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Abstract: Hard-anodized is a widely used method in the aeronautical sector to improve aluminum
alloys abrasion and corrosion resistance. Aim of this work was to characterize the mechanical
properties and resistance hard-anodized aluminum 6061 in citric acid solution as a replacement
sulfuric acid solution were investigated. Aluminum alloy 6061 was used as the base material to
produce the hard anodizing; this process was carried out in a citric and sulfuric acid solution,
applying current densities 3 and 4.5 A/cm2 and subsequently exposed to 3.5 wt. % NaCl solution.
Microstructure and mechanical properties of the anodizing material were characterized by scanning
electron microscopy (SEM) and Vickers microhardness (HV). Corrosion behavior of the hard-anodized
material it was carried out with electrochemical techniques as cyclic potentiodynamic polarization
(CPP) and electrochemical impedance spectroscopy (EIS) respectively. Results obtained indicated
that all samples anodized in citric acid solution showed negative hysteresis and lower corrosion
current density (1 × 10−10 A/cm2), indicating generalized corrosion on the material surface. EIS
results show that anodizing in citric acid solution and a current density of 4.5 A/dm2 provides better
corrosion protection than a sulfuric acid solution.

Keywords: aluminum alloy; corrosion; EIS; environmentally friendly; citric acid

1. Introduction

Aluminum and its alloys have many applications in aeronautical, aerospace tech-
nology, automotive industries, construction machinery, equipment, and transportation.
Aluminum alloys can contact the atmosphere and naturally form a nanometric aluminum
oxide layer [1–4]. Anodizing is an electrochemical process that is performed to form a
protective oxide layer on the surface of a metal. Low cost, more precise thickness control
and more accessible processes handling can be given as examples of these advantages [5].
Anodizing, which produces an outer porous array of columnar hexagonal cells that are
normal to the substrate surface and separated by a barrier layer [6], can offer high corrosion
resistance [7,8]. The diameter of the pores and the corrosion resistance are characteristics of
anodized alloys and depend on the electrolyte used, time, and current density [9–13]. The
anodizing process can be carried out in different acid electrolytes, and they are classified
into three groups: inorganic, organic carboxylic, and organic cyclic oxocarbon. [10–13].
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The main variables of the hard anodizing process are current density, anodizing time,
solutions used for the process, and additives, among others. Based on these variables,
some of the critical characteristics of the alumina film formed can be controlled, such as
the thickness, porosity, and structure. The aluminum anodizing process is classified into
three main types. Each of them uses different solutions to generate the alumina film, that is,
chromic acid (type I), sulfuric acid (type II), and sulfuric acid, and different additives such
as oxalic and sulfosalicylic acid for hard anodizing (type III). Each one presents different
thicknesses ranging from 1 to 7 µm for type I, 2 to 25 µm for type II, and 12 to 114 µm for
type III. For Type III, the hardness values are between 60 and 65 HRC [14–16].

The hard anodized coatings are of paramount importance in engineering industries
such as aeronautical, where high wear resistance and corrosion resistance surfaces are
required, such as pistons, cylinders, hydraulic gears, sensors due to their insulating proper-
ties, etc. [17–20].

Some of the leading industrial applications of type III hard anodizing are in the
aeronautical, automotive, and electronic sectors [21–24].

Due to its nature-friendly properties and low cost, hard anodizing has become a
point of interest in the last century. Increasingly stringent environmental regulations in
different industry sectors, especially the aeronautical industry, suggest more investigations
regarding the effect of environmentally friendly corrosion protective processes.

In recent years, some alternatives to sulfuric acid have been used for hard anodizing.
While less dangerous than chromic acid, it is still a hazardous chemical to handle, with wor-
rying environmental effects [25–28]. Different countries have made efforts to manufacture
hard anodizing with other substances such as metallic cations, organic acids, and mixtures
of sulfuric and chromic acid used as electrolytes. All this is to achieve greater stability and
complexity of the crystalline structure of the anodized coating, thereby increasing corrosion
resistance. Citric acid is one of the most used organic acids as an additive since it forms
complex compounds with Al3+. The most common reaction mechanisms are due to the
formation of tough compounds between aluminum and organic molecules. The insoluble
metal complexes in the soaps form incorporated into the surface of the anodic coating are
based on the reactions between the carboxylates of hard ions with cations of Al3+. Complex
additives include thin layers on the surface of the oxide, protecting the base metal and
providing process stability [29,30]. Citric acid is one of the safest and most environmentally
friendly materials according to the Environmental Protection Agency (EPA-SCIL), which
allows it to be used as an electrolyte in the anodizing process, replacing sulfuric acid [31].

In the present work, the mechanical properties and the corrosion behavior of eight
different types of hard anodizing were manufactured with solutions composed in its
highest proportion of citric acid with small additions of sulfuric acid (5 and 10 mL/L)
current densities of 3 and 4.5 A/dm2, were investigated. Scanning electron microscopy,
Vickers microhardness, cyclic potentiodynamic polarization curves, and electrochemical
impedance spectroscopy, was used to evaluate the properties of the coatings. The aim of
this work was total replacement sulfuric acid with citric acid in type III hard anodizing
manufacturing process make an environmentally friendly process.

2. Materials and Methods
2.1. Materials

Aluminum alloy 6061 specimens of a diameter of 50 mm and thickness of 5 mm
dimensions were used in the present study. The chemical composition of the AA6061 was
obtained by X-ray fluorescence (Olympus DELTA XRF., Richmond, TX, USA).

2.2. Anodizing Process

Before anodization, aluminum alloy AA6061 was polished using different SiC grit
papers with 180, 320, 400, and 600 grades.

The anodizing process consisted of the following stages [32,33].

â Degreased and pickling for 5 s in 50 wt. % HCl solution.
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â Three rinses in deionized water, each of 3 s duration.
â Anodizing Bath:

• 2M sulfuric acid solution (196 g/L of H2SO4).
• 1M citric acid solution (192 g/L) with the addition of sulfuric acid of 5 and

10 mL/L.
• 2M citric acid solution (384 g/L) with the addition of sulfuric acid of 5 and

10 mL/L.
• The current generator used was a Model XLN30052-GL High Power Programmable

DC Power Supply with a capacity of 300 Volts (V) and 5 Amperes (A). Current
densities used, 3 and 4.5 A/dm2

• Time 60 min.
• Temperature at 5 ◦C ± 2 ◦C.

â Rinse in deionized water for 5 s.
â Sealing treatment, in H2O solution at 95 ◦C for 60 min.

The samples nomenclature and variables used in the anodizing process are shown in
Table 1.

Table 1. Process parameters and nomenclature of the AA6061 samples.

Alloy

Anodizing

Sealing NomenclatureBath Current Density
(A/dm2) Time (min)

Citric Acid Sulfuric Acid

AA6061

— 2M

3 60
Deionized

water at 95 ◦C
for 60 min

3A C0M S2M
1M 5 mL/L 3A C1M S5
1M 10 mL/L 3A C1M S10
2M 5 mL/L 3A C2M S5
2M 10 mL/L 3A C2M S10

— 2M

4.5 60
Deionized

water at 95 ◦C
for 60 min

4.5A C0M S2M
1M 5 mL/L 4.5A C1M S5
1M 10 mL/L 4.5A C1M S10
2M 5 mL/L 4.5A C2M S5
2M 10 mL/L 4.5A C2M S10

2.3. Microstructural Characterization

Microstructural analysis was performed with a scanning electron microscope (SEM,
Jeol JSM 6510LV, Tokyo, Japan). Surface and cross-sections micrographs of the AA6061
sample were made to determine the thickness of the anodic layer at 2000× magnifications,
operating at 20 kV and WD = 12 mm. The specimens were polished using metallographic
techniques according to ASTM E3 and E407 standards [34,35]. The material was polishing
using different SiC grit papers with 400–4000 grades, followed by ultrasonic cleaning in
ethanol and deionized water.

2.4. Vickers Microhardness (HV)

Vickers microhardness was measured in cross-section of hard anodized coating in a
microhardness tester (Wilson Tester 402 MVD, Lake Bluff, IL, USA), using a load 0.05 gf
and dwell time of 15 s, 15 readings per sample were performed.

2.5. Corrosion Test

A standard three-electrode cell was used composed of platinum as a counter electrode,
working electrode (AA6061), and saturated calomel electrode (SCE) as reference electrodes.
An area of 100 mm2 was exposed to the electrolytes [36–38].

The corrosion resistance of the anodized samples was investigated using cyclic poten-
tiodynamic polarization (CPP) and electrochemical impedance spectroscopy (EIS) [38].
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Corrosion tests were conducted at room temperature using a potentiostat/galvanostat
Gill-AC from ACM Instruments (Manchester, UK), in 3.5 wt. % NaCl solution. For each
sample, CPP tests were performed in the range of −0.30 to +1.0 V vs. open circuit potential
(OCP) at a constant scan rate of 0.06 V/m, using a complete polarization cycle [39–41].
EIS measurements were performed in the frequency range of 0.01–100,000 Hz, and the
perturbation amplitude was 10 mV in the mentioned solution [42]. The spectra of EIS were
analyzed in terms of an equivalent circuit using “Zview” software (AMETEK Scientific
Instruments, Oak Ridge, TN, USA). All the corrosion tests were performed in triplicate.

3. Results
3.1. Chemical Composition

The chemical composition (see Table 2) of the AA6051 was obtained by X-ray fluores-
cence. The aluminum composition corresponds to the proposed by different authors [43].
This low copper or silicon content aluminum alloy produces the best results with anodiza-
tion as the pure aluminum alloy approaches pure aluminum, the coatings’ density and
hardness increase while the surface finishes’ roughness decreases [44,45].

Table 2. Chemical composition of aluminum alloy AA6061 by X-ray fluorescence (wt. %).

Elements Al Cu Mg Mn Fe Si Zn Cr Ti

6061 Bal. 0.08 ± 0.004 2.14 ± 0.107 0.03 ± 0.0015 0.11 ± 0.0055 2.14 ± 0.107 0.15 ± 0.0075 0.12 ± 0.006 0.08 ± 0.004

3.2. Microstructural Characterization (SEM)
3.2.1. Surface Morphology

Figures 1 and 2 show the surface morphology obtained by SEM for samples anodized
at different current densities, i.e., 3 and 4.5 A/dm2 in different bath solutions. All the
samples manufactured with a current density of 3 A/dm2 and the different anodizing
solutions presented porosity and surface cracks. The samples anodized in 2M sulfuric acid
solutions presented a more homogeneous surface with less porosity and defects such as
cracks (Figure 1a). In anodizing with a current density of 4.5 A/dm2, the different citric
and sulfuric acid baths presented surface morphology with cracks and pores (Figure 2).
This same phenomenon is observed in the sample anodized only with 2M sulfuric acid
(Figure 2a). For the current density of 4.5 A/dm2, the sample with the highest surface
homogeneity was 4.5 C1M S10, presenting less porosity and cracking. All the anodized
samples in the different solutions and different baths composed of citric acid and sulfuric
acid showed superficial cracks and porosity. Tertiary acid also produces this type of
structure, as has been observed in other works [46]. Additionally, boric acid used in
AA1050 and AA20242 T3 aluminum alloys has produces similar surface morphologies [47].

3.2.2. Cross-Sectional Morphology

Figures 3 and 4 show SEM cross-sectional micrographs of the samples anodized. For
the anodized with a current density of 3 A/dm2, with different baths in the cross-section,
no cracks or distributed porosity were observed in the coatings; only the sample 3A C0M
S2M presented porosity inside the coating (Figure 3a). In the samples manufactured with a
current density of 4.5 A/dm2, in the different baths composed of citric and sulfuric acid,
no porosity or cracking from the surface was observed, and that could reach the substrate
(Figure 4), again, only the 4.5A C0M S2M sample presented cracks and porosity. How-
ever, the cracking did not match the surface of the substrate, only occurring superficially
(Figure 4a). Microcracks typical and characteristic of hard-anodized surfaces are observed
in different solutions and current densities of prepared hard anodic coatings [33]. The
sealing process produces thermal stresses caused by the different coefficients of thermal ex-
pansion of the anodic coating and the metallic substrate, which can cause pores and cracks
in the surface of the material. Mechanical preparation for cross-sectional metallography
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can also induce mechanical stresses that manifest as cracks and pores [48]. Porosity and
cracks were not observed in the samples anodized with citric and sulfuric acid solutions.

Figure 1. SEM surface morphology of the AA6061 anodized a 3 A/dm2 in different baths: (a) 3A C0M S2M, (b) 3A C1M S5,
(c) 3A C1M S10, (d) 3A C2M S5 and (e) 3A C2M S10.

Figure 2. SEM Surface morphology of the AA6061 anodized a 4.5 A/dm2 in different bath: (a) 4.5A C0M S2M, (b) 4.5A
C1M S5, (c) 4.5A C1M S10, (d) 4.5A C2M S5 and (e) 4.5A C2M S10.
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Figure 3. SEM Cross-Sectional Micrographs of the AA6061 Anodized a 3 A/dm2 in Different Bath: (a) 3A C0M S2M, (b) 3A
C1M S5, (c) 3A C1M S10, (d) 3A C2M S5 and (e) 3A C2M S10.

Figure 4. SEM Cross-Sectional Micrographs of the AA6061 Anodized a 4.5 A/dm2 in Different Bath: (a) 4.5A C0M S2M,
(b) 4.5A C1M S5, (c) 4.5A C1M S10, (d) 4.5A C2M S5 and (e) 4.5A C2M S10.

3.2.3. Thickness of Anodized Materials

Figure 5 shows the thickness obtained by SEM in cross-sectional micrographs for
samples anodized at different current densities, i.e., 3 and 4.5 A/dm2 in different bath
solutions composed of citric and sulfuric acid. The anodized samples in a current density
of 3 A/dm2 presented lower coating thicknesses, with thicknesses that vary between 50
and 90 µm. This behavior is because the oxidation film’s growth rate makes the process
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unprofitable if shallow current density values are handled. However, when the current
density reaches its maximum limit, it will acquire an adverse result. The excessively
high current density will enlarge the porosity’s heat effect and accelerate the dissolution
of oxidation film [49,50]. For the anodized samples in a current density of 4.5 A/dm2,
the thicknesses varied between 80 and 155 µm. The variation thickness is due to the
applied current density directly affecting the oxidation film’s growth rate, and whether
the optimum value is exceeded may reduce the film thickness. In addition, the samples
anodized with 2M citric acid solution and different sulfuric acid aggregates, i.e., 5 and
10 mL/L, presented less thickness regardless of the anodizing current density used. It has
been reported that when working with low concentrations of sulfuric acid in the anodizing
solution, a significant dissolution of the anodic layer formed is caused [50]. The electrolyte
is chosen to carry out an anodizing process that significantly influences the resultant anodic
alumina film. The type of electrolyte, its concentration, and its temperature will determine
some of the film characteristics [51–53]. In general, the thickness obtained in the different
anodizing conditions made it possible to achieve thicknesses greater than 12.7 µm, which
is the minimum thickness required by the military regulations (Mil-A-8625) for type III
hard anodizing [16].

Figure 5. The thickness of the coatings of the samples anodized with current densities of 3 and
4.5 A/dm2 in different baths.

3.3. Vickers Microhardness (HV)

Vickers microhardness of all anodized samples was measured in a cross-section of
coatings, and the results are presented in Figure 6. In this work, all the anodized samples
presented microhardness greater than the non-anodized material, regardless of the solution
and the anodized current density used. The anodized samples with a current density of
3 A/dm2 showed higher microhardness than those with a current density of 4.5 A/dm2.
This effect is mainly due to dilute electrolytes. Low temperatures favor the growth of harder
films. In contrast, more concentrated electrolytes and high temperatures, and long process
times factors that will favor the dissolution of the film in the electrolyte may produce soft,
powdery, spongy, or easily rubbed off films [54].

For this reason, hard anodizing with concentrated electrolytes and high temperatures;
produces nonuniform hardness and wear resistance throughout the film, the film being
weaker nearer the top surface [54]. In anodized samples with a current density of 3 A/dm2,
the microhardness, measured on the cross-section of the coatings, increased slightly with
their decreased thickness, which indicates that the thin and compact anodic layers are
harder. In the anodized samples with a current density of 4.5 A/dm2, a decrease in



Metals 2021, 11, 1838 8 of 18

microhardness is noticeable, in which the lower the thickness, the lower the hardness value
obtained. In this case, the hardness is more directly related to the concentrations of the
electrolytes and the current used since concentrated electrolytes, high current densities, and
high temperatures can produce soft, spongy, and brittle coatings [55]. For hard-anodized
films, the Vickers hardness values (VHN, kg/mm2) generally encountered are 300–500 [56],
in this work, only the samples anodized at a current density of 3 A/dm2 exceeded these
values, on the other hand, the anodized with a current density of 4.5 A/dm2 obtained
lower values of microhardness. The microhardness presented by the anodized samples
with a current density of 3 A/dm2 could be associated with the formation of Boehmite
(Al2O3·H2O) with hardness between 250–600 VHN, while, for the anodized samples with
a current density of 4.5 A/dm2 microhardness could be associated with the formation of
Bayerite (Al2O3·3H2O) which generally has a microhardness of 150–300 VHN [57].

Figure 6. Vickers microhardness of non-anodized AA6061 substrate and after hard anodizing with
different solutions a current density.

3.4. Corrosion Test
3.4.1. Cyclic Potentiodynamic Polarization (CPP)

The CPP behavior for the non-anodized and anodized samples with a current density
of 3 A/dm2 exposed in 3.5% wt NaCl solution is shown in Figure 7. With this anodizing
current density, all materials showed a more noble corrosion potential (Ecorr) than non-
anodized material, which indicates that they will be less susceptible to corrosion. A more
positive Ecorr in anodized aluminum alloys indicates a lower susceptibility to corrosion of
the samples [58,59]. The pitting potential (Epit) is the potential value at which the current
increases, and in this potential value occurs the pitting attack. The higher Epit, the less
susceptible to pitting is the aluminum. The difference between Epit and Ecorr measures the
tendency to pitting onset in the material; significant differences indicate an improvement
of the material resistance to pitting corrosion [60,61]. For the anodized samples 3A C0M
S2M, 3A C1M S10, 3A C2M S5, and 3A C2M S10, the Epit values were higher than those
shown by the sample without anodization, which indicates that these materials will have a
greater resistance to pitting corrosion. The difference between Epit and Ecorr in samples 3A
C0M S2M, 3A C1M S10, 3A C2M S5, and 3A C2M S10 is more significant than the material
without anodizing treatment, which indicates a higher resistance to pitting corrosion.

Anodic to cathodic transition potential is the potential at which the anodic current
density varies to the cathodic current density. The difference between the anodic to cathodic
transition potential and Ecorr are used to determine the persistence of the passive film.
If the anodic to cathodic transition potential is nobler than Ecorr, the passive layer will
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not be stable if positive hysteresis is present. The passive layer will persist if the Ecorr is
nobler than the anodic to cathodic transition potential, presenting positive hysteresis [62].
In this sense, in the reversal curves of the anodized materials in the different solutions,
the potential for anodic to cathodic transition is more negative than Ecorr. Therefore,
the passivity characteristics of the different anodized films formed during the anodizing
process will remain. In the sample 3A C1M S5, due to its negative hysteresis behavior,
Epit was not present, and the potential for anodic to cathodic transition is nobler than
Ecorr, which makes it susceptible to passivation and restores the damaged oxide film. This
sample is not vulnerable to pitting corrosion. The hysteresis loop of samples 3A C0M
S2M and 3A C1M S5 were negative, indicating uniform corrosion. The hysteresis was
positive for the AA 6061, 3A C1M S10, 3A C2M S5, and 3A C2M S10, indicating localized
corrosion. The absence of the hysteresis loop for these samples in the potential sweep
may mean that localized corrosion does not occur but could indicate an active surface
and general corrosion. Positive hysteresis is related to pitting and crevice corrosion [63].
The corrosion parameters obtained from the CPP as Ecorr, Epit, passivation current density
(ipass), and the corrosion current density (icorr) are presented in Table 3. The icorr and ipass
of all anodized samples were three orders of magnitude lower than that of the substrate.
The low magnitude orders indicate that Type III hard anodizing can be carried out with
citric acid solutions as the main component and effectively provide corrosion protection
better than the substrate without anodizing treatment. This type of behavior has also been
found in 7075 aluminum alloys anodized with other systems and is mainly attributed to
the barrier effect generated by anodizing [64].

Figure 8 shows CPP realized for the un-anodized and anodized material samples
with a current density of 4.5 A/dm2 exposed in 3.5 wt. % NaCl solution. The corrosion
potential of all the anodized samples with a current density of 4.5 A/dm2 in the different
solutions was nobler than that presented by the non-anodized material, making them less
susceptible to corrosion. All the anodized samples with a current density of 4.5 A/dm2

presented passivation in the anodic branch and negative hysteresis in the return curve,
which indicates that these materials will have generalized corrosion. Due to all the samples
negative hysteresis behavior, there was no pitting potential (Epit). All samples presented
an anodic to cathodic transition potential nobler than the Ecorr, leading to two aspects. The
first is that these samples are susceptible to show passivity and restoring the damaged
oxide film, and the second is that the samples are not susceptible to pitting corrosion. A
summary of the results of the cyclic potentiodynamic polarization test is given in Table 3.

The electrochemical behavior of the anodized samples with current densities of 3 and
4.5 A/dm2 in the different citric acid solutions may be due to the reactions of hard-ion
carboxylates with Al3+. This reaction forms complex products incorporated into the surface,
protecting it against corrosion [65]. The protective action of organic acids is dependent on
their ability to adsorb onto the metal surface, thus forming a protective layer [66].

The possible surface complexing ligands in citric acid solution are H2Cit−, HCit2−

and Cit3− species. The amount of these ligands in solution depends on the pH (e.g., in the
solution of citric acid of pH 6 prevailed Hcit2− species). Therefore, several different surface
coordination reactions occur on an aluminum oxide surface in contact with citric acid solu-
tions, resulting in several different aluminum-citrate and/or aluminum-hydroxo-citrate
surface species. The nature and the structure of these surface complexes are practically un-
known. However, some authors [67,68] have reported a possible two six-membered chelate
ring structures of the surface. The Al-citrate complexes, that citrate anions are adsorbed on
the oxide surface and incorporated into the structure of the oxide film during the anodic
oxidation of aluminum in citric acid and/or citrate solutions. The general principle of
possible surface coordination reactions, which occur on the surface of aluminum oxide in a
solution of citric acid of pH range 3–6, can be illustrated by the possible surface reactions
in a solution of pH 6 with Equations (1) and (2) [69–72].

Al−OH+
2 + HCit2− ↔ AlHCit− + H2O (1)
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Al−OH + HCit2− ↔ AlHCit− + OH− (2)

Figure 7. CPP curves of the AA6061 samples a 3 A/dm2 in NaCl solution.

Figure 8. CPP curves of the AA6061 samples a 4.5 A/dm2 in NaCl solution.
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The corrosion current densities are presented in Table 3. As shown in Table 3, the
icorr values are minimal, except in sample AA 6061. The dissolution (solubility) of the
aluminum, Al-hydroxide, and various forms of Al oxide in water and non-complexing
solutions is very small [73,74]. However, in aqueous complex-forming solutions (e.g.,
citrate, oxalate, salicylate), the minimum solubility is not so well expressed, and the
dissolution is controlled by surface complexation reactions [70,71].

Table 3. CPP parameters of AA6061 samples in NaCl solution.

Samples Ecorr
(V vs. SCE)

Epit
(V vs. SCE)

E(Anodic to Cathodic Transition)
(V vs. SCE)

ipass
(A/cm2)

icorr
(A/cm2) Hysteresis

AA6061 −1.02 −0.689 −0.858 2.22 × 10−5 9.47 × 10−6 +
3A C0M S2M −0.767 −0.124 −0.793 7.41 × 10−9 4.48 × 10−9 −
3A C1M S5 −0.230 — 0.112 4.32 × 10−9 3.14 × 10−10 −
3A C1M S10 −0.551 −0.161 — 2.06 × 10−9 1.02 × 10−9 +
3A C2M S5 −0.734 −0.387 −0.844 3.55 × 10−9 1.57 × 10−9 +
3A C2M S10 −0.857 −0.540 −0.820 1.30 × 10−9 6.47 × 10−9 +

4.5A C0M S2M −0.293 — 0.131 5.91 × 10−9 1.27 × 10−9 −
4.5A C1M S5 −0.590 — 0.065 4.09 × 10−9 4.79 × 10−10 −

4.5A C1M S10 −0.230 — 0.150 5.39 × 10−9 1.15 × 10−9 −
4.5A C2M S5 −0.926 — — 3.16 × 10−9 8.35 × 10−10 −

3.4.2. Electrochemical Impedance Spectroscopy (EIS)

The characteristics of EIS spectra of the specimens investigated in the present study
are presented in Figures 9 and 10. EIS analysis was carried out to attain a more detailed
examination of the corrosion susceptibility and protection properties of anodized materials
in addition to cyclic potentiodynamic polarization curves. Figure 9a shows the Nyquist
plot obtained for the un-anodized and anodized samples with a current density of 3 A/dm2

and different solutions exposed in 3.5 wt. % NaCl solution. This behavior can be seen in
the zoom in the lower right of Figure 9a. This behavior can be due to an oxide layer with a
constant phase element and a resistive element combination in the equivalent circuit [72].
This is the case with pure aluminum. This behavior is characteristic of aluminum alloys
without anodizing treatment since they naturally form a barrier layer when in contact with
oxygen from the environment [73,74].

In this case, the 3A C0M S2M specimens show a capacitive loop across the entire
frequency range. In the samples with different anodizing solutions, a capacitive arc was
presented at high frequencies, which corresponds to the characteristics of the porous
layer, and diffusion phenomena characterized by a line with a slope of 45◦ at the lower
frequencies correspond to the characteristics of the barrier layer. The two kinetic processes
of the Nyquist diagrams (Figure 9) with the two-time constants present are related in the
first place to the semi-passivation derived from the filling of the pores and cracks by the
corrosion products formed, which diffuse towards inside the porous layer, the second time
constant is associated with re-passivation of the porous layer of the coating.

The sealing of cracks in the coating is due to the formation of corrosion products that
diffuse into the coating [75], which is evident by the behavior at low frequencies (<10 Hz)
of the Nyquist diagram of Figure 9. The AA 6061 without anodizing has a lower impedance
at high frequencies than the different anodized samples, generally, at high frequencies, the
resistance of the coating is reflected [76]. The anodized samples in citric acid solutions
show a lower corrosion rate than the non-anodized aluminum alloy, as shown by the
Nyquist diagrams of Figure 9, as they present depressed semicircles in the frequency range
1 × 102–1 × 104. The equivalent electrical circuits proposed to model the combination of
kinetic processes from the EIS tests are shown in Figure 9b,c.

Figure 10a shows the Nyquist diagrams obtained for the AA6061 samples a 4.5 A/dm2

after exposure in 3.5 wt. % NaCl solution. Only sample 4.5A C2M S5 shows a capacitive
loop for this anodizing current density across the entire frequency range. The behav-
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ior in a neutral solution of NaCl 0.1 M of only one time constant of aluminum without
anodizing and short immersion times is due to the barrier layer formed in the mate-
rial naturally [77,78]. The Nyquist plots for samples anodized with a current density of
4.5 A/dm2 present a depressed semicircle at high frequencies and a diffusion process at
low frequencies. The semicircle is associated with the capacitive dispersive behavior of
anodized samples. Coatings 4.5A C0M S2M, 4.5A C1M S5, 4.5A C1M S10, and 4.5A C2M
S10 continuously increase impedance throughout the frequency range tested. Coating
4.5A C0M S2M and 4.5A C1M S5 have a higher impedance than the other coatings at high
frequencies. It indicates that this coating has a higher impedance than all the other coatings
in the frequency range tested. The proposed equivalent electrical circuits for modeling the
EIS test data are presented in Figure 10b,c.

Figure 9. (a) Nyquist Diagrams in the Complex Plane to Non-Anodized and Anodized Samples a 3 A/dm2 in NaCl Solution,
(b,c) Equivalent Circuits.

In Figures 9a,b and 10b,c, corresponding to equivalent circuits for anodized materials
at 3 and 4.5 A/dm2, Rs is the solution resistance, Rp is the resistance of the porous layer,
and Rb is the resistance of the barrier layer. Moreover, CPEp is the constant phase element
relative to the porous layer, CPEb is the continuous phase element of the barrier layer,
and Cb is the capacitance relative to the barrier layer for some samples. Ap, and αB is the
impedance exponent to porous layer and barrier layer, respectively, and W is the Warburg
impedance. The CPE can represent the roughness and heterogeneity of the porous layer and
the passive layer. The α coefficient can have several physical meanings at electrochemical
interfaces, such as surface roughness, corrosion products in the porous layer, and surface
heterogeneity [79–81]. The Warburg impedance explains the transfer of ions through the
porous and passive layers of the coating [82]. Some authors have found that the Warburg
impedance in this type of material may be since the porous layer with high thicknesses
becomes brittle and initially allows the ions to pass quickly. However, when they penetrate
and reach the barrier layer, they make it difficult to continue penetrating and continue to
accumulate [83]. The Warburg element controls the reaction rate through the diffusion
of oxidizing and reducing species to and from the metal substrate. In other words, one
could have a non-linear diffusion process that originates from the geometric irregularity of
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the diffusion layers formed from the coating [84]. An increase in W indicates a change in
corrosion kinetics from charge transfer control to diffusion control [85].

Table 4 presents the results obtained from the simulations using equivalent electrical
circuits in Figures 9b,c and 10b,c. The variation in Rs is due to coating morphology,
associated with the surface charge and the electrochemical double-layer [86]. They consider
the pore resistance (Rp) of all anodized samples with current densities of 3 and 4.5 A/dm2.
It can be established that this resistance also contributes to the corrosion resistance of
anodized materials since Rp is higher in most of the samples than the resistance of the
barrier layer (Rb) presented by the non-anodized material. Except for sample 4.5A C2M
S10, which presented a lower resistance Rp than the non-anodized material, it could be
concluded that the anodized material in citric acid solution provides corrosion protection.
The equivalent electrical circuits in Figures 9b and 10b represent the EIS behavior of non-
anodized AA6061 aluminum evaluated in NaCl, which consists of a resistance Rb and a
CPEB in parallel, as the exponent value αB is close to 1 (0.94 in Table 4) the CPEB can be
considered as a capacitor. The higher value of CB for un-anodized material is attributed to
a thinner barrier layer. In this sense, the CPEP and CB presented values of 1 × 10−8 and
1 × 109 F/cm2. The results indicate that the thicknesses of these layers are more significant
than the barrier layer formed naturally by the material un-anodized AA 6061 (these results
can be observed in Figure 9). Some authors have reported that capacitance of formed layers
decreases, increasing the thickness of the formed coating [87].

Figure 10. (a) Nyquist Diagrams to Non-Anodized and Anodized Samples a 4.5 A/dm2 in NaCl Solution, (b,c) Equivalent
Circuits.

The Warburg element (W) stands for the impedance due to the transport of oxygen
and metal ions across the film, this term takes account of the impedance related to the
ionic transport through the oxide. It depends on the metal and oxygen ions’ concentration,
charge, and diffusion coefficients [88]. The larger the Warburg element (W), the greater
the protection provided by the oxide film [86]. Some authors have related the Warburg
impedance with the resistance that systems oppose being penetrated by diffusion mecha-
nisms. In this case, the Warburg resistance can be taken as the resistance of oxidized species
and reduced on the metal surface [33,81,89,90]. For this reason, WB can be taken as the
corrosion resistance of anodized coatings with current densities of 3 and 4.5 A/dm2 in
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the different solutions of citric-sulfuric acid. For the case where WB is not present, the RB
parameter could be taken to evaluate the corrosion resistance of the anodized materials
additionally with the Rp mentioned above.

Analyzing the RB of the material un-anodizing (0.17 × 106 Ω/cm2), the material
presented the lowest resistance to corrosion in the evaluation medium. In the samples
3A C1M S5, 3A C1M S10, and 3A C2M S5, the WB values were 8.63 × 106, 20.60 × 106,
and 23.90 x 106 Ω/cm2. Results indicate that the anodizing has better corrosion resistance
under these conditions, which coincides with the low corrosion current densities presented
by these samples in the CPP (see Figures 7 and 8, and Table 3). However, all the WB values
remained at values of 1 × 106 Ω/cm2. For the sample 3A C0M S2M, RB presented a value
of 3.90 × 106 Ω/cm2 which also provides excellent protection against corrosion. It should
be remembered that this sample was manufactured in a conventional solution of H2SO4.

In the anodized samples with a current density of 4.5 A/cm2 in the different solutions
of citric-sulfuric acid, the sample 4.5A C2M S5 presented an RB of 8.65 × 106 Ω/cm2,
thereby protecting the material from corrosion. Samples 4.5A C0M S2M, 4.5A C1M S5, and
4.5A C1M S10 presented WB resistances of 2.40 × 106, 3.31× 106, and 3.00 × 106 Ω/cm2,
respectively, which represents that these coatings will provide resistance to corrosion once
the treatment is applied of anodizing under these conditions. Under these anodizing
conditions, the sample 4.5A C2M S10 presented a WB value of 128.00 × 106 Ω/cm2, this
coating being the one that presented the highest resistance to corrosion of all the samples
analyzed in this work. In some other works presented of hard anodizing with a pulsed
current of aluminum 6061, have been found resistances of 2 × 105 Ω/cm2 to 10.7 × 106

Ω/cm2 [90], in hard anodizing of aluminum alloys 7075 were reported resistances of
6.18 × 107 and 1.11 × 109 Ω/cm2 for the barrier layer [91], for anodized aluminum alloys
of high purity, resistances of 8.53 × 109 Ω/cm2 [92], while, in anodized aluminum alloy
2024 in mixtures of citric-sulfuric acid were found resistances between 1.38 × 105 and
2.44 × 105 Ω/cm2 [93]. Based on these results, it can be said that the hard anodizing of
6061 aluminum alloys can be carried out with solutions composed mainly of citric acid,
reaching resistance values equal to or higher than those reported in the literature. The entry
of chlorides towards the metallic substrate will be diminished when it has less porous and
homogeneous surfaces, which improves the resistance to corrosion of aluminum alloys [94].
The different solutions used for the anodizing process in this work, composed of citric acid
and small additions of sulfuric acids, effectively protect aluminum alloys against the effects
of corrosion and attack by Cl− ions.

Table 4. EIS Data Obtained by Equivalent Electric Circuit Simulation of the AA 6061 Samples at Different Conditions.

Sample Rs
(Ω·cm2)

CPEp
(Ω−1 sαp cm−2)

Rp

(Ω·cm2)
αp

CB
(F/cm2)

RB
(Ω·cm2) αB

WB
(Ω·cm2/s0.5)

Error
(%) χ2

AA 6061 21.61 — — — 6.84 × 10−6 0.17 × 106 0.94 — <2.58 3 × 10−2

3A C0M S2M 27.28 — — — 1.82 × 10−9 3.90 × 106 0.83 — <1.33 1 × 10−2

3A C1M S5 14.17 0.46 × 10−8 2.67 × 106 0.77 1.04 × 10−9 — — 8.63 × 106 <2.35 8 × 10−3

3A C1M S10 26.34 0.94 × 10−8 2.32 × 106 0.84 5.49 × 10−9 — — 20.60 × 106 <2.01 3 × 10−2

3A C2M S5 14.99 7.40 × 10−8 1.05 × 106 0.62 31.10 × 10−9 — — 23.90 × 106 <5.39 1 × 10−2

3A C2M S10 18.85 85.30 × 10−8 0.02 × 106 0.67 1.53 × 10−9 — — 3.20 × 106 <2.50 3 × 10−3

4.5A C0M S2M 15.20 0.44 × 10−8 1.54 × 106 0.79 2.74 × 10−9 — — 2.40 × 106 <2.83 1 × 10−3

4.5A C1M S5 24.73 7.18 × 10−8 0.30 × 106 0.68 15.20 × 10−9 — — 3.32 × 106 <3.61 2 × 10−3

4.5A C1M S10 35.38 5.03 × 10−8 0.40 × 106 0.72 6.71 × 10−9 — — 3.00 × 106 <2.56 2 × 10−3

4.5A C2M S5 42.74 — — — 228.00 × 10−9 8.65 × 106 0.76 — <1.73 1 × 10−2

4.5A C2M S10 21.67 62.3 × 10−8 0.04 × 106 0.70 551.00 × 10−9 — — 128.00 × 106 <3.55 5 × 10−3

4. Conclusions

The coatings anodizing made with different solutions showed superficial cracks.
However, the corrosion resistance was not affected due to the protection provided by the
barrier layer formed.

AA6061 aluminum anodizing alloy has values of the thickness of 50 to 150 µm, which
comply with MIL-A-8625F specification.
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The anodized samples in citric acid solutions presented Vickers microhardness greater
than 340 HV when manufactured with a current density of 3 A/dm2. However, when the
anodized current density was 4.5 A/dm2, the microhardness presented values less than
300 HV is lower than that obtained by conventional anodizing in sulfuric acid.

Cyclic potentiodynamic polarization technique indicated that higher Ecorr, lower
corrosion current densities (icorr), and negative hysteresis was presented in most of the an-
odized samples. It represents that this hard anodization provides more excellent corrosion
resistance than conventional sulfuric acid anodizing.

The EIS results showed that hard anodized coatings made with citric acid showed
more excellent corrosion resistance when exposed to a corrosive 3.5 wt. % NaCl solution.

The samples anodized in 2M citric acid solution and 10 mL/L of sulfuric acid (C2M
S10) with current densities of 3 and 4.5 A/dm2 were those that presented the highest
corrosion resistance in the evaluation medium.
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