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Abstract
Aluminum alloy forms a protective layer of aluminum oxide when exposed to air, which gives it corrosion resistance. But,
the layer can be easily damaged, causing metal corrosion. The hard anodizing method is used to solve this issue. Determining
the appropriate anodizing parameters, including current density, process time, and electrolyte concentration, is crucial for
attaining the desired thickness and hardness of the anodized layer. An experimental design approach utilizing the response
surface method (RSM) was employed to investigate the effects of these variables. Quadratic models were presented to predict
the hardness and thickness of the layer with an average error of 2.84% and 3.89%, respectively. The models were verified
through analysis of variance (ANOVA) to assess the effect of each parameter and their interactions. Oxalic acid concentration,
the interaction between process time and oxalic acid concentration, and the square of current density and process time have
a significant impact on hardness. Layer thickness is mainly influenced by current density, process time, and the interaction
between process time and oxalic acid concentration. Optimization results show that a current density of 1.19A/dm2, a process
time of 160 min, sulfuric and oxalic acid concentrations of 26.25 gr/li t and 36.88 gr/li t , respectively, leads to hardness
of 434 HV and thickness of 93.6 μm. A scanning electron microscope (SEM) image under optimal conditions shows that
aluminum porous arrays created by an anodizing process in mixed sulfuric acid and oxalic acid electrolyte, with a hexagonal
shape observed across a wide range of grain domains.
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1 Introduction

6000 series of aluminum alloys are popular for structural pur-
poses due to their favorable mechanical properties, including
ductility, corrosion resistance, and weldability. Of these
alloys, 6063 is particularly resistant to corrosion and anodiz-
ing effects. It is commonly used to produce construction
parts, kitchen appliances, false ceilings, and extruded archi-
tectural components [1]. It forms a thin layer of aluminum
oxide (2.5–10 nm) upon exposure to air, which increases
its resistance to corrosion. However, this layer can be eas-
ily removed and destroyed by chemical and environmental
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factors, leading to corrosion. Henley et al. found that this
protective layer is ineffective in harsh marine environments
[2].

One way to decrease corrosion is through the use of pro-
tective methods, such as conversion coatings that transform
the metal surface into a mineral compound. Examples of
these methods include boehmite coating [3], chromate coat-
ing [4], phosphate coating [5], and anodizing [6, 7].Chromate
coating, however, is no longer used due to environmental con-
cerns related to chromate compounds. Anodizing is a process
that modifies the surface of a metal by oxidizing it with an
electrolyte, resulting in a thicker layer. Thismethod increases
the hardness and corrosion resistance of aluminum parts, cre-
ates a decorative appearance, and modifies some physical
properties. Anodizing is used to protect various industrial
components against corrosion and to manufacture dielectric
films for electrolytic capacitors [6].

Various factors such as the type of electrolyte, temper-
ature, potential, current density, alloy type, and process
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duration affect the anodizing process and the properties of
the resulting layer. Therefore, it is crucial to consider these
conditions. Research studies have focused on the hardness
and wear resistance of aluminum oxide layers resulting from
hard anodizing. This method is suitable for applications that
require exceptional hardness exceeding 400 Vickers, as its
surface hardness surpasses that of various hardened steels
and hard chrome plating [8].

Strak et al. determined that the corrosion resistance of
the 6063 aluminum alloy is affected by specific mechanical
and physical stresses. Temperatures above 60°C signifi-
cantly impact the anodizing characteristics of the 6063 alloy.
Mechanical deformation does not affect the anti-corrosion
capabilities of anodized aluminum alloy [9]. Polat et al. [10]
used the Taguchi method to optimize the anodic polarization
process for 6060 alloy. Four parameters were considered:
additive type, dissolved Al concentration, bath temperature,
and current densities, organized in an L9 orthogonal array.
Anodized samples had various corrosion current densities
and potentials, implying modifications in the properties of
the anodized layer such as geometry, distribution, and struc-
ture. Wilson et al. [11] studied the anodizing of the 6060
aluminum alloy with sulfuric acid to improve corrosion
resistance and adhesiveness with the post-painting layer by
adding tartaric acid. They also explored the potential of using
tartaric-sulfuric acid anodizing (TSA) to enhance the corro-
sion resistance of the anodic film. Knudsen et al. [12] found
that alternating current (AC) hot anodizing is a better pre-
treatment for organic coating of the 6060 alloy compared to
direct current (DC) anodizing. This is due to its ability to
clean the surface and improve resistance against corrosion.

The design of experiments (DOE) is a method used to
determine the correlation between controllable and response
variables in a process. It involves systematically altering rel-
evant factors through experimental plans to identify optimal
conditions, significant factors, and the interactions of these
factors [13]. The use of DOE is crucial in achieving pre-
cise outcomes by optimizing the number of tests. The RSM,
which involves statistical experiment design, modeling, and
optimization, is a practical approach to experimental design.
This method reveals the impact and optimal conditions of
primary factors, interactions, nonlinear variables, and the
relationship between variables and responses. The central
composite design (CCD) method is one of the RSM tech-
niques which uses a second-order model to achieve optimal
conditions [14].

To date, there have been limited investigations into uti-
lizing the RSM method to model anodizing experiments for
various industrial objectives. The current study focuses on
utilizing CCD to implement RSM in order to model and opti-
mize the anodizing experiments of the 6063 aluminum alloy.
On the other hand, the center of interest lies in the elec-
trolyte solution employed in this study, which consisted of a

mixture of sulfuric and oxalic acids. The study’s novelty and
objective are to investigate how changing certain parameters,
including anodizing time, current intensity, and concentra-
tion of electrolyte mixture, would affect the growth of the
oxide layer. Using RSM, the researchers aimed to identify
the most optimal combination of parameters for anodizing
the 6063 aluminum alloy, as previous research on anodizing
has yet to establish the ideal parameter set.

2 Materials andMethods

2.1 Sample Preparation

The chemical composition of the 6063 alloy was analyzed
using a quantometer, and the results are presented in Table 1.
The samples were polished using sandpapers up to 2000 grit,
washed in distilledwater, degreasedwith an acetone solution,
and then rinsed with distilled water. These processes signif-
icantly improved the surface smoothness of the samples.

2.2 Design of experiments

Nowadays, the use of DOE, especially in laboratory and
industrial work, has gained interest. It is a fundamental prin-
ciple for obtaining reliable results, saving time, conducting
fewer tests, and optimizing processes. DOE helps to deter-
mine optimal values or conditions for compatible responses.
Additionally, RSM is a technique for designing experi-
ments with multiple independent variables that affect one
or more dependent variables. This method aims to optimize
the responses by reducing the number of tests and estab-
lishing a mathematical relationship between the variables.
RSM is advantageous in determining the optimal or near-
optimal responses through a set of tests, making it a popular
tool. This study investigated four independent parameters:
current density, process time, concentration of sulfuric acid
and concentration of oxalic acid, as input parameters and the
thickness and hardness of the created layer as output param-
eters. The experiments were designed using the RSM and the
CCD approaches with the help of Design Expert software.
Table 2 shows the levels of design factors used in the CCD,
whichwere varied in 5 levels (-α,− 1, 0, + 1, + α). The values
for each parameter were chosen based on previous research
in the field of anodizing [15–17].

2.3 Anodizing Setup and Required Tests

A specialized anodizing power sourcemade by Silicon Com-
pany is used for the oxidationprocess depicted inFig. 1a. This
power source can provide an output voltage in four different
forms (DC, AC, PC, and PRC) and can be adjusted from
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Table 1 Chemical composition of 6063 alloy from quantometery

Elements Al Si Mg Fe Cu Cr Zn Mn Ti

Composition (Wt. %) 98.69 0.5 0.45 0.24 0.03 0.03 0.02 0.03 0.01

Table 2 The factors and their
levels used in the CCD Factor Level

− 2 (− α) − 1 0 1 2 (α)

Current density (A/dm2) 0.3 0.6 0.9 1.2 1.5

Process time (min) 40 80 120 160 200

Sulfuric acid (g/l) 5 26.25 47.5 68.75 90

Oxalic acid (g/l) 20 35 50 65 80

Fig. 1 Anodizing setup a power
supply, b cooling system and
c aluminum sample pre- and
post-anodizing

Cathode

Cooling system

Air �low

Anode Thermometer

(a) (b)

(c)

zero to 60 V. Studies in the field of using solutions contain-
ing different acids have shown that the anodic films formed in
the combined solution of oxalic and sulfuric acid have better
corrosion resistance compared to using these acids separately
[18]. So, to improve the quality of the anodic layer, a mixed
solution of sulfuric and oxalic acid was suggested according
to Table 2. The sample diameter was measured three times
with a micrometer of 0.001 mm resolution before anodizing.
In anodic oxidation, a pure lead sheet is connected to the
negative pole as the common cathode. Without an electric
current, the sheet will gradually dissolve in the electrolyte
solution. It is crucial to maintain a minimum cathode-to-
anode area ratio of 3 to 1. A cooling system is used during
the anodizing process to prevent polarizations andmaintain a
uniform temperature (Fig. 1b). Compressed air is introduced
into the electrolyte solution in a controlled manner to main-
tain its chemical composition. After the process, the sample
is exposed to boiling water for 30 min, and its diameter is

measured at three different points. Figure 1c shows the alu-
minum sample before and after anodizing.

The ASTM E92 standard was followed to determine the
hardness of the coating, using an SCTMC microhardness
tester [19]. Vickers hardness was used to measure the surface
hardness, with a load of 50g for 15 s. Each sample was tested
and measured at three different points, with a tolerance of
± 5 HV. The microstructure of the samples was examined
using an SEM (MIRA3 FEG-SEM) from Czech Republic.

3 Results and Discussion

3.1 Experiment Results

Table 3 displays the results of 30 experiments designed using
Design Expert 11 software. To determine the required num-
ber of experiments for the anodizing process with the RSM
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Table 3 Experimental design and
results of the CCD Std Run Processing parameters Response

Density
(A/dm2)

Time
(min)

Sulfuric
acid (g/l)

Oxalic acid
(g/l)

Hardness
(HV)

Thickness
(μm)

7 1 0.6 160 68.75 35 455 26

9 2 0.6 80 26.25 65 342 23

17 3 0.3 120 47.5 50 367 6

20 4 0.9 200 47.5 50 361 94

5 5 0.6 80 68.75 35 416 20

14 6 1.2 80 68.75 65 437 59

15 7 0.6 160 68.75 65 397 64

22 8 0.9 120 90 50 470 63

16 9 1.2 160 68.75 65 333 103

18 10 1.5 120 47.5 50 371 89

24 11 0.9 120 47.5 80 371 71

25 12 0.9 120 47.5 50 453 59

29 13 0.9 120 47.5 50 422 65

12 14 1.2 160 26.25 65 341 110

28 15 0.9 120 47.5 50 430 59

23 16 0.9 120 47.5 20 416 52

6 17 1.2 80 68.75 35 408 76

3 18 0.6 160 26.25 35 409 52

1 19 0.6 80 26.25 35 344 32

13 20 0.6 80 68.75 65 456 14

8 21 1.2 160 68.75 35 417 90

26 22 0.9 120 47.5 50 413 61

4 23 1.2 160 26.25 35 435 92

11 24 0.6 160 26.25 65 299 90

10 25 1.2 80 26.25 65 410 45

27 26 0.9 120 47.5 50 459 63

21 27 0.9 120 5 50 441 90

2 28 1.2 80 26.25 35 342 68

19 29 0.9 40 47.5 50 353 27

30 30 0.9 120 47.5 50 440 64

and CCD, the formula N � 2k + 2K+Cp is utilized, where k
represents the number of factors and Cp represents the num-
ber of repetitions of the central point. The values of these
factors are 4 and 6, respectively.

3.2 RegressionModels and Analysis of Variance

RSM involves statistical methods and appropriate DOE to
determine the interaction among process variables, making
it different from conventionalmethods. Twomain designs for
RSMareCCDandBox–Behnken design (BBD). CCD can fit
a quadratic model and is suitable for sequential experimenta-
tion, incorporating information from a factorial experiment.
BBD needs fewer design points than CCD, making it less

expensive while maintaining the same number of factors.
BBD always has three levels per factor; while, CCD can have
up to five. Rashid et al. [20] studied the corrosion tendency
of 6061 aluminum alloy during anodizing with chromic acid.
They used a CCD method to reduce the required tests to 28,
while still analyzing four parameters with five levels. Nuals-
ing et al. [21] optimized anodizing parameters to enhance
aluminum oxide film production on aluminum foil using the
BBD approach for experimental design and statistical anal-
ysis.
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The RSM method commonly employs a quadratic equa-
tion, presented in Eq. 1, to describe the response behavior.

Y � β0 +
n∑

i�1

βi Xi +
n∑

i�1

βi i X
2
i +

n∑

i ��1 j�1

βi j Xi X j + ε (1)

The given equation represents the predicted response Y
as a function of independent variables Xi and Xj, along with
individual, quadratic, and interaction term coefficients βi, βii,
and βij,, respectively. The constant coefficient is represented
by β0. The number of independent variables is denoted by n,
and the error term is represented by 1[22].

ANOVA can assess the validity of an equation or model
by identifying significant and insignificant parameters, deter-
mining the effectiveness of investigated factors on the output,
and calculating quadratic or second-ordermodel coefficients.
It uses a signal-to-noise ratio tomeasure the impact of uncon-
trollable factors on a qualitative characteristic in a controlled
process. A higher signal-to-noise ratio indicates better sen-
sitivity to controllable parameters. The total signal-to-noise
value for each output is calculated using Eq. 2.

η � −10log

[
1

P

P∑

i�1

1

w2
i

]
(2)

where η, P, and wi represent the signal-to-noise ratio, the
number of repetitions, and themeasured output in each exper-
iment. Equations 3, 4, 5 and 6 are utilized to compute the
parameters associated with variance analysis, including the
total sum of square deviation (SST), total degree of freedom
(f T), the sum of square deviation of jth factor (SSj) and its
degree of freedom (f j) [22].

SST �
n∑

i�1

η2i − T 2

n
(3)

fT � n − 1 (4)

SS j � 1

r

m∑

i�1

T 2
i − T 2

n
( j � 1, 2, . . . , k) (5)

f j � m − 1 (6)

where n is the total number of experiments, m is the number
of levels for each factor, k is the number of columns of the
orthogonal array, r � n/m, T is the total sum of S/N ratio, and
Ti is the sum of S/N ratio when the level of factors is fixed
on the ith row for an arbitrary column.

The sumof square of error (SSE) and its degree of freedom
(fe), the variance of jth parameter (MSj) and the variance of

error (MSE) can be calculated as follows [22]:

SSE � SST −
k∑

j�1

SS j (7)

fe � fT −
k∑

j�1

f j (8)

MS j � SS j

fi
(9)

MSE � SSE

fe
(10)

Equation 11 provides the F-value for the jth factor.

Fj � MS j

MSE
(11)

Equation 12 can be used to calculate the contribution per-
centage (Pc) of each parameter on the results.

Pc(%) � SS j − f j .MSE

SST
× 100 (12)

The resulting measurements of anodized layer hardness
and thickness are presented in Table 4. The quadratic models
were found to have an average error of 2.84% and 3.89% in
predicting the hardness and thickness of the layer, respec-
tively.

The quadratic model was the most appropriate for both
output variables and was selected for further analysis. Table
5 shows the findings.

Tables 6 and 7 show the results of the ANOVA analysis
for hardness and thickness responses. The key parameters for
evaluating the model, the parameters, and their interactions
include p-value and F-value. F-value indicates data distribu-
tion, with higher values being more desirable for each input
variable. The p-value reflects the significance of each term
in the response, with values less than 0.05 indicating signifi-
cance for each variable. If any variable has a p-value greater
than 0.1, it is deemed insignificant. This analysis is critical
for determining response validity.

According to Table 6, the p-values for sulfuric acid con-
centration (C), oxalic acid concentration (D), interaction of
current density and sulfuric acid concentration (AC), inter-
action of process time and sulfuric acid concentration (BC),
interaction of process time and oxalic acid concentration
(BD), and the second power of current density, the process
time, and the concentration of oxalic acid (A2, B2, D2) are
less than 0.05. This indicates their significant contribution to
the hardness of the samples.

According to Table 7, the thickness of the coating is signif-
icantly influenced by several factors, such as current density
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Table 4 Comparison between the experimental and predicted results of anodized layer’s hardness and thickness by the CCD

Std Run Processing parameters Response 1, Hardness (HV) Response 2, Thickness (μm)

A B C D Experimental Predicted Error (%) Experimental Predicted Error (%)

7 1 0.6 160 68.75 35 455 450 1.09 26 25.9 0.16

9 2 0.6 80 26.25 65 342 367 6.92 23 27.1 15.21

17 3 0.3 120 47.5 50 367 372 1.32 6 5.6 7.46

20 4 0.9 200 47.5 50 361 355 1.64 94 96.3 2.42

5 5 0.6 80 68.75 35 416 422 1.52 20 18.6 7.38

14 6 1.2 80 68.75 65 437 425 2.73 59 57.3 2.98

15 7 0.6 160 68.75 65 397 376 5.46 64 62.5 2.47

22 8 0.9 120 90 50 470 471 0.12 63 65.7 4.18

16 9 1.2 160 68.75 65 333 337 1.16 103 105.1 2.02

18 10 1.5 120 47.5 50 371 370 0.25 89 86.9 2.40

24 11 0.9 120 47.5 80 371 373 0.46 71 68.5 3.65

25 12 0.9 120 47.5 50 453 442 2.47 59 61.0 3.28

29 13 0.9 120 47.5 50 422 442 4.54 65 61.0 6.56

12 14 1.2 160 26.25 65 341 356 4.19 110 111.6 1.46

28 15 0.9 120 47.5 50 430 442 2.73 59 61.0 3.28

23 16 0.9 120 47.5 20 416 418 0.43 52 53.5 2.80

6 17 1.2 80 68.75 35 408 392 4.06 76 78.8 3.54

3 18 0.6 160 26.25 35 409 409 0.07 52 53.9 3.63

1 19 0.6 80 26.25 35 344 320 7.36 32 31.1 2.81

13 20 0.6 80 68.75 65 456 452 0.99 14 14.6 4.27

8 21 1.2 160 68.75 35 417 424 1.59 90 86.1 4.50

26 22 0.9 120 47.5 50 413 442 6.58 61 61.0 0.00

4 23 1.2 160 26.25 35 435 436 0.25 92 92.6 0.67

11 24 0.6 160 26.25 65 299 313 4.55 90 90.5 0.51

10 25 1.2 80 26.25 65 410 400 2.53 45 48.3 6.82

27 26 0.9 120 47.5 50 459 442 3.83 63 61.0 3.28

21 27 0.9 120 5 50 441 409 7.74 90 84.7 6.19

2 28 1.2 80 26.25 35 342 362 5.41 68 69.8 2.57

19 29 0.9 40 47.5 50 353 363 2.78 27 25.7 5.19

30 30 0.9 120 47.5 50 440 442 0.47 64 61.0 4.92

Table 5 Model summary
statistics for hardness and
thickness of layer

Source Std. Dev R2 Adjusted R2 Predicted R2 Press

Hardness

Linear 2.0E + 07 0.19 0.07 − 0.17 1.5E + 16

2FI 1.8E + 07 0.53 0.28 0.14 1.1E + 16

Quadratic 8.4E + 06 0.91 0.84 0.70 3.9E + 15 Suggested

Cubic 9.2E + 06 0.95 0.81 0.08 1.2E + 16 Aliased

Thickness

Linear 12.1 0.8334 0.81 0.74 5694

2FI 7.3 0.9542 0.93 0.92 1839

Quadratic 3.2 0.9929 0.98 0.97 750 Suggested

Cubic 2.5 0.9979 0.99 0.92 1823 Aliased
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Table 6 ANOVA for response
surface quadratic model for
hardness

Source Sum of squares df Mean square F-value p-value

Model 1.2E + 16 14 8.6E + 14 12.04 < 0.0001 significant

A-Density 8.3E + 11 1 8.3E + 11 0.01 0.9154

B-Time 1.4E + 13 1 1.4E + 13 0.19 0.6635

C-Sulfuric Acid 1.9E + 15 1 1.9E + 15 26.65 0.0001

D-Oxalic acid 6.7E + 14 1 6.7E + 14 9.38 0.0079

AB 6.9E + 13 1 6.9E + 13 0.96 0.3405

AC 8.6E + 14 1 8.6E + 14 12.14 0.0033

AD 1.8E + 13 1 1.8E + 13 0.26 0.6143

BC 3.9E + 14 1 3.9E + 14 5.52 0.0329

BD 2.9E + 15 1 2.9E + 15 41.63 < 0.0001

CD 4.6E + 13 1 4.6E + 13 0.65 0.4322

A2 1.9E + 15 1 1.9E + 15 27.40 0.0001

B2 2.5E + 15 1 2.5E + 15 35.61 < 0.0001

C2 1.9E + 14 1 1.9E + 14 2.77 0.1165

D2 8.6E + 14 1 8.6E + 14 12.16 0.0033

Residual 1.0E + 15 15 7.1E + 13

Lack of Fit 5.4E + 14 10 5.4E + 13 0.52 0.8192 not significant

Pure Error 5.2E + 14 5 1.0E + 14

Cor Total 1.3E + 16 29

Table 7 ANOVA for response
surface quadratic model for layer
thickness

Source Sum of squares df Mean square F-value p-value

Model 21,793 14 1556 150 < 0.0001 significant

A-Density 9922 1 9922 961 < 0.0001

B-Time 7490 1 7490 725 < 0.0001

C-Sulfuric Acid 541 1 541 52 < 0.0001

D-Oxalic acid 337 1 337 32 < 0.0001

AB 1 1 1 0.09 0.7599

AC 462 1 462 44 < 0.0001

AD 306 1 306 29 < 0.0001

BC 240 1 240 23 0.0002

BD 1640 1 1640 158 < 0.0001

CD 1 1 1 0.09 0.7599

A2 394 1 394 38 < 0.0001

B2 8 1 8 0.77 0.3912

C2 328 1 328 31 < 0.0001

D2 2 1 2 0.22 0.6413

Residual 154 15 10

Lack of Fit 122 10 12 1.86 0.2562 not significant

Pure Error 32 5 6

Cor Total 21,948 29
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Table 8 ANOVA for response
surface reduced quadratic model
for hardness

Source Sum of squares df Mean square F-value p-value

Model 1.1E + 16 11 1.0E + 15 16 < 0.0001 significant

A-Density 8.3E + 11 1 8.3E + 11 0.01 0.9125

B-Time 1.4E + 13 1 1.4E + 13 0.20 0.6523

C-Sulfuric Acid 1.9E + 15 1 1.9E + 15 28 < 0.0001

D-Oxalic acid 6.7E + 14 1 6.7E + 14 10 0.0054

AC 8.6E + 14 1 8.6E + 14 12 0.0021

BC 3.9E + 14 1 3.9E + 14 5 0.0260

BD 2.9E + 15 1 2.9E + 15 44 < 0.0001

A2 1.9E + 15 1 1.9E + 15 29 < 0.0001

B2 2.5E + 15 1 2.5E + 15 38 < 0.0001

C2 1.9E + 14 1 1.9E + 14 3 0.1026

D2 8.6E + 14 1 8.6E + 14 13 0.0020

Residual 1.2E + 15 18 6.7E + 13

Lack of Fit 6.8E + 14 13 5.2E + 13 0.5034 0.8522 not significant

Pure Error 5.2E + 14 5 1.0E + 14

Cor Total 1.3E + 16 29

Std. Dev 8.1E + 06 R2 0.9080

Mean 6.6E + 07 Adjusted R2 0.8518

C.V. % 12.31 Predicted R2 0.7583

Adeq Precision 15.5254

(A), process time (B), concentration of sulfuric acid (C), con-
centration of oxalic acid (D), interaction of current density
and concentration of sulfuric acid (AC), interaction of current
density and concentration of oxalic acid (AD), interaction of
process time and concentration of sulfuric acid (BC), inter-
action of process time and concentration of oxalic acid (BD),
and the square power of the current density and concentration
of sulfuric acid (V). These factors have a substantial impact
on the coating thickness as their p value is less than 0.05.

The significance of a model is determined by the lack of
fit value obtained from repeating the central point. Tables 6
and 7 show that both outputs have an insignificant value,
which confirms the validity of the model and the accuracy
of the data. To enhance the model’s accuracy, any factors
with a p value exceeding 0.1 are eliminated. The remaining
parameters undergo a new variance analysis, with the results
exhibited in Tables 8 and 9.

Table 8 shows that the model has a significant F-value of
16.15 with a very low probability of occurrence. Significant
model terms include C, D, AC, BC, BD, A2, B2, and D2,
while reducing insignificant terms may be beneficial. The
Lack of Fit F-value is 0.50, indicating that it is insignificant
compared to pure error, which is desirable for a good model
fit.

Table 9 shows that the model has a significant F-value
of 249.07, indicating that the chance of such a considerable
value occurring due to noise is only 0.01%.Model termswith

P-values less than 0.05, including A, B, C, D, AC, AD, BC,
BD, A2, and C2, are also significant. However, model terms
with values greater than 0.1 are insignificant. A Lack of Fit
F-value of 1.45 suggests that the Lack of Fit is not significant
compared to pure error. There is a 36.05% chance that this
Lack of Fit F-value is due to noise. A Lack of Fit that is not
significant is desirable as it indicates a well-fitting model.

Tables 8 and 9 show the statistical parameters for the
models. The R-square value indicates the degree of overlap
between laboratory data and predicted values. In the hardness
model, the R2 value suggests that 90% of the available vari-
ation is described. The adjusted R2 is 0.85, which is a more
accurate measure of the model’s usefulness. The agreement
between R2

Adj � 0.85 and R2
Pred � 0.75 is reasonable. The

Adeq. precision ratio is 15.5254, indicating a satisfactory
signal to noise ratio. The low coefficient of variation (C.V.)
value of 12.31% shows greater precision and reliability of
testing outcomes.

The model for the thickness of the anodized layer has an
R2 value of 99%, which means that the model can explain
99%of the variations. The adjustedR2 of 0.98 agreeswith the
predicted R2 of 0.97. The Adeq. precision ratio is 59.2169,
indicating that the model can be used for design space nav-
igation. The low C.V. value of 4.86% indicates improved
precision and reliability of test results. Equation 13 uses
reduced quadratic regression with an inverse square root
power function (λ � 3, k � 0) to transform Y and describes
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Table 9 ANOVA for response
surface reduced quadratic model
for thickness

Source Sum of squares df Mean square F-value p-value

Model 21,782 10 2178 249 < 0.0001 significant

A-Density 9922 1 9922 1134 < 0.0001

B-Time 7490 1 7490 856 < 0.0001

C-Sulfuric Acid 541 1 541 61 < 0.0001

D-Oxalic acid 337 1 337 38 < 0.0001

AC 462 1 462 52 < 0.0001

AD 306 1 306 35 < 0.0001

BC 240 1 240 27 < 0.0001

BD 1640 1 1640 187 < 0.0001

A2 386 1 386 44 < 0.0001

C2 361 1 361 41 < 0.0001

Residual 166 19 8

Lack of Fit 133 14 9 1.45 0.3605 not significant

Pure Error 32 5 6

Cor Total 21,948 29

Std. Dev 2.96 R2 0.9924

Mean 60.90 Adjusted R2 0.9884

C.V. % 4.86 Predicted R2 0.9760

Adeq Precision 59.2169

the relationship between hardness and test variables. Equa-
tion 14, expressed in actual factors, was derived using the
values obtained from the CCD for layer thickness.

(Hardness)3 � − 3.46949E + 08 + 2.23208E + 08(A)

+ 2.83922E + 06(B) + 1.59410E + 06(C)

+ 4.87597E + 06(D) − 1.15488E + 06(AC)

− 5842.46640(BC) − 22722.54573(BD)

− 9.38735E + 07
(
A2

)
− 6019.66646

(
B2

)

+ 5952.81170
(
C2

)
− 25015.82319

(
D2

)

(13)

Thickness � − 2.71086 + +150.08987(A) − 0.185539(B)

− 1.18478(C) − 0.9(D) + 0.843137(AC)

− 0.972222(AD) − 0.004559(BC)

+ 0.016875(BD) − 40.97222(A2)

+ 0.007889(C2) (14)

The normal distribution of errors is a common assump-
tion in statistics, and to verify this assumption in test data,
the normal plot of residuals is employed. If the error distribu-
tion shows a linear pattern and is not S-shaped, then it can be
concluded that the errors follow a normal distribution. The

graphs shown in Figs. 2a and 3a illustrate that the experimen-
tal data closely match a linear distribution, suggesting that
the models accurately reflect a normal distribution.

The plots in Figs. 2b and 3b display the externally studen-
tized residuals versus the run number for the hardness and
thickness of the layer. The data appears to be randomly scat-
tered, indicating the absence of any hidden variability during
the experiment.

To verify the accuracy of the results, an analysis was con-
ducted on the data to determine the correlation between the
predicted values derived from the quadratic equation and the
actual response data obtained from the experiments designed
by the CCDmodel. This analysis is illustrated in Figs. 2c and
3c. The data points on the plot were close to the straight line,
which indicates a strong correlation between the experimen-
tal and predicted values. This implies that the assumptions
made during the analysis were valid and reliable.

3.3 Analysis of the Effect of Variable Parameters
Using 2D and 3D Response Surface Plots

Figure 4 shows the response surfaces in 2D and 3D forms,
illustrating the interaction of parameters affecting coating
hardness. The interaction effect between two parameters has
been analyzed by assuming that the value of the remaining
parameters is constant and equal to the central point of their
respective levels. The results indicate that changes in current
density have a more significant impact on coating hardness
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Fig. 2 a Normal plot of residuals, b residuals vs. run number and c predicted vs. actual values for hardness

Fig. 3 a Normal plot of residuals, b residuals vs. run number and c predicted vs. actual values for thickness
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Fig. 4 2D and 3D response
surface plots of the interaction
between parameters for the
hardness response

than sulfuric acid concentration. Increasing sulfuric acid con-
centration slightly increases coating hardness. However, the
highest hardness value was observed with the highest sul-
furic acid concentration and average current density. When
analyzing the combined effect of process time and sulfuric
acid concentration while keeping the other parameters con-
stant, it becomes apparent that changes in process time have
a minimal influence on the hardness of the coating. Never-
theless, increased sulfuric acid concentration leads to a rise
in coating hardness. Upon analyzing the interaction effect of
process time and oxalic acid concentration, it was noticed
that augmenting the process time at lower oxalic acid con-
centrations resulted in a slight enhancement in hardness.

Increasing current density and anodizing time increases
the voltage required to create the anodic layer, resulting

in a decrease in porosity and smaller cell size. This leads
to an increased hardness of the anodic oxide layer. During
anodizing, two types of dissolution occur: chemical and elec-
tric field-assisted. Chemical dissolution is influenced by the
concentration of the electrolyte and operation time; while,
field-assisted dissolution is caused by increased electrical
current and thermal heating. To achieve high coating hard-
ness, higher current density, longer process time, and higher
concentration of sulfuric acid are needed. Increasing the con-
centration of oxalic acid improves the growth rate of the
anodic oxide layer, reduces porosity, and slightly increases
the hardness.

Figure 5 illustrates the response surfaces for the interac-
tion of effective parameters on thickness response in both 2D
and 3D. The coating thickness increases with an increase in
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Fig. 5 2D and 3D response
surface plots of the interaction
between parameters for the
thickness response
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Fig. 6 Percentage contribution of effective parameters and their inter-
actions on a hardness and b thickness of the layer

current density and process time. The effect of current den-
sity on thickness is more significant than that of anodizing
time. To obtain a uniform, non-porous aluminum oxide layer,
extending the anodizing time is advantageous. The figure
also shows that the thickness of the coating increases with
high current density and oxalic acid concentration. A thicker
anodic layer is produced at a high current density, whereas a
thinner layer is formed with low current density and oxalic
acid concentration.

When the current density is higher, a greater voltage is
required for the anodic layer to form, resulting in a decrease
in the porosity of the oxide coating due to fewer forming cells.
As a result, the anodic layer becomes thicker. The thickness
of the anodic layer increases due to several factors, such as the
concentration of oxalic acid, which increases the resistance
of the electrochemical cell. The thickness is also affected by
the concentration of sulfuric acid and current density, where
higher values result in thicker layers.

Using Tables 6 and 7, we analyzed the effect of input vari-
ables on hardness and thickness throughEq. 12. The results in
Fig. 6 show that the concentration of sulfuric acid, the inter-
action between process time and oxalic acid, and the square

of current density and time have the most significant impact
on hardness. In contrast, layer thickness is mainly influenced
by current density, process time, and the interaction between
process time and oxalic acid.

3.4 Optimization

Once the factors that impact the system’s performance have
been identified, the next step is to modify them to deter-
mine the optimal conditions for the best possible outcome.
The anodizingprocess’s conditionsmust beoptimized,which
involves determining the range of input parameters such as
current density, process time, and concentration of sulfuric
and oxalic acid. This research aims to maximize the hardness
and thickness of the resulting layer. Design Expert software
provides 80 solutions for optimizing the anodizing process’s
conditions, with the first one chosen as the optimal condi-
tion (Table 10). The results indicate that this selection has a
desirability of 0.81, meaning that if the anodizing process is
conducted with a current density of 1.19A/dm2, a process
duration of 160 min, and sulfuric and oxalic acid concen-
trations of 26.25gr/li t and 36.88gr/li t , respectively, there
is an 81% chance of achieving a hardness of 434 HV and a
thickness of 93.6 μm.

Experiments were conducted three times under optimal
conditions. Table 10 presents the average values for hardness
and coating thickness, which are in line with the software’s
predictions, indicating high model accuracy. Figure 7 shows
a schematic representation of the determined optimal points.

3.5 Microstructure Investigation

The SEM images presented in Fig. 8 depict the polished and
anodized layer that has formed on the sample’s surface under
optimal conditions. A polished sample image in Fig. 8a is
provided for the purpose of comparison and to display the
final outcome. The anodizing process has successfully cre-
ated aluminum porous arrays in the mixed electrolytes of
sulfuric acid and oxalic acid.When alloy 6063 is subjected to
anodizing, a thin, porous oxide layer is formed on its surface
through a process involving the application of direct current.
This layer serves as a base for further growth and allows
the electrolyte to penetrate deeper layers. Oxygen evolution
takes place at the alloy surface due to the applied current,
which reacts with the metal ions from the alloy and results in
the growth ofmetal oxide compounds. The anodizing process
continues until the oxide layer reaches the desired thickness.
Overall, anodizing provides a controlled and uniform forma-
tion of metal oxides on the surface of alloy 6063, resulting
in improved corrosion resistance and aesthetic appearance.
The hexagonal shape of the arrays can be observed across a
wide range of grain domains. By adjusting anodizing con-
ditions such as temperature, applied voltage, operation time,
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Table 10 Optimized anodizing process values and comparison with predicted experimental results

Density Time Sulfuric acid Oxalic acid Desirability Hardness (HV) Thickness (μm)

Error (%) Pred. Exp. Error (%) Pred. Exp.

1.193 160 26.250 36.889 0.816 0.52 434 432 3.9 93.6 90

Fig. 7 Optimum parameters of anodizing process

Fig. 8 SEM images of the 6063
alloy a polished surface (MAG:
1.5kX) and b anodized surface in
optimal conditions (MAG: 50kX)

and electrolyte, the diameter of the holes can be controlled.
The black dots in Fig. 8b indicate the created holes, which
have a diameter of 45 nm under optimal conditions.

4 Conclusions

This study investigated the effects of current intensity, pro-
cess time, and sulfuric acid and oxalic acid concentrations
on the thickness and hardness of the anodic layer produced
on 6063 aluminum alloy through anodizing. DOE and RSM
methods were used to validate the experimental results and
reduce the number of required experiments. Quadratic mod-
els with an average error of 2.84% and 3.89%were presented
to predict the thickness and hardness of the layer, respec-
tively. ANOVA was utilized to determine the significant

parameters and their interactions. The analysis of statisti-
cal parameters confirmed the accuracy and reliability of the
models in predicting results. Results indicate that the con-
centration of sulfuric acid, the interaction between process
time and oxalic acid, and the square of current density and
process time have the most significant impact on hardness.
On the other hand, layer thickness is mainly influenced by
current density, process time, and the interaction between
process time and oxalic acid concentration. The optimum
parameters were a current density of 1.19A/dm2, a process
time of 160 min, and sulfuric and oxalic acid concentrations
of 26.25gr/li t and 36.88gr/li t , respectively, with an 81%
chance of achieving a hardness of 434 HV and a thickness of
93.6 μm. An SEM image showed aluminum porous arrays
created by an anodizing process in a mixed sulfuric acid
and oxalic acid electrolyte, with a hexagonal shape observed
across a wide range of grain domains.
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