

The Doehlert experimental design was employed to construct the test
set and optimize the anodizing process. Four variables (Vj) were used
during the study. V1, V2, V3, and V4 represent temperature (◦C), elec-
trolyte concentration (g/l), current density (A/dm2), and exposure time
(min), respectively. The response function was assessed at various levels
of the variables. The mixed OPA electrolytes concentration levels were 7
(5, 10, 15, 20, 25, 30, 35 g/L), temperature levels were 5 (25, 30, 35, 40,
and 45 ◦C), current density levels were 7 (0.5, 1, 1.5, 2, 2.5, 3 and 3.5 A/
dm2), and exposure time levels were 3 (10, 30, and 50 min.). The real
variables were converted to the coded one using Eq. 3.

Xj =
V − V(0)

ΔVj
(3)

Here Xj in code format, Vj(0) in center and ΔVj is step of variation. A

second-order model has been used to fit the data, as shown in Eq. 4. Eq. 4
has been expanded in term of four variables as shown in Eq. 4a for the
real variables and Eq. 4b for the coded variables.

Y = h0 +
∑k

i=1
hixi +

∑k

i=1
hiix2

i +
∑k− 1

i=1

∑k

j=i+1
hijxixj + e (4)

In this model, TOL represents the real response function (thickness of
the oxide layer), YOL stands for the coded response, e denotes the error,
and X1, X2, X3, and X4 are the operational coded variables. The co-
efficients of regression are represented by h0 through h14. To investigate
the required response, the response surface methodology (RSM) with the
aid of STATISTICA software (version 12) was used. A matrix of the
Doehlert design produced 25 tests (Table 1). The levels and values coded
were − 1, − 0.5, 0, 0.5, and 1 for X1, − 0.866, − 0.577, − 0.289, 0, 0.289,
0.577, and 0.866 for X2, − 0.816, − 0.612, − 0.204, 0, 0.204, 0.612, and
0.816 for X3, and − 0.791, 0, and 0.791 for X4. Similar equations have
been generated for the practical oxide layer efficiency (ηpole) in term of
real and coded variables. Eqs. 2a and 2c can be optimized by differen-
tiation and equating to zero as follows:

∂TOL

∂V1
= h1 +2h11V1 +h12V2 +h13V3 +h14V4 = 0 (5)

∂TOL

∂V2
= h2 +2h22V2 +h21V1 +h23V3 + h24V4 = 0

Table 1
Matrix of Doehlert experimental design for real and coded variables and oxidizing process outcomes (film thickness and practical oxide layer efficiency) at different
conditions.

Exp. no. X1 X2 X3 X4 V1 (◦C) V2 (g/l) V3 (A/dm2) V2 (min) TOL (μm) ηPOLE

Code variables Real variables

1 1 0 0 0 45 20 2 30 17.4 0.76
2 0.5 0.866 0 0 40 35 2 30 14.7 0.65
3 − 0.5 0.866 0 0 30 35 2 30 12.9 0.61
4 − 1 0 0 0 25 20 2 30 21.1 0.93
5 − 0.5 − 0.866 0 0 30 5 2 30 18.2 0.88
6 0.5 − 0.866 0 0 40 5 2 30 18.3 0.87
7 0.5 0.289 0.816 0 40 25 3.5 30 9.9 0.55
8 − 0.5 0.289 0.816 0 30 25 3.5 30 16.2 0.75
9 0 − 0.577 0.816 0 35 10 3.5 30 16.8 0.79

10 0.5 − 0.289 − 0.816 0 40 15 0.5 30 15.6 0.69
11 − 0.5 − 0.289 − 0.816 0 30 15 0.5 30 16.5 0.78
12 0 0.577 − 0.816 0 35 30 0.5 30 16.8 0.80
13 0.5 0.289 0.204 0.791 40 25 2.5 50 25.5 0.95
14 − 0.5 0.289 0.204 0.791 30 25 2.5 50 15.9 0.69
15 0 − 0.577 0.204 0.791 35 10 2.5 50 17.7 0.78
16 0 0 − 0.612 0.791 35 20 1 50 15.6 0.71
17 0.5 − 0.289 − 0.204 − 0.791 40 15 1.5 10 22.2 0.94
18 − 0.5 − 0.289 − 0.204 − 0.791 30 15 1.5 10 8.4 0.51
19 0 0.577 − 0.204 − 0.791 35 30 1.5 10 8.1 0.48
20 0 0 0.612 − 0.791 35 20 3 10 7.8 0.43
21 0 0 0 0 35 20 2 30 26.5 0.96
22 0 0 0 0 35 20 2 30 25.5 0.95
23 0 0 0 0 35 20 2 30 24.4 0.94
24 0 0 0 0 35 20 2 30 24.7 0.94
25 0 0 0 0 35 20 2 30 23.9 0.93

TOL = h0 +h1V1 +h2V2 +h3V3 + h4V4 + h11V2
1 +h22V2

2 +h33V2
3 + h44V2

4 + h12V1V2 +h13V1V3 +h14V1V4 + h23V2V3 +h24V2V4 +h34V3V4 + e (4a)

YOL = h0 +h1X1 +h2X2 +h3X3 + h4X4 + h11X2
1 +h22X2

2 +h33X2
3 + h44X2

4 + h12X1X2 +h13X1X3 +h14X1X4 + h23X2X3 +h24X2X4 +h34X3X4 + e (4b)
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∂TOL
∂V3

= h3 +2h33V3 +h31V1 +h32V2 + h34V4 = 0

∂TOL
∂V4

= h4 +2h44V4 +h41V1 +h42V2 +h43V3 = 0

Rearrange in term of matrix notation and Applying Cramerʾs rule,
Eq. 6 can be solved for optimum conditions.
⎡

⎢
⎢
⎣

2h11 h12 h13 h14
h21 2h22 h23 h24
h31 h32 2h33 h34
h41 h42 h43 2h44

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

V1
V2
V3
V4

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎣

− h1
− h2
− h3
− h4

⎤

⎥
⎥
⎦ (6)

2.5. Surface morphological methods

Surface morphological studies were achieved using the scanning
electron microscope (SEM) to examine the surface morphology of the
4643 Al alloy surface in the absence and presence of oxide layer at op-
timum conditions. Quanta 200 scanning electron microscope (Dutch)
was used for SEM images.

3. Results and discussion

3.1. The model regression and optimization

The outcomes of the anodizing process are collected in Table 1,
which shows the oxide layer thickness and practical oxide layer effi-
ciency. These two responses were fitted to a second-order polynomial.
This regression process is widely used in scientific applications [29,30].
The non-linear (quadratic) mathematical polynomial models were

processed using the Levenberg-Marquardt least-squares method. Two
equations were obtained (Eqs. 4c and 4d) with a high value of the cor-
relation coefficient (R2 greater than 0.9).

Similar regression analysis has been achieved for practical oxide
layer efficiency (ηPOLE).

ηPOLE = − 1.54+0.09V1 +0.02 V2 +0.38 V3 +0.03 V4 − 0.001
V1

2 − 0.001 V2
2 − 0.07 V2

3 − 0.001V4
2 +0.001

V1V2 − 0.004 V1V3 − 0.003 V1V4 − 0.006 V2V3 +0.001
V2V4 +0.005 V3V4

(4e)

YPOLE = 0.95+0.01 X1 − 0.12 X2 − 0.04X3 + 0.121X4 − 0.11X2
1

− 0.226 X2
2 − 0.25X2

3 − 0.3 X2
4 +0.03 X1X2 − 0.08X1X3

− 0.097 X1X4 − 0.19 X2X3 +0.21 X2X4 +0.19 X3X4

(4f)

Fig. 1. The predicted and measured outcomes for the 25 experiments (A) oxide layer thickness and (B) practical oxide layer efficiency.

Table 2
Optimum conditions of variables for maximum oxide layer thickness and prac-
tical oxide layer efficiency.

Variable Oxide layer
thickness

Practical oxide layer
efficiency

Real Code Real Code

X1, Temperature (◦C) 35.565 0.054 34.071 - 0.092
X2, Electrolytes concentration (g/L) 19.176 - 0.048 16.482 - 0.219
X3, Current density (A/dm2) 2.030 0.001 2.164 0.074
X4, Exposure time (min.) 34.811 0.190 34.511 0.163
Optimum 25.5459 μm 0.976

TOL = − 95.28+4.62 V1 +0.78 V2 +17.01 V3 +0.79 V4 − 0.06 V1
2 − 0.03 V2

2 − 3.14 V2
3 − 0.02 V4

2 +0.01
V1V2 − 0.19V1V3 − 0.01V1V4 − 0.15 V2V3 +0.02 V2V4 +0.16 V3V4

(4c)

YOL = 25.06+ 1.07 X1 − 2.37 X2 − 1.11X3 + 4.46X4 − 5.81X2
1 − 10.11X2

2 − 10.67X2
3 − 10.53X2

4 +0.98X1X2 − 3.66X1X3 − 2.07
X1X4 − 4.69 X2X3 +7.09 X2X4 +5.73 X3X4

(4d)

K.H. Rashid et al.
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Fig. 1a and b show the predicted results against experimental oxide
layer thickness and practical oxide layer efficiency, respectively. This
indicates a significant approach between the predicted and experimental
values. Moreover, Eqs. 4c and 4d can be optimized to determine the
optimal conditions. Table 2 shows the optimum process variables. The
predicted oxide layer thickness and practical oxide layer efficiency were
equal to 25.5459 μm and 0.976 under optimal conditions of V1, V2, V3,
and V4, respectively. The enhanced thickness of the higher oxide layer
was indicated by the increased formation rate of the anodic coating
layer, which exceeded the rise in the dissolving rate of the anodic
coating. Thus, the positive net effect resulting from these two factors is
reflected in the augmentation of the film thickness. In Eq. 4d, the linear
coefficients for the process variables (X1, X2, X3, and X4) were 1.07,
− 2.373, − 1.102, and 4.4571, respectively. The constants or coefficients
of the model show that the effect of each factor on the rate of anodic
coating layer formation can be ordered as X4 > X2 > X3 > X1, and the
rate of dissolution is affected by increasing electrolyte temperature,
mixed OPA electrolyte concentration, current density, and exposure
time. The experimental oxide layer thickness closely matched the pre-
dicted value, demonstrating good agreement between them.

Additionally, the average absolute error percentage (|εi|) was relatively
low.

Fig. 2a and b (Pareto chart) show that the individual and interaction
effects of the process factors upon the anticipated oxide layer thickness
and practical oxide layer efficiency, respectively. A Pareto chart illus-
trates sequential relevance by displaying absolute values from the
highest standardized effect to the smallest one. The figure also shows a
reference line that is crossed by statistically significant parameters [31].
It is evident that both temperature and time positively influence oxide
layer thickness and practical oxide layer efficiency, whereas electrolyte
concentration and current density have a negative impact. The inter-
action effect among process variables varies from a negative to a positive
effect on the anodizing process.

The optimum condition and active process zones are illustrated.
Fig. 3A shows the surface plot of YOL as a function of X1 and X2, while
Fig. 3B shows the contour plot of YOL as a function of X1 and X2. Similar
figures at other conditions were given in the supplementary file (1S). On
the other hand, Fig. 4A shows the surface plot of YPOLE as a function of X1
and X2, while Fig. 4B shows the contour plot of YPOLE as a function of X1
and X2. Similar figures at other conditions were given in the

Fig. 2. Pareto chart for coded variable (A) oxide layer thickness and (B) practical oxide layer efficiency.

Fig. 3. Response surface plots (A) and contour plot (B) showing the variation of YOL as a function of anodizing process variables (X1 – X4).

K.H. Rashid et al.
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supplementary file (2S). The orange to dark red color zone represents
the high level of response function, while the yellow to green color zone
represents the low level.

3.2. Electrochemical studies

The electrochemical behavior of the anodized aluminum was
assessed in a corrosive solution containing 0.5 M NaCl at 30◦C. Three
electrochemical measurements were conducted: open circuit potential
(OCP), potential dynamic polarization (PDP), and electrochemical
impedance spectroscopy (EIS). Ten samples at different anodization
thicknesses were tested during the electrochemical measurements. In
OCP measurements, Fig. 5 A shows the variation of potential with time
for different thicknesses of anodized and bare aluminum in the aggres-
sive 0.5 M NaCl solution. The steady-state potential was approached
after 40 minutes. The OCP value of the bare Al was − 0.748 V, as shown
in Table 3. In the case of anodized aluminum, the observed OCP values
shifted in a positive direction. This can be attributed to the presence of
an aluminum oxide layer on the metal surface. In PDP measurements,
Fig. 5B shows the variation of potential with current density. In addition,
Table 3 collects the electrochemical parameters, including corrosion
potential (Ecorr), corrosion current density (icorr), Tafel slopes (βa and βc),
resistance polarization (Rp), and coating inhibition efficiency (%IEPDP).
The values of Rp and %IEPDP were calculated using Eq. 5 [32] and 6 [33],
respectively.

Rp =
βaβc

2.303icorr(βa + βc)
(5)

%IEPDP =
(
icorr − iocorr

icorr

)

× 100 (6)

In Eq. 6, icorrandiocorr denote the corrosion current densities in the
absence and presence of the coating layer, respectively. As shown in
Table 3, the values of corrosion potentials were shifted in the positive
direction in the presence of anodized layers. Additionally, corrosion
current densities were observed to decrease in the case of anodized
aluminum compared to the bare metal. It is clear that the maximum
coating inhibition efficiency was 97 % at a 25.5 µm oxide coating layer.
The values of Tafel slopes were approximately unchanged with the

presence of the oxide layer, which may mean unchanged in the kinetics
and mechanism of the aluminum corrosion process. Electrochemical
impedance spectroscopy (EIS) is an important analytical method to
study the characteristics of the metal surface layer. It is a potent method
for evaluating the corrosion resistance and structure of anodic oxide
layers on the aluminum surface [34]. The data is fitted to the equivalent
circuit. Fig. 5 C shows the Nyquist plots and equivalent circuit of the
anodic oxide at different thicknesses immersed in a 0.5 M NaCl solution.
The impedance of all the samples showed only one time constant, a
capacitive loop, in the Nyquist plot. The semicircle’s diameter grows as
layer thickness increases. The resistance efficiency of the corrosive so-
lution can be obtained using Eq. 7, using the resistance polarization
values in the presence (Rp

◦) and absence (Rp) of the oxide layer [35].

%IEEIS =

(
Ro
p − Rp

Ro
p

)

× 100 (7)

Table 4 collects the EIS parameters, which include the solution
resistance (Rs), resistance polarization (Rp), capacitance of the double
layer (Cdl), and %IEEIS at different oxide layer thicknesses.

(1) 25.5 μm TOL & 0.98 ηPole (2) 22.2 μm TOL & 0.94 ηPole (3) 18.3 μm
TOL & 0.87 ηPole (4) 17.7 μm TOL & 0.78 ηPole (5) 16.8 μm TOL & 0.80 ηPole
(6) 14.7 μm TOL& 0.65 ηPole (7) 12.9 μm TOL& 0.61 ηPole (8) 9.9 μm TOL&
0.55 ηPole (9) 8.4 μm TOL & 0.51 ηPole (10) 7.8 μm TOL & 0.43 ηPole.

3.3. Morphology of the surface

Scanning electron microscopy (SEM) was used to analyze the surface
morphology of aluminum under ideal conditions. The images are pre-
sented in Fig. 6. In Fig. 6A, the polished aluminum surface displays a
smooth texture. Fig. 6B showcases the anodized aluminum surface,
revealing pores that are uniformly distributed and arranged in a hex-
agonal honeycomb structure. This observation aligns with similar find-
ings reported by Sun et al. [6] and Bensalah et al. [22]. In Fig. 6C, a
cross-sectional view of the aluminum surface with the oxide layer
thickness (TOL) at optimum conditions is depicted, indicating the for-
mation of an oxide-aluminum layer. Cross-sectional SEM image allowed
for the diagnosis of the anodized coating thickness. Fig. 6D and E
illustrate the top and cross-sectional views, respectively, of the stripped

Fig. 4. Response surface plots (A) and contour plot (B) showing the variation of YPOLE as a function of anodizing process variables (X1 – X4).
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surface. The absence of the protective layer showed the damages of the
metal surface.

3.4. Mechanism of anodizing process

Anodizing is an electrochemical technique that includes oxidizing a
metal surface, usually aluminum, to form a porous and durable coating.
Anodic aluminum oxide films are often classified into two types: porous

oxide films and nonporous barrier oxide films. The anodizing electrolyte
used determines how these two types of films form. In neutral electro-
lytes, a solid, nonporous barrier-type layer that is nearly insoluble can
emerge [36]. On the other hand, in acidic electrolytes, a porous-type
layer can form momentarily, as the anodic oxide formed is minimally
soluble [37,38]. The formation of anodic alumina occurs rapidly at the
interfaces of the oxide/electrolyte and metal/oxide for the barrier-type
oxide, facilitated by the outward flow and inward migration of

Fig. 5. (A) Open corrosion potential and (B) polarization curves (C) Nyquist (D) bode impedance (E) bode phase angle plots for the anodized Al 4643 aluminum alloy
at the optimum conditions immersed in 0.5 M NaCl at 30 ◦C.
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Al3+and O2− /OH− ions. However, for the porous-type oxide, oxide for-
mation occurs primarily at the metal/oxide interface due to the inward
migration of O2− /OH− ions. Studies have observed that outward
migrating Al3+ cations do not contribute to oxide growth at the oxi-
de/electrolyte interface but are instead entirely released into the
anodizing electrolyte through direct ejection [39,40]. Otherwise,
outwardly migrating Al3+ ions would induce the formation of anodic
alumina at the oxide/electrolyte interface, potentially sealing any pores
that may have formed. The suggested elementary chemical processes
occur at the metal/oxide interface (Eqs. 8 and 9) and the oxide/elec-
trolyte contact (Eqs. 10–13):

Al→Al3+oxide +3e− (8)

2Al3+oxide +3O2−
oxide→Al2O3 (9)

Al2O3 +6H+
aqueous→2Al3+oxide +3H2Oliquid (10)

Al3+oxide→Al3+aqueous (11)

2O2−
oxide→O2gas +4e− (12)

2H2Oliquid→O2−
oxide +OH−

oxide +3H+
aqueous (13)

In both nonporous and porous oxide films, Eq. 9 describes the for-
mation of anodic oxide at the metal/oxide and oxide/electrolyte in-
terfaces. Eq. 10 accounts for the dissolution of anodic alumina. Eq. 11
occurs due to the field-assisted direct ejection of Al3+ ions from the
metal/oxide interface into the electrolyte through the oxide. Eqs. 11–13
collectively reduce the net current efficiency associated with anodic
oxide generation. At the oxide/electrolyte interface, water molecules
undergo heterolytic breakdown, leading to the formation of oxygen
anions at the metal/oxide contact and consequent creation of anodic
oxide, as detailed in Eq. 13. It is assumed that all oxide anions resulting

from the dissolution of Al2O3 at the oxide/electrolyte interface migrate
to the metal/oxide interface, where they are utilized to reconstruct
Al2O3. Additionally, the production of oxide is influenced by all oxide
anions generated from water dissociation [40]. The anodizing process
can potentially be enhanced by the presence of organic acids, which
supply reactive species. Analyzing the chemical composition of the
protective layer may require extensive investigation under both
electrolyte-absent and electrolyte-present conditions. However, a sche-
matic representation of both oxide films and the proposed anodizing
process for porous anodic films can be found in Fig. 7. However, the
corrosion resistance of porous anodic alumina films at different loca-
tions is not uniform on the metal surface. This can be attributed to the
different degrees of anion adsorption. In other words, the growing
porous anodic alumina film is concurrently subjected to the electrolyte
corrosion [41]. This is highly dependent on several factors. An increase
in electrolyte temperature would aggravate the selective corrosion
during the growth of porous anodic alumina film. On the other hand, an
increase in electrolyte concentration would influence the anodizing
voltage. This will reduce the pore distance of the porous anodic alumina
film [42].

3.5. Comparative study and the role of optimization process

The oxide layer thickness that formed during the anodizing process
depends on many factors, and it varies from one metal alloy to others.
According to Elkilany et al. [41], who studied the anodizing process of
aluminum alloys 2014-T3, 6061-T6, and 7075-T6 in sulfuric acid,
7075-T6 aluminum75-T6 has the highest thickness. While the presence
of Fe and Si in 6061 Al alloy delays the oxide growth. The lowest
thickness of the oxide layer was formed on the 2014 Al alloy, which can
be attributed to the high content of copper. During 60 minutes in 17 %
H2SO4 electrolyte and 2.8 A/dm2, the coating thickness varies approx-
imately from 5 to 50 µm for all aluminum alloys. Chung et al. [42]
investigated the anodizing of 6061 aluminum alloy in an H2SO4 elec-
trolyte. They found that increasing the current density enhanced the
thickness of the oxidized films. The film thickness ranged from 1.46 to
25.75 µm, which agreed with current work. Bononi et al. [42] studied
the anodizing of AA2099-T8 in sulfuric solution as a function of tem-
perature, cation concentration, and current. The hardness of the oxide
layer increased with temperature decreases. At all tested conditions, the
oxide layer thickness was around 55 ± 5 µm. Lu et al. [17] obtained an
optimum film thickness of 50 µm on the AA2024 aluminum surface,
which was anodized in a mixed acid system of sulfuric and malonic acid.
Kikuchi et al. [14] found anodic porous alumina thicknesses in etidronic
acid. The film thicknesses were 42 mm and 77 mm at 270 V and 293 K
for 2 h and 270 V and 273 K for 72 h, respectively. These results showed
higher film thickness as compared with the results of the present study,
which can be attributed to high exposure time. However, the optimi-
zation process represented a powerful tool in the estimation of the op-
timum anodization conditions. On the other hand, the obtained
mathematical model can be used successfully in predicting the formed

Table 3
Electrochemical parameters of 4643 Al alloy anodized in mixed OPA electrolytes at optimum & different other conditions.

Specimen symbol TOL (µm) OCP (V/SCE) icorr (A/dm2) Ecorr (V/SCE βa (mV/dec) βc (mV/dec) Rp (Ω.cm2) ηPole IEPDP (%)

1 25.5 − 0.705 0.1122 − 0.7051 180 − 202 36.80 0.98 0.97
2 22.2 − 0.708 0.1445 − 0.7086 165 − 201 27.20 0.94 0.96
3 18.3 − 0.712 0.2138 − 0.7109 145 − 172 16.08 0.87 0.94
4 17.7 − 0.714 0.2570 − 0.7144 176 − 202 15.92 0.78 0.92
5 16.8 − 0.718 0.3162 − 0.7182 171 − 200 12.68 0.80 0.90
6 14.7 − 0.727 0.4266 − 0.7275 167 − 207 9.41 0.65 0.87
7 12.9 − 0.732 0.5888 − 0.7318 147 − 219 6.50 0.61 0.82
8 9.9 − 0.736 0.9072 − 0.7357 151 − 221 4.30 0.55 0.73
9 8.4 − 0.742 1.4894 − 0.7414 160 − 226 2.74 0.51 0.56
10 7.8 − 0.744 2.0188 − 0.7446 161 − 230 2.04 0.43 0.42
Bare – − 0.748 3.4565 − 0.7482 162 − 235 1.21 – –

Table 4
The parameters values of equivalent circuit used for fitting the impedance
measurements corresponding to the unprotected & the different protected sur-
faces thickness for Al 4643 alloy specimen’s conditions.

Specimen
symbol

TOL
(µm)

Rs (kΩ.
cm2)

Rp£ 10¡5 (kΩ.
cm2)

Cdl (µF.
cm¡2)

%
IEEIS

bare - 0.693 0.687 5.452 _
1 25.5 0.425 9.911 1.991 93.0
2 22.2 0.285 9.412 1.874 92.7
3 18.3 0.244 8.753 1.789 92.1
4 17.7 0.217 8.151 1.761 91.5
5 16.8 0.195 7.652 1.674 91.0
6 14.7 0.153 7.514 1.583 90.8
7 12.9 0.112 6.781 1.531 89.8
8 9.9 0.972 2.112 1.492 67.3
9 8.4 0.891 1.556 1.415 55.7
10 7.8 0.818 1.198 1.381 42.4
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film thickness and wide operating conditions. Moreover, the approach
between oxide layer thickness for different types of aluminum alloys
may assist in the use of a mathematical model for other aluminum alloys.

3.6. Drawback and limitations of anodizing process

Although the anodization of aluminum provides excellent corrosion
resistance and durability, it also has some drawbacks. These included
mechanical, chemical, appealing, economic, and environmental draw-
backs [43,44]. In mechanical drawbacks, the strength of metal may be
reduced due to the removal of the surface material. Furthermore, the

anodization process may increase the surface roughness. Chemical
drawbacks affected the metal surface due to the penetration of chemicals
through the porous structure, which leads to corrosion problems. Color
inconsistency and discoloration can be the main problems of appealing
drawbacks. Relatively, the anodization technology adds processing and
production time. In addition, it generates waste that requires a suitable
disposal procedure. Ecological problems can be due to the volatilization
of organic electrolyte solutions, which in turn leads to air pollution.
Furthermore, chemical effluent produces wastewater containing acids,
heavy metals, and other pollutants, which lead to water pollution.
Economical issues are adding other drawbacks due to the energy and

Fig. 6. Surface electron microstructure of Al 4643 aluminum alloy (A) polished Al surface, (B) top view appearance of surface TOL at optimum conditions &
34.8 min. (C) cross section views of surface TOL at optimum conditions & 34.8 min., (D) top view of stripped surface TOL, (E) cross section views of stripped sur-
face TOL.

Fig. 7. Nonporous and porous barrier films and the proposed mechanism for the porous one.
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water consumption.

4. Conclusion

The Doehlert experimental design proven to be a durable instrument
for exploring the behavior of anodic porous alumina film produced on an
aluminum surface by anodizing in an oxalic/phosphoric electrolyte. The
oxide layer thickness (TOL) and the practical oxide layer efficiency
(ηPOLE) were influenced by temperature, electrolyte concentration, cur-
rent density, and exposure time. The experimental design’s outcomes
show that every process-independent variable is crucial to the anodizing
process. Furthermore, there is a noteworthy interaction effect of inde-
pendent variables on both the practical oxide layer efficiency and
thickness. The optimum TOL and ηPOLE are 25.5459 μm and 0.976,
respectively. According to electrochemical techniques, the steady-state
potentials are typically approached around the forty-minute mark. The
corrosion current density dropped as layer thickness increased. At the
ideal layer thickness, protection efficacy reached a maximum of 97 %.
Measurements conducted using electrochemical impedance spectros-
copy revealed that the resistance of the metal increased with the
thickness of the layer, corroborating the findings from polarization ex-
periments. The surface morphology studies were used to confirm the
formation of the protective layer on aluminum surface.
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