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Abstract

The characteristics of aluminum alloys make them the most extensively used material in
the aerospace sector. Aluminum, in a natural way, when interacting with oxygen, forms
a protective layer of aluminum oxide, Al,O3, that enhances its properties, for example,
resistance to corrosion and fatigue. This work aims to optimize the anodizing process by
identifying the optimum values and combination of factors that allow the formation of an
alumina layer with a thickness of 12 um and the maximum Vickers microhardness. The
parameters to be evaluated will include time, current density, and sulfuric acid concentra-
tion, which were considered variables at two levels: 15 and 20 min, 2.5 and 3.5 A/dm?, and
180 and 350 g/L, respectively. We used the response surface methodology (RSM) with a
composite central design (CCD). The results of the optimization MSR reveal that to obtain
the optimum Type III hard anodizing on AA6063 aluminum alloy with a target thickness
of 11.85 um and a Vickers microhardness of 297.14, a combination consisting of 15 min,
2.55 A/dm?, and 333.15 g/L of H,SOy is required.

Keywords: surface treatment; corrosion; design of experiments; anodizing

1. Introduction

The second most popular materials in the metal industry are aluminum and its alloys
because of their many valuable qualities, including their low density, light weight, strong
resistance to corrosion, ductility, and superior mechanical characteristics [1,2]. With magne-
sium and silicon as the primary alloying constituents, the 6XXX series stands out among all
alloys as the most appropriate for structural engineering applications. Within this series,
the aluminum alloy 6063 has been widely used as a construction material in architectural
applications due to its malleability and high-quality surface finish.
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One of the most well-known phenomena occurs when aluminum encounters oxygen,
naturally forming a heterogeneous layer of aluminum oxide (Al,O3), with a thickness
ranging from 0.003 to 0.01 um, rendering it a corrosion-resistant metal. Due to this property,
aluminum has found extensive applications across various industries [3,4]. Despite its
natural protection, the layer is heterogeneous and does not provide sufficient protection
against aggressive environments; therefore, if the formation of this layer can be controlled, it
is possible to develop a thicker, more homogeneous oxide coating with enhanced properties
such as improved corrosion resistance, higher wear resistance, and dielectric behavior.
This is achieved through an electrochemical surface treatment known as anodizing, which
purposefully enhances and extends the natural oxidation of aluminum.

Anodizing involves the electrolytic oxidation of the aluminum surface under con-
trolled conditions. Critical process parameters such as electrolyte type and concentration,
current density, process temperature, anodizing duration, and the incorporation of addi-
tives directly affect the morphological and mechanical properties of the anodic layer [5-8].
For industrial applications, the goal is typically to achieve rapid oxide growth with high
uniformity and mechanical integrity, particularly in layer thickness and microhardness.

Changing one variable at a time while holding the others constant has been the primary
method used in previous studies to examine the impact of specific parameters on anodic
coatings. However, this method can overlook possible interactions between variables,
potentially leading to inaccurate conclusions. To overcome this limitation, response surface
methodology (RSM) is applied to assess multiple variables simultaneously and understand
their interactive effects on the properties of anodic aluminum oxide coatings.

In some studies, RMS has been used to optimize the anodizing process. In a study
presented by Pouyafard and Meshkabadi in 2024, they included the parameters of current
density, time, and concentration of oxalic acid as an electrolyte. They found that the
concentration of oxalic acid and the interaction between time and oxalic concentration and
the quadratic of current density and process time have a significant effect on hardness.
Thickness is influenced by current density, time, and the interaction between time and oxalic
acid concentration. With their optimized process on 6063 aluminum, they found hardnesses
of 434 HV and thicknesses of 93.6 pm [9-11]. In another study involving the anodizing of
6061-T6 aluminum, current density, duty cycle, and frequency were used as factors at three
different evaluation levels: 1, 3, and 5 A/dm?, 20, 50, and 80%, and 10, 100, and 1000 Hz,
respectively. Through process optimization, a combination of 5 A/dm?, 40%, and 75 Hz was
obtained as the optimal current, duty cycle, and frequency to achieve a maximum thickness
of 163.1 um and microhardness of 482.2 HV [12]. Finally, in another study, certain properties
such as thickness, hardness, and wear resistance were improved using response surfaces
with variables such as duty cycle, frequency, and maximum and minimum current density.
The optimal anodizing conditions were obtained with a duty cycle of 65%, a frequency
of 326 Hz, a maximum current of 3.5 A/dm?, and a minimum current of 0.5 A/dm?,
yielding estimated values of 170 um, 526 HV0.1, and 2.12 x 107 g/N-m for thickness,
microhardness, and wear rate, respectively [13].

RSM integrates mathematical modeling with experimental design to establish predic-
tive models and determine optimal process conditions. A standard design, as the central
composite design (CCD), is typically used to evaluate the effects of multiple variables due
to its effectiveness in predicting for three or more factors (multivariable), as it enables a
second-order design that considers variable interactions and quadratic effects, by using a
multiple linear regression model rather than just a linear regression model based on a 3 k
factorial design where experiments exists at central and axis points [14-16].
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In this framework, the response variable Y is defined by the sum of linear (31x;,
interactions (;x;xj and quadratic Bix? terms. Optimization is carried out using desirability
functions for responses based on an adjusted model that completes the following three rules:
denies the null hypothesis using « = 0.05, uses a hierarchical model, and R-sq > 70% [17-21].
Recently, there is more interest in using DOE, particularly in industrial and scientific settings.
It is a key idea for obtaining accurate results, saving time, completing fewer tests, and
streamlining procedures. DOE aids in determining the ideal values or circumstances for
answers that are compatible. Furthermore, RSM is a method for creating experiments with
several independent variables that have an impact on one or more dependent variables.
By lowering the number of tests and establishing a mathematical relationship between
the variables, this approach seeks to maximize the responses. RSM is a popular method
because it is useful in identifying the best or nearly best replies over a series of tests [22,23].

This research aims to optimize the hard anodizing process in acidic baths using
RMS and CCD, thereby revealing the relationship between key variables such as time,
current density, and bath concentration to achieve maximum microhardness values and
optimal thickness.

2. Materials and Methods
2.1. Materials

Commercial aluminum alloy AA 6063 was used as a 150 mm x 50 mm x 0.5 mm bar
in the received condition. Table 1 shows the chemical composition of AA6063 aluminum as
determined via X-ray fluorescence (XRE, Olympus DELTA XRF, Richmond, TX, USA) [24].

Table 1. Chemical composition of AA 6063 aluminum alloy (wt.%).

Elements
Material Al Si Fe Cu Mn Mg Cr Ti Zn
AA6063 Bal 055 0.06 0.004 0.006 0.83 0.002 0.002 0.007

2.2. Hard Anodizing Process

The samples underwent cleaning and pickling treatment before the anodizing pro-
cess, designated as pretreatment. To produce hard anodizing, sulfuric acid (H,SO4) was
used as an electrolytic solution with concentrations ranging from 180 to 350 g/L, and the
anodizing time was 15 to 20 min. The current densities used for anodizing ranged from
2.5t03.5 A/dm?, as indicated by the CCD. All of the different combinations of anodiz-
ing parameters were carried out at 0 £ 5 °C to avoid dissolution of the alumina layer.
Following the anodizing procedure, the components were sealed for 30 min at 40 °C in
deionized water [25]. The cathode was a sheet of AA6063 aluminum alloy measuring
150 mm x 50 mm x 0.5 mm and was positioned 25 mm parallel to the anode.

2.3. Response Surface Methodology (RSM)

This study used RSM and CCD with three continuous factors and three dependent
variables that are essential for the anodizing process: (1) time, (2) current density, and
(3) sulfuric acid solution concentration. These variables were evaluated at two different
levels to determine the ideal setting for the anodizing coating, where a target thickness
of 12 um and maximum Vickers microhardness are obtained. Table 2 specifies the vari-
ables represented by each factor in their coded and current form and the operating levels
necessary to carry out the optimization process [26,27].
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Table 2. Operating levels for CCD experiment design.
Factor Variable Name Minimum Maximum
A Time Time (min) 15 20
B Current density Curr. Dens. (A/dm?) 2.5 3.5
C H,SO, solution concentration H,SO4 Conc. (g/L) 180 350

For the elaboration of the experimental matrix, Minitab 21 statistical software was
employed, and the RSM was used to develop a CCD with three continuous factors to
optimize the process. Vickers microhardness (HV) and coating thickness 12 (um) were
chosen as response factors.

Twenty runs were obtained by combining these variables. The use of a CCD can result
in the creation of axial points (experiments) outside the cube or area of interest, leading to
combinations with values that exceed the operating limits [28-30]. For this reason, the runs
that were within the limits were filtered to carry out the experiments [31,32]. Fourteen runs
were performed that remained within the parameters. Table 3 displays the experimental
variables together with their actual and coded values.

Table 3. DCC’s three independent variables are combined into a matrix and expressed in real units.

Design Variables
Time Current Density H,SO4 Conc.
Sample Run Order (min) (A/dmz) (g/L)

Actual Value A Actual Value B Actual Value C
1 1 15 -1 2.5 -1 180 -1
2 6 20 +1 2.5 -1 180 -1
3 7 15 -1 3.5 +1 180 -1
4 17 20 +1 3.5 +1 180 -1
5 13 15 -1 2.5 -1 350 +1
6 8 20 +1 2.5 -1 350 +1
7 16 15 -1 3.5 +1 350 +1
8 11 20 +1 3.5 +1 350 +1
9 5 17.5 0 3 0 265 0
10 9 17.5 0 3 0 265 0
11 12 17.5 0 3 0 265 0
12 20 17.5 0 3 0 265 0
13 15 17.5 0 3 0 265 0
14 10 17.5 0 3 0 265 0

2.4. Characterization of Anodized Coatings
2.4.1. Measurements of Anodizing Thickness

To facilitate handling, samples of 6063 aluminum alloy were immersed in epoxy resin
and subsequently polished in compliance with ASTM E3 requirements for measurement
using scanning electron microscopy [33]. Silicon carbide abrasive sheets with grain sizes
ranging from 120 to 4000 were used for polishing. Diamond paste with a particle size of
1 pm was used for the last fine polishing process.

Using optical microscopy, a Zeiss Axio Observer 7 Materials microscope (Zeiss,
Oberkochen, Germany) was employed to determine the anodized layers’ thickness in
accordance with ASTM B487-85 [34]. Each sample had five thickness measurements in
two separate fields, for a total of ten measurements.

Zeiss Sigma 300 VP scanning electron microscopy (SEM) (Oberkochen, Baden-
Wiirttemberg, Germany) was used at magnifications of 500x and 2000x to obtain the
surface morphology, and the cross-section was performed at 2000 x. Five measurements
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were taken on the optimized sample using computer software to determine the thickness
in the cross-section. The surface and cross-sectional morphology were examined using
backscattered electrons (BSEs) with a beam energy of 20 kV.

2.4.2. Vickers Microhardness (HV)

Using a microhardness tester (Wilson Tester 402 MVD, Lake Bluff, IL, USA), the cross-
section of the anodized specimen was evaluated for the Vickers microhardness test. Ten
measurements per sample were obtained using a load of 10 gf and a 15 s dwell period, as
specified in ASTM E92 [35].

2.4.3. Corrosion Measurements

To evaluate the corrosion resistance of the manufactured anodized coatings, this test
was performed on two random samples from the 14 manufactured samples, on the opti-
mized sample, and on the substrate without anodizing. Corrosion studies were conducted
using three-electrode cells. The working electrodes were anodized samples, a platinum
mesh counter electrode, and a saturated calomel electrode as a reference (SCE). The ZRA
Solartron 1287A (Bognor Regis, Arun, West Sussex, UK) potentiostat/galvanostat was
utilized. Every test was duplicated and involved dipping in a 3.5 wt.% NaCl solution at am-
bient temperature [34-38]. The anodized components’ corrosion resistance was evaluated
using cyclic potentiodynamic polarization curve testing (CPPC), in accordance with ASTM
G61-11 [39], using a potential sweep from —0.3 to 1.0 V of OCP, a scan rate of 0.06 V/min,
and a complete polarization cycle.

3. Results and Discussion
3.1. Analysis of Response Surface Methodology

Using the information in Table 4, a design of experiments (DOE) was carried out.
The analysis consisted of a mixture of completely quadratic terms and interactions, with
a significance level of 5% (x = 0.05) [40]. The factors and combinations were eliminated
from the design based on the null hypothesis Hy. Following a hierarchical model, only the
factors significant for optimization were used [41-47].

Table 4. CCD matrix with the observed thickness and Vickers microhardness as the response.

. Current Cf)ating Std Microhardness . Std Dev
Samples Time Density H,S0,4 Conc. Thickness Dev (Y,) Microhardness
(min) (A/dm?) (g/L) (Y1) Thickness (Y1) HV) (Yz)

(um) (um) (HV)
1 15 2.5 180 14.67 0.128 273.5 14.448
2 20 25 180 16.02 0.027 265.1 15.266
3 15 3.5 180 23.01 0.203 223.2 12.531
4 20 35 180 20.10 0.149 2474 17.941
5 15 25 350 11.56 0.556 296.7 17.023
6 20 2.5 350 12.25 0.161 268.2 14.512
7 15 35 350 16.65 0.154 296.5 14.828
8 20 3.5 350 15.11 0.123 229.3 8.416
9 17.5 3.0 265 14.89 0.425 214.7 10.737
10 17.5 3.0 265 14.84 0.214 225.2 11.261
11 17.5 3.0 265 12.96 0.751 206.8 10.340
12 17.5 3.0 265 10.44 0.746 211.4 10.573
13 175 3.0 265 14.49 0.305 200.8 10.048
14 17.5 3.0 265 14.91 0.223 239.2 11.965
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3.2. Analysis of Response Surface Regression for Thickness (Y1)

Table 5 shows the analysis of variance (ANOVA) by thickness and the summary of
the model used. It reveals an R-sq of 82.43%, higher than the 70% required for a good
predictive model. The outcomes of the ANOVA analysis for the thickness and hardness
responses are displayed in Tables 5 and 6. The p-value and F-value are crucial metrics for
assessing the model, the parameters, and their interactions. Higher values are preferred for
each input variable in the data distribution indicated by the F-value. Each term’s relevance
in the response is shown by the p-value, where values less than 0.05 denote significance
for each variable. Any variable is considered insignificant if its p-value is higher than
0.1. Determining the legitimacy of the response requires this analysis [39,40]. The most
significant factors for thickness were current density (B), sulfuric acid concentration (C),
and the second power of time (A?), which are less than 0.05, as can be seen in the p-values
in Table 5. This suggests that they have a significant impact on the sample’s thickness.

Table 5. Analysis of variance for coating thickness (Y1).

Source GL Ajust. SS Ajust. MS F-Value p-Value
Model 4 114.256 28.5639 10.56 0.002
Lineal 3 94.167 31.3890 11.60 0.002
Time 1 0.727 0.7270 0.27 0.617
Curr. Dens. 1 51.922 51.9221 19.19 0.002
H,SO4 Conc. 1 41.518 41.5179 15.34 0.004
Cuadratic 1 20.088 20.0885 7.42 0.023
Time x Time 1 20.088 20.0885 7.42 0.023
Error 9 24.353 2.7059
Lack-of-Fit 4 8.383 2.0957 0.66 0.648
Pure error 5 15.970 3.1941
Total 13 138.609
S =1.64496 R-sq(adj) = 74.62%

R-sq = 82.43% R-sq(pre) = 59.22%

Table 6. Analysis of variance for the Vickers microhardness (Y»).

Source GL Ajust. SS  Ajust. MS  F-Value p-Value
Model 5 11,927.1 2385.4 11.19 0.002
Lineal 3 3065.3 1021.8 4.79 0.034
Time 1 797.6 797.6 3.74 0.089
Curr. Dens. 1 1435.4 1435.4 6.73 0.032
H,S0,4 Conc. 1 832.3 832.3 3.90 0.084
Cuadratic 1 7308.8 7308.8 34.29 0.000
Time x Time 1 7308.8 7308.8 34.29 0.000
Interaction of 2 factors 1 1552.9 1552.9 7.28 0.027
Time x HyS04 Conc. 1 1552.9 1552.9 7.28 0.027
Error 8 1705.4 213.2
Lack-of-Fit 3 745.2 248.4 1.29 0.373
Pure error 5 960.2 192.0
Total 13 13,632.5
S =14.6004 R-sq(adj) = 79.67%

R-sq = 87.49% R-sq(pre) = 50.99%

The normal probability graph presented exhibits a linear trend in Figure 1a,b. Because
of this, it can be concluded that the model is capable of explaining the responses and

therefore makes an adequate prediction for thickness. According to Figure 1b and Table 5 of
the Pareto diagram, the standardized effects of anodizing parameters, time, and interacting
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variables (such as (Curr. Dens.)?, (H,SO4 Conc.)?, are presented. Curr. Dens. x HySO4
Conc. and their different interactions are not significant in the model response to predict
thickness since their p-values are low for the level of significance [45,46].

( a ) Pareto Chart of the Standardized Effects ( b )

(response is Espe; a = 0.05)

Normal Probability Plot

2.%62 99

90

50

Percent

AA
1
-4 -2 0 2 4
Factor Name "
o A Time Residual
B Curr. Dens.
Cc H,S0, Conc.

0 1 2 3 4 5
Standardized Effect

Figure 1. (a) Pareto diagram of standardized effects of anodizing parameters for the thickness and
(b) normal probability plot for the thickness.

Therefore, Equation (2) refers to the second-order response surface models that have
been developed for coating thickness:

Thickness (Y1) =126.3 — 13.68 A + 5.10 B — 0.02680 C + 0.387 A2 2)

where A is time, B is current density, and C is H,SO, concentration.

When it can be observed, when sulfuric acid concentration and current density in-
crease, the oxide layers’ thickness [47,48], the response surface graphs of thickness at
different concentrations of sulfuric acid, time, and current density are shown in Figure 2,
the effect of current density and sulfuric acid concentration on thickness remains linear;
that is, if both are increased, the thickness of the layer formed will increase. Thicknesses
greater than 12 pm are achieved with anodizing current densities above 3 A/ dm? and
short anodizing times (Figure 2). In contrast, the maximum anodizing thickness is achieved
when the sulfuric acid concentration does not exceed 250 g/L, even though the time varies,
as it will remain at values above 14 um in anodizing times between 15 and 20 min. The
porosity of the oxide coating layer decreases as the current density increases because a
larger voltage is needed to generate the anodic layer. The anodic layer thickens as a result.
Sulfuric acid concentration and current density both have an impact on thickness; thicker
layers are produced by higher values [49,50].

200 200

175 175
150 Thickness (Y1)
150
125
Thickness (Y1)
100

125

Thickness (Y1)125

160
39 35
S 55 100
165
300 150 30 350
20 165 Curr. Dens.  (A/dm?)
250 180 T L 180 300
. . 25 ime (min)
Curr. Dens.  (A/dm?) 55 Time (min) 200 250
35 H,S0, Conc. (g/l)

200, " H;S0,Conc.(gl)

Figure 2. Three-dimensional response surface graphics display the interaction between the thickness
response parameters.
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3.3. Response Surface Regression for Vickers Microhardness (Y ;)

Table 6 shows the ANOVA and a summary of the model. The latter reveals that the
model has an R-sq value of 87.49%, which is higher than the 70% required for an acceptable
predictive model. Table 6 shows that the square of time (A?), the interaction between
time and sulfuric acid concentration (AC), and current density (B) all have p-values less
than 0.05. This means that they significantly influence the Vickers microhardness of the
anodized samples. The statistical significance of the quadratic model was assessed using
a Fisher F-test with a significance threshold of 0.05. For models to fit, non-significant
values of lack of fit (>0.05) are desired. Tables 5 and 6 demonstrate that the values of
both outputs are negligible. This attests to the model’s validity and the data accuracy. To
improve the model’s accuracy, factors with a p-value greater than 0.1 are excluded. The
remaining parameters are those shown in Tables 5 and 6. Table 6 indicates that the model
has a very low chance of occurrence and a significant F-value of 11.19. B, AC, and AZ are
important model terms; A, B, and the other interaction terms are not significant in the
Vickers microhardness response model because their p-value is less than their significance
value. With a Lack-of-Fit F-value of 1.29, the pure error is negligible, which is ideal for a
strong model fit [51,52].

According to Figure 3a of the Pareto diagram, the standardized effects of the anodizing
parameters AA, AC, and B are significant. Meanwhile, in the same figure, the time and
concentration of sulfuric acid, as well as their different interactions and squares, are not
significant in the model’s response to predict Vickers microhardness, since their p-values
are low for the level of significance [45,53]. The normal probability graph shows a linear
trend, so it can be said that the model can explain the responses and, therefore, makes an
adequate prediction of Vickers microhardness, as shown in Figure 3b. The CCD values for
the anodized layers’ Vickers microhardness were used to produce Equation 3, which was
stated in real factors.

Vickers microhardness (Y2) = 2293 — 2452 A — 26.8 B+ 1.267 C + 7.39 A2 — 0.0656 AC 3)

where A is time, B is current density, and C is H,SO, concentration

Pareto Chart of the Standardized Effects

Term

{pesponzelisiDireg = 0.05) (P) Normal Probability Plot

AC

0 1 2

2.306

99

920

50

Percent

10

-20 10 0 10 20

Factor Name .
A Time Residual
B Curr. Dens.
Cc H,SO, Conc.
3 4 5 6

Standardized Effect

Figure 3. (a) Pareto diagram of standardized effects of anodizing parameters and (b) normal proba-
bility plot for the Vickers microhardness (HV).
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300

25

Microhardness (Y2) 55

25

30

Curr. Dens. (Aldm?)

170

" h,s0, Conc.(g)
200

Figure 4 shows the 3D response surfaces, which illustrate the interaction of the param-
eters affecting the Vickers microhardness of the coating. The two-parameter interaction
effect has been examined under the assumption that the values of the other parameters
stay constant and at the middle of their respective ranges. These results show that the
coating’s Vickers microhardness is not significantly affected by variations in current density
or sulfuric acid concentration. Increasing the sulfuric acid concentration increases the
hardness of the coating. However, the highest concentration of sulfuric acid and the lowest
anodizing durations were associated with the highest hardness value.

30 300

7
a5 L

i %)
Microhardness (Y2) - Microhardness (Y2) -

350 350
" 25
2

30 300

30 20 20 H,80, Conc. (gfl)
Curr. Dens.  (A/dm?) 150
150 165 200
165 180 170
180 25 - " 200
20 Time (min)

200
Time (min)

Figure 4. Three-dimensional response surface plots of the interaction between parameters for the
Vickers microhardness response.

When examining the combined impact of sulfuric acid concentration and process time
while holding all other variables constant, it is shown that variations in process time do
not affect the coating’s Vickers microhardness, which decreases as process time increases.
However, increasing the sulfuric acid concentration causes an increase in the hardness of
the coating.

As current density and anodizing duration increase, the voltage required to gener-
ate the anodic layer increases, reducing porosity and pore size. The anodic oxide layer
becomes harder as a result of this. Two forms of dissolution—chemical and field-assisted
electrical—occur during anodizing. Field-assisted dissolution is brought on by a rise in
electric current and thermal heating, whereas the electrolyte concentration and work-
ing duration impact chemical dissolution. A higher current density, a higher sulfuric
acid concentration, and a brief processing time are necessary to produce a high-hardness
coating [54-56].

3.4. Optimization of the Anodization Process

After identifying the variables that affect system performance, the next step is to
adjust them to find the ideal circumstances for achieving the optimum outcome. It is
necessary to optimize the anodizing process settings, which entails figuring out the range
of input parameters, including sulfuric acid concentration, process time, and current density.
The objective of this research is to maximize Vickers microhardness and achieve a target
thickness of 12 pm. For this purpose, Minitab 21 software was utilized, employing the
combined function to optimize Vickers microhardness and achieve a target thickness of
12 um, as previously mentioned. The optimization of the anodizing process with the
previously mentioned values is shown in Figure 5. The results show that if the anodizing
procedure is carried out with a 15 min process duration, a current density of 2.55 A/dm?,
and a sulfuric acid concentration of 333.91 g/L, a Vickers microhardness of 302.7 HV and
objective thickness of 12 um can be achieved.
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Figure 5. Optimization of response parameters by maximizing Vickers microhardness and objective
thickness of 12 um.

3.5. Characterization of AA6063 Anodized Coatings
3.5.1. Analysis of Coating Anodized Thickness

Figure 6 shows SEM images of the anodized sample under optimal conditions, both
the surface morphology and the cross-sectional surface after metallographic preparation.
The images of the polished sample in Figure 6 are provided for comparison purposes
and show the final result of the process optimization. The measured hardness of the
sample was 297.6 HV, and its thickness was 11.85 um, both within the expected ranges
of 12 and 302.7 HV. In Figure 6a,b, the absence of cracks or detachments in the coating
corroborates the effectiveness of the parameters applied in the optimal anodizing process.
This observation serves to reaffirm that the selection of the anodizing conditions and the
process were appropriate [57]. As can be seen from the cross-section image in Figure 6c, the
interface between the substrate and the coating appears uniformly smooth. The anodizing
technique has effectively produced porous aluminum matrices in sulfuric acid electrolytes.
A thin, porous oxide layer is created on the surface of alloy 6063 during the anodizing
process, which uses direct current. Thanks to this layer, the electrolyte can reach deeper
levels, which also acts as a foundation for future growth. Oxygen evolves on the alloy
surface because of the applied current, which reacts with the alloy metal ions and causes
the creation of metal oxide compounds. The anodizing procedure is repeated until the
oxide layer achieves the required thickness [58-60]. Anodizing generally results in the
homogeneous and regulated production of metal oxides on the AA6063 alloy’s surface,
improving its visual appeal and resistance to corrosion.
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Figure 6. SEM images of the surface morphology: (a) magnification 500, (b) magnification 2000 x,
and (c) cross-section anodized under the optimized condition (2000 x).

3.5.2. Corrosion Properties

Figure 7 depicts the cyclic potentiodynamic polarization curve (CPPC) of the three
selected samples, corresponding to samples AA6063 aluminum alloy substrate, No. 1
(15 min, 2.5 A/dm?, 180 g/L), and No. 9 (17.5 min, 3.0 A/dm?, 265 g/L), and optimized
sample (15 min, 2.55 A/ dm?, 333.91 g/L), in the 3.5 wt.% NaCl solution. The corrosion
process was examined using the CPPC, which provides data on the anodic, cathodic, and
hysteresis ranges of the anodized samples in relation to the corrosion phenomena. Nobler
corrosion potential (Ecyry) values indicate that anodized samples are more resistant to
corrosion [57-62]. The potential needed when the anodic current density changes with the
cathodic current density is known as the anodic-to-cathodic transition potential (Ex_c). The
Ea-_c and Ec,r are compared to determine the persistence of the passive film. If Ep_c is
more noble than Ec,, the passive layer will not be stable in positive hysteresis. However,
in the presence of negative hysteresis, if Ex_c is more noble than Er, the passive layer will
be stable and has the possibility of regenerating [63]. The passive layer will persist and show
positive hysteresis if the Ecq,y is more noble than the Ex_c [64]. Instead, the absence of a
hysteresis loop for these samples, indicating the absence of localized corrosion, may suggest
widespread corrosion and an active surface in the potential sweep. Negative hysteresis
is linked to general corrosion, and positive hysteresis is related to crevice corrosion or
pitting [65].
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Figure 7. The CPPC of AA6063 before and after the anodizing process under different conditions,
and the optimized process is exposed in the 3.5 wt.% NaCl solution.

For anodized materials, the Ec,y is very similar across all samples, which is more noble
than the unanodized material, meaning that these anodized samples will tend to corrode
similarly. The anodic—cathodic transition potential Ex_¢ is more noble for all anodized
materials, indicating that the oxide layer formed during the process is stable. At the same
time, the 6063 aluminum sample has a more negative Ex_c than Ecyy, indicating that the
naturally formed oxide layer is unstable and tends to dissolve in this type of electrolyte.
The non-anodized sample (Aluminum Alloy 6063) did not exhibit passivation current
density (jpass), which means that it remained in activation and dissolution of the material
throughout the test. The anodized samples under different conditions presented different
jpass values, which are related to the anodizing conditions. In the case of corrosion current
density (jcorr), the non-anodized sample had the highest jco value and the optimized
sample presented a lower jcorr Value, which means that this sample will have the lowest
corrosion rate of the samples analyzed [66]. Regarding the type of hysteresis, the AA6063
aluminum substrate sample presented positive hysteresis, which is associated with pitting
corrosion. In contrast, the anodized samples presented negative hysteresis, which is
indicative of a type of generalized corrosion. Table 7 presents the data obtained from the
CPPC in this study.

Table 7. Corrosion parameters of the CPPC of AA6063 before and after the anodizing process exposed
to 3.5 wt.% NaCl solution.

Ecorr EA—C jpass jCorr .
Sample  (y\s.SCE)  (Vvs. SCE) (Alem?) (Alem?) Hysteresis
AA6063 —0.751 —0.880 1.91 x 1077 Positive
No. 1 —0.314 0.499 201 x 1077  4.65x 10710 Negative
No. 9 —0.344 0.611 413x107° 557 x 1071 Negative
Optimized —0.238 0.540 1.21 x 10710 6,69 x 10713 Negative
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The increase in properties such as the Vickers microhardness and corrosion resistance
of the anodized material is largely due to a combination of factors, such as the optimized
anodized coating having low porosity and virtually no cracking in the cross section, as
can be seen in Figure 6a,c. Additionally, aluminum 6063 has low alloy element content
(see Table 1), which causes the oxide layer formed during the anodizing process to be
continuous and with few defects, thereby increasing Vickers microhardness and corrosion
resistance. The corrosion resistance of the anodized samples is the result of the reaction
between aluminum and oxygen that occurs during the process, as shown in Equation (4):

2A1 4 3[0] = ALO; (4)

The decrease in corrosion current density and passivation current density in the
anodized material is due to the quality of the Al;O3 layer formed in the optimized process.

4. Conclusions

e  Using response surface methodology (RSM) and a central composite design (CCD),
it was possible to create an experimental matrix with 20 combinations to obtain the
response factors necessary to design response surface experiments.

e  The analysis yielded models for both responses (thickness and microhardness) with
an R-sq greater than 80%, sufficient to define the relationship between the variation in
the model and the variation explained by the analysis.

e  The most influential parameters in creating the alumina layer for thickness are current
density, HySO4 concentration, and the quadratic term for time.

e  The results indicate that for Vickers microhardness, the most influential variables
are the quadratic of time, the interaction between time and current density, and the
concentration of HySOy.

e  With response optimization, a thickness of 11.85 ym and a Vickers microhardness
of 297.7 were achieved, with an anodizing time of 15 min, a current density of
2.55 A/dm?, and an H,SO4 concentration of 333.91 g/L.

e  The corrosion resistance of the anodized material also increases when anodized under
the optimal conditions obtained, presenting low corrosion and passivation current
densities and a more noble corrosion potential than the rest of the samples evaluated.
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Abbreviations

The following abbreviations are used in this manuscript:

RSM Response surface methodology

CCD Composite central design

XRF X-ray fluorescence

HV Vickers microhardness

Curr. Dens. Current density

H,SO4 Conc. H»SOy4 solution concentration

SCE Saturated calomel electrode

CPPC Cyclic potentiodynamic polarization curve
DOE Design of experiments

ANOVA Analysis of variance

Std Dev Standard Deviation

Y1 Thickness

Y, Vickers microhardness (HV)

Ecorr Corrosion potential

Eac Anodic-to-cathodic transition potential
JPass Passivation current density

jCorr Corrosion current density
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