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The purpose of this study was to optimize the thickness of
anodizing Aluminum coatings processed under pulse current mode
through Design of Experiments (DOE) method. Thickness
measurement, polarization and electrochemical impedance
spectroscopy were employed to take thickness and corrosion
behaviors of the anodized coatings into consideration. Also, field-
emission scanning electron microscopy (FE-SEM) was utilized to
characterize the surface morphology of the coatings. It was found
that thickness of the anodized coatings strongly depends on various
parameters among which time, temperature and pulse current
parameters (like current density limit, frequency and duty cycle)
were considered in the present study. Analysis of variance
(ANOVA) was used for estimating the coating thickness.
Experimental results showed the maximum value for coating
thickness was 62 µm being attained at the maximum and minimum
current density of 6.28 and 1.55 A/dm2, a frequency of 150.5 Hz,
time of 51 min, duty cycle of 81.5% and the bath temperature of
13.5oC. Also, FE-SEM observations of the surface of anodized
coatings showed that this optimum condition leads to a lower
porosity amount. Polarization measurements showed that this lower
porosity amount causes an increase in corrosion resistance of the
anodized coatings.
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1. Introduction
High strength-to-weight ratio and low density
of aluminum and its alloys lead to
preponderant use of this alloy for a wide range
of applications. However, some shortcomings
of these alloys such as low hardness, poor
corrosion behavior and low wear resistance
have limited its application [1]. However,
when these alloys are exposed to medium
atmosphere, an oxide layer begins to form on
aluminum surfaces. In spite of its low
thickness, this oxide film improves corrosion
resistance and mechanical properties of the
constituents. Anodized Aluminum Oxidation

(AAO) is a popular method often used to
increase the thickness of this coating [1, 2].

Various investigations have dealt with the
improvement of anodized coating properties
by changing process parameter, among which
alteration of current mode is an attractive field
[3-5]. Among traditional anodizing processes,
the direct current mode was typically
employed in producing oxide layers. However,
this method causes large heat content and leads
to using lower temperature during the process
[6-7]. The main drawback of these methods is
a lower growth rate and cost considerations. In
recent years, pulse anodizing was investigated
in various studies [8-10], but hybrid pulse
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anodizing as a new approach in this field leads
to performing coating in an ambient
temperature and decreasing imperfection of
low temperature [11-13].

Lee et al. [8] suggested that pulse anodizing
may improve the hardness and corrosion
properties of the coatings. When using pulse
method, cell accumulation and the structure of
the anodized coatings are enhanced [14]. On
the other hand, when using this method, heat
content generated in higher current densities is
dissipated on the surface of the coatings. It
allows us to use a greater current density and
higher electrolyte temperature in the anodizing
process without burning of the coating [15-16].
Therefore, among the main advantages of
pulse current one can refer to the enhancement
of the corrosion resistance of the anodic layer,
the considerable improvement of the efficiency
of the film formation process, and the increase
in thickness and surface density of the
anodized coatings [11, 16]. In this regard,
hybrid pulse anodizing is a new approach that
leads to the performance of the coating in an
ambient temperature and decreases the
imperfection of low temperature [11-12].

Bensaleh et al. studied the effect of sulphuric
acid anodizing conditions on the growth rate
and density of anodic oxide layers using
Doehlert experimental design [17]. In another
research, they optimized the physical and
mechanical properties of anodized films in
mixed oxalic acid–sulphuric acid electrolyte
by using Doehlert experimental design [18].
However, there has been no comprehensive
study on the use of design of experiment
(DOE) for optimizing pulse anodizing process.

As previously mentioned, the properties of
the coatings are a strong function of pulse
current parameters. Therefore, due to various
process parameters such as pulse current,
optimization of these parameters is required.
The traditional optimization process uses
changing one factor while keeping the other
terms constant. But these methods involve a
large number of tests and ignore the
interactions between factors. Recently, various
methods were employed for optimal among
which Design of Experiment (DOE) is the
most popular one [17-19]. In this study,
Response Surface Methodology (RSM) based

on a Central Composite Design (CCD) was
used for optimizing pulse anodizing process.

2. Experimental procedures
2.1. Materials and pretreatment

The starting material for substrate in the
present study was commercial pure aluminum
sheet (Al 1050) with 30×20×1 mm3

dimensions. The normal composition of this
alloy was: 0.37wt.% Si, 0.001wt.% Cu,
0.26wt.% Fe, 0.001wt.% Mn, 0.047wt.% Mg,
0.01wt.% Zn and balance of Al. This material
was utilized as a substrate and polished by
being mechanically ground to a P1200 grade
paper in order to obtain a smooth surface. Prior
to anodizing, the samples were treated in the
following sequence: a) The sample was
degreased by ultra-sonication in acetone for 10
min, b) the sample was electropolished in a
mixture of HClO4 and ethanol with the volume
ratio of 1:4 at 20 V for 30s at room
temperature, and c) the samples were rinsed
immediately with distilled water and then
dried.
2.2. The anodizing process
The chemical composition of the electrolyte
used for anodizing sample is shown in Table 1.
A Direct Current plus Pulse (DCP) was
employed to anodize the substrates. In this
current mode, the four following parameters
were designated to vary independently:
maximum current density (Imax), minimum
current density (Imin), ton and toff. Fig. 1 shows
the relationships between the stated
parameters. It is generally agreed that in pulse
current, frequency and duty cycle abide by the
equations (D) = 1/ (ton + toff) and (C) = ton/ (ton
+ toff), respectively. A pulse rectifier (SL 2/25
PCS, Iran) benefiting a two–electrode method
in which the sample is selected as an anode
and an Aluminum sheet as cathode larger than
the sample was used to produce pulse
waveform.

Table 1. The chemical composition of the
anodizing electrolyte

ContentComposition
g/L2004SO2H
g/L204O2C2H
10 g/LO2H2S.6O6H7C
ml/L10O8H3C

g/L33)4(SO2Al
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Fig. 1. Power supply waveforms during direct current plus pulse mode.

2.3. Design of Experiments methodology
Design of Experiments (DOE) was performed
by Design Expert 7 software. This method was
used for exploring the possible effects of the
pulse parameters, i.e. maximum current
density, minimum current density, duty cycle
and frequency, time, temperature, and their

interactions with the thickness of the anodized
coatings. In order to optimize the thickness of
the coatings, the Central Composition Design
(CCD) method was used. In conformity with
literature, the parameter ranges for optimizing
are shown in Table 2.

Table 2. Process parameter range of pulse anodizing for optimizing

Parameter Imax
(A/dm2)

Imin
(A/dm2)

Duty cycle
(%)

Frequency
(Hz)

Temperature
(°C)

Time
(min)

Range 3-7 0-3 30-95 2.5-400 10-30 10-60

According to these parameter ranges,
experimental design for anodizing aluminum
specimens in pulse current mode and an
ambient temperature is illustrated in Table 3.
As can be seen, 52 experiment procedures
under various parameters conditions were
designed by the CCD method. This
experimental procedure involves some
important details. It is implicitly understood
that the standard order is not equal to the run
of an experiment due to the randomization of
parameters in this method. Randomization

guarantees a considerable reduction in the
unpleasant effects of noise and unwanted
parameters on the effective factor. Also, it can
be seen that the 45th to 52th experiments bear
the same experimental range. This similarity is
adopted by the software to calculate the
reliability and the amount of error in the result
[20]. In order to obtain maximum thickness of
the anodized coatings, the parameter was
optimized based on finding the best model and
analysis of this model by contour and surface
plot.

Table 3. Experimental design for optimizing the anodized coating under pulse current

Standard
order

Run
order

Imax
(A/dm2)

Imin
(A/dm2)

Duty cycle
(%)

Frequency
(Hz)

Temperature
(°C)

Time
(min)

1 11 3.7 0.5 33.5 74.3 13.6 19.0
2 17 6.3 0.5 33.5 74.3 13.6 51.0
3 46 3.7 2.5 33.5 74.3 13.6 51.0
4 31 6.3 2.5 33.5 74.3 13.6 19.0
5 45 3.7 0.5 81.5 74.3 13.6 51.0
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Standard
order

Run
order

Imax
(A/dm2)

Imin
(A/dm2)

Duty cycle
(%)

Frequency
(Hz)

Temperature
(°C)

Time
(min)

6 35 6.3 0.5 81.5 74.3 13.6 19.0
7 1 3.7 2.5 81.5 74.3 13.6 19.0
8 37 6.3 2.5 81.5 74.3 13.6 51.0
9 20 3.7 0.5 33.5 328.2 13.6 51.0
10 52 6.3 0.5 33.5 328.2 13.6 19.0
11 13 3.7 2.5 33.5 328.2 13.6 19.0
12 43 6.3 2.5 33.5 328.2 13.6 51.0
13 28 3.7 0.5 81.5 328.2 13.6 19.0
14 12 6.3 0.5 81.5 328.2 13.6 51.0
15 41 3.7 2.5 81.5 328.2 13.6 51.0
16 27 6.3 2.5 81.5 328.2 13.6 19.0
17 33 3.7 0.5 33.5 74.3 26.4 51.0
18 40 6.3 0.5 33.5 74.3 26.4 19.0
19 25 3.7 2.5 33.5 74.3 26.4 19.0
20 38 6.3 2.5 33.5 74.3 26.4 51.0
21 2 3.7 0.5 81.5 74.3 26.4 19.0
22 47 6.3 0.5 81.5 74.3 26.4 51.0
23 39 3.7 2.5 81.5 74.3 26.4 51.0
24 42 6.3 2.5 81.5 74.3 26.4 19.0
25 21 3.7 0.5 33.5 328.2 26.4 19.0
26 51 6.3 0.5 33.5 328.2 26.4 51.0
27 48 3.7 2.5 33.5 328.2 26.4 51.0
28 18 6.3 2.5 33.5 328.2 26.4 19.0
29 32 3.7 0.5 81.5 328.2 26.4 51.0
30 10 6.3 0.5 81.5 328.2 26.4 19.0
31 14 3.7 2.5 81.5 328.2 26.4 19.0
32 16 6.3 2.5 81.5 328.2 26.4 51.0
33 30 3.0 1.5 57.5 201.3 20.0 35.0
34 8 7.0 1.5 57.5 201.3 20.0 35.0
35 44 5.0 0.0 57.5 201.3 20.0 35.0
36 4 5.0 3.0 57.5 201.3 20.0 35.0
37 15 5.0 1.5 20.0 201.3 20.0 35.0
38 26 5.0 1.5 95.0 201.3 20.0 35.0
39 19 5.0 1.5 57.5 2.5 20.0 35.0
40 49 5.0 1.5 57.5 400.0 20.0 35.0
41 7 5.0 1.5 57.5 201.3 10.0 35.0
42 29 5.0 1.5 57.5 201.3 30.0 35.0
43 50 5.0 1.5 57.5 201.3 20.0 10.0
44 9 5.0 1.5 57.5 201.3 20.0 60.0
45 36 5.0 1.5 57.5 201.3 20.0 35.0
46 23 5.0 1.5 57.5 201.3 20.0 35.0
47 3 5.0 1.5 57.5 201.3 20.0 35.0
48 6 5.0 1.5 57.5 201.3 20.0 35.0
49 24 5.0 1.5 57.5 201.3 20.0 35.0
50 5 5.0 1.5 57.5 201.3 20.0 35.0
51 22 5.0 1.5 57.5 201.3 20.0 35.0
52 34 5.0 1.5 57.5 201.3 20.0 35.0

2.4. Characterization of coatings
2.4.1. Thickness measurements
Thickness of the anodic oxide films was
measured by thickness gauge with an eddy
current probe (Dual Scope MP40, Germany).

The measurements were taken in ten distinct
points distributing uniformly on the surface of
the anodized coating and an average value was
reported.
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2.4.2. Surface morphology
The surface morphology of the oxide layers
was characterized by a Joel JSM-7000F FE-
SEM.

2.4.3. Electrochemical measurements
Electrochemical measurements on the surface
of oxide layers were performed using a
potentiostat/galvanostat (Autolab model
302N). A three-electrode cell consisting of
3.5wt% NaCl solution at room temperature
was used. In this method, the specimen was
selected as the working electrode, Saturated
Calomel Electrode (SCE) as the reference
electrode and a graphite rod as the counter–
electrode. In order to measure
potentiodynamic polarization for the
specimens, a scan rate of 1mVs-1 starting at -
800 mV below the Open Circuit Potential
(OCP) and finishing at 1V above of the OCP
was employed. Electrochemical impedance
spectroscopy (EIS) on the surface of oxide
layers was carried out by EG&G (model
273A) under conditions analogous to
potentiodynamic polarization measurement.
The measurements were taken in the frequency
range of 10-2-105 Hz with an amplitude of
10mV and the results were fitted using the
ZSimpWin V3.40 software. Additionally, prior

to the beginning of each test, the samples were
immersed for 30 min in the solutions to
establish the open circuit potential.

3. Results and discussion
In order to analyze the results of the
experimental design, Analyses of Variance
(ANOVA) were used the results of which are
shown in Table 4. In order to predict the best
model, Fisher’s test (F test) was employed in
which the appropriate F value and low P value
were the acceptable model for predicting
thickness of anodized coating [21]. As can be
seen, ANOVA predicts that Quadratic model
was the appropriate model due to a lower F
value in this model, although the P values are
the same for linear, two factorial interaction
and Quadratic models. According to the
results, ANOVA predicts the thickness of the
coatings under maximum current density (A),
minimum Current density (B), duty cycle (C),
frequency (D), bath temperature (E) and
anodizing time (F) as follows:

Thickness (µm) = 34.98 + 3.76A + 2.43B +
4.58C – 1.18D – 3.18E + 13.54F - 3.53A×E –
1.9C×E + 2.76C×F – 3.42E×F + 2.05A2 - 2.7B2 –
0.93C2 – 3.5D2 – 1.87E2 – 0.58F2(1)

Table 4. ANOVA result in various models which predict the thickness of the anodized coatings

Source Sum of squares DF Mean square FValue PValue
Linear 2675.36 28 202.69 412.57 <0.0001

2FI 2876.56 13 221.27 271.45 <0.0001
Quadratic 1757.13 7 251.02 267.75 <0.0001

Cubic 5.72 1 5.72 95.45 0.001
Pure error 3.7 5 0.74

Also, Normal Probability Plot (NPP) was
used to evaluate the normality of the data. The
results are presented in Fig. 2. As can be seen,
the residuals are normally distributed along the

straight line (residuals fall approximately).
Residual means the variation between the
observed and the predicted values [22].
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Fig. 2. Normal Probability Plot of residuals for thickness of the anodized coating under pulse current

The next purpose of this study is to optimize
the maximum current density, minimum
current density, frequency, duty cycle, time
and temperature of the processing aiming to
obtain the maximum thickness of the coatings.
Hence, the coefficient of this equation and
surface and contour plot (In surface and

contour plots two factor variable and other
parameter are constant) was used. The results
indicated that unlike the frequency, time and
duty cycle of anodizing are the most popular
parameters affecting the thickness of the
anodized coating, as reported in Eq. 1 & Fig.
3.

Fig. 3. Effect of duty cycle and time on the thickness of the anodized coating under pulse current
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3.1. Effect of temperature on the thickness
of the anodized coatings
According to Eq. 1, temperature has a negative
coefficient and it is expected that undesirable
influences on the thickness of coatings are
produced by pulse anodizing. Decreasing the
coating thickness is attributed to the notion
that the formation of anodized coatings is
determined based on a fierce competition
between growth and dissolution speed

generated by the electrolyte. The Al2O3 coating
is formed by transmission of the Al3+ ion from
the substrate and O2- from the solution to the
coating in the opposite direction through the
interface of metal/anodic film/electrolyte [1].
When the electrolyte temperature begins to
increase, aggressiveness of the electrolyte
increases [23-24] and decreases the thickness
of the coatings.

Fig. 4. Contour plots for studying the thickness of anodized coating under various condition: (a) maximum
and minimum current density, (b) maximum current density and temperature, (c) duty cycle and temperature
and (d) time and temperature

3.2. Effect of current density on the
thickness of the anodized coatings
According to Eq. 1, coefficients of maximum
current density and minimum current density
bear positive values and by increasing these
parameters, thickness of the coatings begins to
increase, as shown in Fig. 4a. It is due to this
fact that according to Faraday’s law, thickness
of the coatings is proportional to the current
density and anodizing time [10]. So, with an
increase in current density, thickness of the
coating increases. On the other hand, with an

increase in current density, the formation of
Al2O3 on the surface of the coating is
encouraged. As this chemical reaction is an
exothermic one, begins to rise temperature and
other side increase in current density causes to
heat on the surface of anodic layer. Therefore,
dissolution speed of the anodized coatings by
the electrolyte increases and overcomes the
growth speed [24-25]. When the minimum
current density increases, this effect comes to a
critical state. It is associated with an affecting
mechanism of recovery behavior of pulse
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current. Increasing this parameter leads to an
increase in the heat content on the surface of
the anodized coating, so the coefficient B2 has
a negative value and when increasing
minimum current density, this parameter
overcomes the positive coefficient B and leads
to a reduction in thickness of the coating. Fig.
5 shows the effect of minimum current density

increment on morphology of the anodized
coatings. Comparison of Fig. 5b with Fig. 5c
demonstrates that applying greater average
current densities leads to increase in pore
diameter. Therefore, the interaction of current
density with temperature has an important
effect on thickness of the anodized coating, as
shown in Fig. 4b.

Fig. 5. FE-SEM micrographs of the surfaces anodized in the condition: (a) direct current mode by current
density of 4A/dm2 and the bath temperature of 10oC, (b) optimized and (b) standard order 8

3.3. Effect of duty cycle on the thickness of
the anodized coatings
Duty cycle is one of the most popular
parameters affecting thickness of the coatings
produced under pulse current. When the duty
cycle increases, anodizing of the sample is
carried out by greater current density.
Although, increasing current density according
to Faraday’s law leads to an increase in
thickness of the anodized coating, when duty
cycle reaches a maximum (i.e. direct current) it
causes the temperature to localize on the
surface of anodic layer and decrease the
thickness of anodized coating (the coefficient
C2 can justify this effect). It traces back to this
fact that direct current encourages the release
of gas bubbles [6-7] (resulting from oxidation
heat and molecule forming of oxygen atoms
[24]) on the surface of the anodized layer.

Due to a significant difference between
thermal conductivities of this gas and the oxide
layer, the heat content on the surface
concentrates and rises temperature, hence
increasing the solution aggressiveness and
dissolution on the surface of anodic layer and
decreasing thickness of coating (Fig. 5a). Due
to this effect and according to Eq. 1 and Fig.
4c, interaction of duty cycle with temperature

has a negative effect on thickness of the
anodized coatings.

3.4. Effect of frequency on the thickness of
the anodized coatings
According to Eq. 1, frequency has no
significant effect on thickness of the coatings,
but when frequency increases, not only the
mechanism of dissolution is stimulated in the
defect structure, but also in other structures,
this dissolution occurs and leads to a reduction
in thickness of the coatings.

3.5. Effect of time on the thickness of the
anodized coatings
Time is an important factor affecting the
thickness of the anodized coatings. According
to Fig. 3 and Eq. 1, with an increase in time or
interaction of time and duty cycle, the
thickness of the anodized coating increases. It
is related to the fact that the thickness of the
anodized coating is modulated by Faraday’s
law, and that by raising the anodizing time,
thickness of anodized coating increases.
Therefore, increasing duty cycle and time
leads to an increase in the thickness of the
coatings, but based on the coefficient F2,
increasing the anodizing time leads to a



I. Mohammadi et al, Journal of Advanced Materials and Processing, Vol. 3, No. 4, 2015, 11-24 19

decrease in coating thickness due to Powdery
of coatings [13, 26].

Based on Eq. 1 and Fig. 4d, the coefficient
for interaction of time with temperature has a
negative value. It is due to this fact that when
duration time increases, the effective surface
of coating increases, so larger gas bubble
content leads to an escalation in the heat
content and temperature on the surface of the
anodic layer [25]. Therefore, an increase in the
anodizing time leads to increasing dissolution
and decreasing the thickness of the anodized
coating.

3.6. Optimal point
Table 5 illustrates the optimum point by 95%
confidence for obtaining a thick layer. As can
be seen, these six selected levels for the
maximum current density, minimum current

density, frequency, duty cycle, time and
temperature will give a thickness of 62 µm.
Also, results show that the confidence interval
range for this prediction is 35.8–88.1 µm. For
calculating the confidence of prediction point
that is suggested by the software, confirmation
run is evaluated in optimal point. Then, this
point will be compared with the confidence
intervals according to the prediction equation
[20]. Results show that the thickness of the
coatings in optimal point is 60.6 µm, which is
not sustainably different from the predicted
value. Fig. 6 shows the predicted verse actual
thickness of the anodized coatings. As seen,
the actual values are near to the standard line,
implying that the predicted point is acceptable.
In this figure, the thickness value is shown by
color.

Fig. 6. Actual thickness vs. Predicted thickness of anodized coating by DOE software

Table 5. Intervals ranges for prediction point and 95% confident for obtain thick layer under pulse anodizing
Factor Name Level Low level High level

A Imax /(A/dm²) 6.28 3.72 6.28
B Imin /(A/dm²) 1.55 0.54 2.46
C Duty Cycle /(%) 81.46 33.54 81.46
D Frequency /(Hz) 150.46 74.26 208.24
E Temperature /(°C) 13.66 13.61 26.39
F Time /(min) 50.97 19.03 50.97

Thickness /(µm) 62.01544 24.87-99.16 35.88 88.15
Response (Prediction) (95% PI low and 95% PI high) (95% CI low) (95% CI high)
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3.7. Corrosion behavior
3.7.1. Potentiodynamic polarization
measurements
The potentiodynamic polarization of the
specimens was measured under various
conditions. For this aim, a 3.5 wt%-NaCl
solution was used. In order to obtain the values
of Ecorr and Icorr, Tafel slope extrapolation of
the polarization curves were made. The results
are shown in Fig. 7 and Table 6. As can be
observed, the corrosion potential of the sample
anodized under optimum conditions -598.23
mV (vs. SCE) is much more than that
processed under DC current mode, -828.6 mV
(vs. SCE) mV (vs. SCE) and the results show

that the corrosion current density of this
coating is reduced from 1132 to 1.9 nA/cm2

for the DC current mode and the optimized
specimens, respectively. It is due to larger
surface density of the coating in optimum
sample, as observed in Fig. 5. Equation (2) is
applied in order to calculate the polarization
resistances.

corr
ca

ca

P
iR 

 
 303.21 (2)

Where RP is polarization resistance, βa and βc
are anodic β and cathodic β, respectively.

Table 6. Electrochemical parameters of the samples anodized under conditions of optimized, standard order
8 and direct current mode by current density of 4A/dm2 and the bath temperature of 10oC

Fig. 7. Polarization curves for the samples that anodized in the condition of optimized, standard order 8 and
direct current mode by current density of 4A/dm2 and the bath temperature of 10oC

The corrosion properties of the anodized
coatings are firstly affected by pore

diameter. The result is implicitly derived
from Fig. 7. In fact, when the sample is

EIS parametersPolarization parameters

specimen Rbarr
(Ω cm2)CPEbarr

(μF/cm2sn)nRp
(KΩ/cm2)

Ecorr
(mV vs
SCE)

Icorr
(nA/cm2)

4.5×1068.010.9546055-598.231.9Optimized
9.8×105

31.20.885283.63-698.6141.39Standard order 8
3.8×105

52.10.651.46-828.61132DC current
mode
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anodized under DC current mode,
localized heat content is concentrated on
the surface of the anodic film, leading to
an increase in dissolution rate, pore
diameter, defects and voids on the anodic
film analogous to what was mentioned in
the previous section. Thus, according to
Fig. 5a, when DC current mode is used,
the surface density begins to decrease
more than what occurs in the pulse current
mode, thereby reducing the corrosion
properties of the samples.
3.7.2. Electrochemical impedance
spectroscopy

In order to confirm the obtained data from
Potentiodynamic polarization, EIS study
was performed. Fig. 8 presents the Nyquist
and Bode plots for differently processed
coatings. Equivalent circuit assignation
over collected data was done by
ZSimpWin V3.40 software. The
impedance data were analyzed using the
simplified equivalent circuit of Fig. 9, as
widely proposed in the literature [13, 25,
27]. In the case of this structure, there exist
two constant phase elements (CPE) as
follows:

Fig. 8. (a) Nyquist plots, (b) Bode and (c) Bode-phase plots of the samples anodized under conditions of optimized,
standard order 8 and direct current mode by current density of 4A/dm2 and the bath temperature of 10oC

(i) CPEwall that is associated with the
capacitive behavior of the porous oxide
structure.

(ii) CPEbarr which describes the behavior of
the barrier layer. This parameter is believed to
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show non-ideal capacitive behavior in both
CPE.

Other components Rsol, Rwall and Rbarr present
resistive behavior of the solution, of the

solution in the pore structure and of the barrier
layer.

Fig. 9.Equivalent electronic circuit for coating with a double structure of porous and barrier layer

Drawing a quantitative comparison between
polarization data and the results pertinent to
the Nyquist plots shows a similar behavior. It
is ascribed to the formation of the AAO layer
with a macroscopically similar characteristic
of the surface of the sample.

As can be seen, the trend of these diagrams
is similar for all samples. Also, the capacitance
loop diameter (Fig. 8a) and Z modulus (Fig.
8b) of the sample anodized under optimized
condition is substantially greater than that of
the sample anodized in DC current mode. It is
found that the impedance resistance of the
AAO film processed in pulse current mode
decreases following a change in the optimum
condition.

The lower polarization resistance (Rp) in the
sample that was anodized in DC current mode
could also be discussed by means of the
parameter n. The value of n corresponds to the
linear slope modulus of bode plot (Fig. 8b),
and it is well known that when n is near 1, the
surface is uniform and smooth. On the other
hand, lower values (in our case n=0.65 in the
specimen that was anodized in DC current
mode) shows deviation from ideal capacitive
behavior (which has been attributed to the
inhomogeneity of the surface) and
deterioration in corrosion resistance [26]. As
seen in Table 6, compared to the optimum
sample, the DC specimen has a lower n value.

It is due to the fact that increasing dissolution
on the surface of the anodic layer can lead to
an increase in defect in structure. Also, in the
optimum condition, the coating dissolution
was controlled in order to obtain a thick layer
and decrease in dissolution leads to a greater
surface density. Hence, the greater corrosion
resistance of the anodized coating is obtained
during anodizing the sample under optimum
conditions.

4. Conclusion
In this investigation, design of experiment
method was used based on the central
composite design for studying the possible
effect of maximum current density, minimum
current density, frequency, duty cycle, time
and temperature on the thickness of anodized
coatings. It was found that the maximum
thickness of the coatings was 62 µm being
attained at the maximum and minimum current
densities of 6.28, 1.55 A/dm2, a frequency of
150.5 Hz, time of 51 min, duty cycle of 81.5%
and the bath temperature of 13.5oC.
Furthermore, the results showed that optimal
thickness condition can lead to higher surface
density, as verified by FE-SEM image and
lead to an increase in corrosion behavior of the
anodized coatings. The obtained results
showed that the generated temperature during
the anodizing process is one of the most
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important parameters affecting the thickness of
the anodized coatings. On the other hand, the
results showed that this temperature can be
controlled by pulse anodizing parameters.
Therefore, maximum thickness of the anodized
coating is obtained during pulse anodizing.
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