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Abstract: Aluminum is a material widely used in aeronautical and transport industries due to
its excellent mechanical and corrosion resistance properties. Unfortunately, aluminum alloys are
susceptible to corrosion, which limits their use in some corrosive environments. The aim of this
work is to characterize hard coat film fabricated by anodizing in a citric–sulfuric acid system using
electrochemical techniques. The anodization process was carried out using an aluminum alloy AA
6061 anodization bath: a mix of citric and sulfuric acid solutions were used. For the anodizing process,
two current densities were used, 1 and 7.2 A·cm−2. Anodized specimens obtained under different
conditions were exposed to a 3.5 wt.% NaCl solution, and their electrochemical behavior was studied
by electrochemical impedance spectroscopy (EIS) and cyclic potentiodynamic polarization (CPP)
according to ASTM G106-15 and ASTM G5-13, respectively. Scanning electron microscopy (SEM) was
employed to determinate the morphology and thickness of coatings. The results showed improved
corrosion resistance in 6061 aluminum anodized in citric–sulfuric acid electrolyte compared to those
anodized in sulfuric acid solution.

Keywords: anodized; aluminum; corrosion; citric acid; electrochemical impedance spectroscopy

1. Introduction

Aluminum and its alloys are widely used in different industries, such as construction, machinery,
equipment and transportation. When these alloys are exposed to the atmosphere, a thin aluminum
oxide layer of 2 to 4 nm thickness naturally forms on the surface [1–3]. This natural oxide layer
imparts improved hardness and excellent corrosion resistance characteristics to aluminum in certain
atmospheric and chemical environments [4]. Anodizing is a surface treatment widely used for
aluminum alloys due to its reasonable costs compared to the benefits it can offer in terms of enhanced
corrosion resistance and mechanical, functional and aesthetic properties. The anodizing process
involves first aluminum metal oxidation (Equation (1)) and its subsequent reaction with water to form
alumina (Equation (2)) [5].

Al→ Al3+ + 3e− (1)
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2Al3+ + 3H2O→ Al2O3 + 6H+ (2)

Anodic aluminum oxide films can be generated by the anodization of aluminum in aqueous
electrolytes. Some researchers have shown that the properties of anodizing films can be tuned by
changing anodizing conditions. In this way, outer porous layers with a possible ordered pattern [6,7],
good wear and corrosion resistance [8,9], and colored surfaces can be obtained [10,11]. Usually,
alumina nanostructures are manufactured by an electrochemical process in which the pores grow
perpendicularly to a flat surface in a hexagonal structure in the form of a highly ordered honeycomb [12].
The characteristics of alumina films, such as pore diameters and corrosion resistance, depend largely
on the electrolyte, current density and duration of the anodizing process [13]. Anodization can be
achieved in a variety of electrolytes [14–16]. The electrolytes can be classified into the following three
groups: inorganic acids, organic carboxylic acids and organic cyclic oxocarbonic acids [17]. The first
group is the most widely used due to its low cost, compared to the electrolytes of the other two groups,
and is made up of sulfuric, selenic, chromic and phosphoric acids [18–21]. Group two is comprised of
oxalic, malonic and citric organic acids. The presence of carboxylic acid groups allows the formation of
complexes with trivalent aluminum and, hence, imparts chemical stability to the coatings [19]. Finally,
cyclic oxocarbonic acids, including squaric acid (C4H2O4) with a four-membered ring, croconic acid
(C5H2O5) with a five-membered ring and rhodizonic acid (C6H2O6) with a six-membered ring, have
recently been reported as useful electrolytes for the formation of porous oxide films and, despite being
expensive, provide excellent properties to aluminum, which makes them impractical for use on an
industrial scale [22]. Depending on the type of electrolyte used, the growth of the alumina film can
be carried out under different conditions, and its porosity and structure characteristics will change
depending upon the process variables used, i.e., current density, acid concentration, exposure time etc.
Depending on the process chosen, an anodizer can impart to the surface of the aluminum item specific
properties as desired, depending on the end use.

According to MIL-A-8625F specifications, anodic coatings can be classified into three types: type
I, made with chromic acid and with thicknesses from 1 to 7 µm; type II, made with sulfuric acid
and with thicknesses from 2 to 25 µm; and type III, hard anodic coatings made with sulfuric acid
and other additives such as oxalic and sulfosalicylic acid on aluminum alloys, with an allowable
thickness range between 12 and 114 µm, a typical value of 51 µm, and achieving hardness values in the
range of 60 to 65 HRC [22–24]. Hard anodizing can increase the tribo-corrosion performance of the
components due to the growth of a hard and compact oxide of several tens of microns thickness. Hard
anodized aluminum products are characterized by higher resistance to abrasion, improved hardness
and a thicker oxide layer [25]. Some alternatives to sulfuric acid for anodizing have recently been
used which, although less dangerous than chromic acid, are still dangerous chemicals to be handled,
with worrisome environmental effects [26–28].

In recent years attempts has been made to perform type III hard anodizing by adding different
organic acids to increase the stability and complexity of the anodized coating structure [29,30]. One of
the organic acids used as an additive is citric acid, which is used for its capacity to form complexes
with trivalent aluminum. The formation of aluminum complexes with organic molecules is one of the
most common additive mechanisms. In this case, the reaction of hard-ion carboxylates with trivalent
aluminum cations will readily form complexes that result in insoluble metal soaps that are incorporated
onto the surface of the anodic coating. Furthermore, it has been stated that at low concentrations
additives provide superior surface finishes, process stability and uniform current distribution [31].
Additionally, the use of citric acid is classified by the Environmental Protection Agency-Safer Chemical
Ingredient List (EPA-SCIL) as a safer and more environmentally friendly material [32].

The objective of this work was to evaluate the characteristics on the anodizing film generated by
the citric–sulfuric acid anodizing system and the effect on the applied current of the anodizing film,
especially the electrochemical behavior.
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2. Materials and Methods

2.1. Material

The commercial 6061 aluminum alloy in the form of a 50-mm-diameter rod was used; 5-mm-thick
discs were cut from the rod and were used for both the anodization and evaluation of anodized samples
by electrochemical techniques. The chemical composition of the 6061 aluminum alloy was obtained by
X-ray fluorescence (Olympus DELTA XRF, TX, USA).

2.2. Anodizing Process

Prior to anodization, 5-mm-thick discs cut from the AA 6061 alloy were polished using
metallographic techniques. Polishing was performed using different silicon carbide abrasives of
grades 180, 320, 400 and 600. The anodizing process consisted of pickling for 5 s in 50 wt.% HCl
solution, followed by three rinses in deionized water, each of 3 s duration. Anodizing of the 6061
aluminum alloy was carried out using two solutions as the electrolyte: a solution of sulfuric acid
(199.04 g/L) and a solution composed of a mixture of citric acid (210.12 g/L) and 98% sulfuric acid
(5 mL/L). A material with a nobler behavior than the 6061 aluminum alloy was used as a cathode;
in this case, a lead bar was utilized. The current generator used was a Model XLN30052-GL High
Power Programmable DC Power Supply (CA, USA) with a capacity of 300 volts (V) and 5 amperes (A).
The variables employed in our anodizing process were the solutions used as the anodizing electrolyte
and the current densities used were 1 and 7.2 A·cm−2 [24]. All anodizing was carried out in an ice bath
at a temperature of 5 ◦C ± 2 ◦C for 30 min and with stirring of the solution throughout the process.
After anodizing, a rinse was carried out in deionized water for 5 s, followed by sealing in deionized
water at 95 ◦C for 30 min. The effect of hot water sealing was to reduce or eliminate the ability of
the coating to absorb dyes by blocking the pores, which also increased the corrosion resistance of the
coating. Table 1 shows the samples nomenclature and the variables used in the anodizing process.

Table 1. Process parameters for anodizing and nomenclature of the anodized samples.

Material
Anodizing

Sealing Nomenclature
Electrolyte Current Density (A/cm2) Time (min)

AA 6061

H2SO4 1 30
Deionized

water at 95 ◦C
for 30 min

SA: (sulfuric acid)/1 A·cm−2

H2SO4 7.2 30 SA: (sulfuric acid)/7.2 A·cm−2

Citric acid + H2SO4 1 30 CA: (citric acid)/1 A·cm−2

Citric acid + H2SO4 7.2 30 CA: (citric acid)/7.2 A·cm−2

2.3. Electrochemical Techniques

A conventional three-electrode cell configuration was used for the electrochemical studies,
which consisted of a working electrode (un-anodized AA 6061 and anodized aluminum),
a saturated calomel electrode (SCE) and a platinum mesh, which were used as a reference and
counter electrode, respectively. Electrochemical measurements were carried out using a Gill-AC
potentiostat/galvanostat/ZRA from ACM Instruments (Manchester, UK). Corrosion experiments were
performed by immersion of the AA 6061 and anodized aluminum specimens, with an exposed surface
area of 1.0 cm2, in 3.5 wt.% NaCl solution, at a temperature of 25 ◦C. The electrochemical techniques of
cyclic potentiodynamic polarization (CPP) and electrochemical impedance spectroscopy (EIS) were
used to determine the corrosion kinetics of AA 6061 with the anodizing treatment. The CPP was
recorded at a sweep rate of 0.06 V/min; a potential scan range was applied between −0.3 and 1.0 V
vs. SCE, from the corrosion potential (Ecorr), using a complete polarization cycle, according to ASTM
G5-11 standard [33]. In CPP curves, analysis of the cathodic and anodic branches and the hysteresis
curve can yield information about the corrosion process in the system, as well as the corrosion rates.
Electrochemical impedance spectroscopy measurements were recorded at the corrosion potential
over a frequency range from 1 mHz to 100 kHz, obtaining 10 points per decade and applying 10 mV
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RMS amplitude according to ASTM G106-15 standard [34]. The results were interpreted through the
development of typical impedance models for the electrode surface and curve fitting based on an
equivalent circuit using the Zview Impedance program.

2.4. Microstructural Characterization

Analysis of surface morphology and composition was done using a scanning electron microscope
(SEM, Jeol JSM 6510LV, Tokyo, Japan). Observations of the cross-sections micrographs of the sample
were also made to determine the thickness of the oxide layer at magnification of 2000×, operating
at a voltage of 20 kV and a working distance (WD) of 12 mm. The chemical composition of the
cross-sections structures was obtained by energy dispersive X-ray spectroscopy (EDS).

3. Results and Discussion

3.1. Chemical Composition

The chemical composition of the material under study obtained by X-ray fluorescence is presented
in Table 2. The composition of aluminum corresponds to that presented by different authors [24].

Table 2. Chemical composition of Al 6061 by X-ray fluorescence (wt.%).

Elements Al Cu Mg Mn Fe Si Zn Cr Ti

Content 95.15 0.08 2.14 0.03 0.11 2.14 0.15 0.12 0.08

3.2. Cyclic Potentiodynamic Polarization (CPP)

Figure 1 shows the cyclic potentiodynamic polarization curves realized for the un-anodized AA
6061 and anodized material. The absence of a hysteresis loop during the potential scan in un-anodized
AA 6061 and SA (sulfuric acid)/1 A·cm−2 means that the localized corrosion did not occur, but it could
be a sign of an active surface and general corrosion. The results show a positive hysteresis for the
following samples, CA (citric acid)/1 A·cm−2 and CA (citric acid)/7A·cm−2. This behavior is indicative
of localized corrosion on the material surface, and the slow decrease of current density in the reverse
scan in positive hysteresis is indicative of difficulty in surface repassivation or stopping the growth
of pits.
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The behavior of the samples CA (citric acid)/1 A·cm−2 and CA (citric acid)/7 A·cm−2 (Figure 1) was
observed in AA 2024 and AA 2099, with anodizing treatment evaluated in NaCl [35,36]. Such behavior
is attributed to the presence of Cl− ions in the solution [37,38]. The sample anodized only with sulfuric
acid and a current density of 7.2 A·cm−2 (SA (sulfuric acid)/7.2 A·cm−2) presented a negative hysteresis
cycle, indicating uniform corrosion. In this sample, active–passive transition potential was more noble
than corrosion potential (Ecorr). This occurred for alloys that are susceptible to passivation and hence
are able to restore the damaged oxide film or the alloys that are not susceptible to pitting corrosion [39].

Regarding the corrosion potential of the different samples, an increase in the corrosion potential
of the anodized samples in sulfuric acid solution can be observed, presenting potentials of around
−0.629 V vs. SCE in the sample SA (sulfuric acid)/1 A·cm−2 and −0.566 V vs. SCE in the sample SA
(sulfuric acid)/7.2 A·cm−2 (Table 3). However, the corrosion potential of the CA (citric acid)/1 A·cm−2

sample anodized with the citric–sulfuric acid solution presented more noble potentials of around
−0.343 V vs. SCE.

Table 3. Electrochemical parameters using cyclic potentiodynamic polarization of AA 6061 and
anodized samples in 3.5 wt.% NaCl solution.

Sample Ecorr
(V vs. SCE)

EPit
(V vs. SCE)

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

ipass
(nA/cm2)

icorr
(nA/cm2)

Un-anodized AA 6061 −0.745 −0.745 −0.813 - 156
SA (sulfuric acid)/1 A·cm−2 −0.629 −0.297 −0.844 52.2 22.2
SA (sulfuric acid)/7.2 A·cm−2 −0.566 - −0.158 42.9 5.93

CA (citric acid)/1 A·cm−2 −0.343 - −0.659 65.2 17.0
CA (citric acid/7.2 A·cm−2 −0.693 −0.693 −0.816 - 2620

Only the CA (citric acid)/7.2 A·cm−2 sample presented corrosion potentials similar to the corrosion
potential of the non-anodized material of −0.693 V vs. SCE (Table 3). This may be indicative that
although the aluminum oxide layer is formed in the citric–sulfuric acid solution, it does not possess
protective characteristics, such as the layers generated in sulfuric acid solution. In addition, it may be
due to the porous surface generated during anodization in citric–sulfuric acid solution.

The samples (un-anodized AA 6061 and anodized sample) did not present protection or
repassivation potential (ERep), which is indicative of pitting corrosion, since the potential for anodic to
cathodic transition was lower in all cases than the corrosion potential (Ecorr). For the non-anodized 6061
alloy and CA (citric acid)/7.2 A·cm−2, the pitting potential (EPit) coincided with the corrosion potential
(Ecorr), which occurred when there was an oxide film on the material surface prior to the polarization.
Due to the intersection of cathodic branch with the transpassive region of anodic branch, the value
of the pitting potential is the same as the corrosion potential [40,41]. These results are presented in
Table 3.

In relation to the effect of the current applied in sulfuric acid solution, it was observed that the
sample anodized with 1 A/cm2 (SA (sulfuric acid)/1 A·cm−2) had a higher current demand in the
anodic section of the CPP and a higher passivation current density (ipass), greater than the anodized
sample with 7.2 A/cm2 (SA (sulfuric acid)/7.2 A·cm−2), with both values being 52.2 and 42.9 nA/cm2,
respectively. This represents the formation of a more stable aluminum oxide film with better properties
in the sample made with a higher current, in this case 7.2 A/cm2 (see Table 3). In the case of the samples
anodized in the citric–sulfuric acid solution, both samples presented similar behaviors in the hysteresis,
presenting positive hysteresis (Figure 1).

The anodized sample in the citric–sulfuric acid solution with an anodizing current density of
1 A/cm2 had a passivation current density (ipass) of 65.2 nA/cm2, while the anodized sample with
7 A/cm2 did not show passive behavior. Instead, a considerable current demand was observed in
the anodic branch. This behavior was due to the penetration of ions Cl− through the porous oxide
layer on the surface, which can also attack the barrier layer. The reference sample, AA 6061 alloy,
presented a current demand during the entire cyclic potentiodynamic polarization, and it did not tend
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to passivation. This behavior is indicative that the corrosion process was caused by pitting on the
surface of this material (Table 3) [42].

Samples SA (sulfuric acid)/1 A·cm−2, SA (sulfuric acid)/7.2 A·cm−2 and CA (citric acid)/1 A·cm−2

presented higher corrosion potentials (Ecorr) and lower corrosion current densities (icorr), indicating that
with these anodizing conditions the corrosion resistance of AA 6061 aluminum alloy was increased.

For the samples of SA (sulfuric acid)/7.2 A·cm−2 and CA (citric acid)/1 A·cm−2, the protective layer
formed during anodizing hindered the entry of Cl− ions into the pores of the films. This most positive
corrosion potential (Ecorr) was from −0.566 and −0.343 V, and the smallest corrosion current density
(icorr) was in the order of nanoamperes/cm2 (1 × 10−9 amperes), which indicate a better corrosion
resistance with those conditions.

3.3. Electrochemical Impedance Spectroscopy (EIS)

Figure 2a shows the Nyquist plot obtained for the un-anodized and anodized samples in sulfuric
acid after exposure to the 3.5 wt.% NaCl electrolyte. The un-anodized specimens show a capacitive loop
across the whole frequency range, and for the anodized SA (sulfuric acid/1 A·cm−2) and SA (sulfuric
acid/7.2 A·cm−2) there is a high-frequency semi-circle and capacitive behavior at lower frequencies,
which correspond to the characteristics of the porous layer and the barrier layer, respectively. In a
similar way, Figure 3a shows the Nyquist plot obtained for the un-anodized and anodized samples
in citric–sulfuric acid mixture after exposure to the 3.5 wt.% NaCl electrolyte. In this case, the CA
(7.2 A cm−2) specimens show a capacitive loop across the entire frequency range, and for the un-anodized
sample and CA (citric acid/1 A·cm−2) the high-frequency range of the diagram reflects the porous layer
characteristics, while the low-frequency range characterizes the barrier layer properties.Coatings 2020, 10, x FOR PEER REVIEW 7 of 14 
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Several studies have shown that the low-frequency range corresponds to the properties of
the barrier layer and the high- and medium-frequency ranges reflect the properties of the porous
layer [43–45]. It has been mentioned previously by some authors that the anodic film on aluminum
consists of a very thin compact barrier layer and a thicker porous layer, and that the latter layer is
composed of pores and walls of hexagonal-shaped cells. To describe the electrochemical behavior of
this system, the thin barrier layer and the porous layer are considered independent of each other [46,47].
To describe these behaviors, several equivalent circuits have been proposed to model the response
of porous anodic films [43,48]. It is accepted that different equivalent circuits can model the porous
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anodic film; these models are successfully applied to explain the properties of the compact barrier and
the porous layers of many materials [44,49–54].
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After testing different equivalent circuits for the EIS data obtained, the circuit proposed by
Suay et al. [55] gave suitable fits (see Figure 2b,c and Figure 3b,c). In these figures, Rs is the electrolyte
resistance, RB is the barrier layer resistance, CPEB is the barrier layer constant phase element, nB is the
barrier layer impedance exponent, R1 is the resistance of ionic pathways in pores and defects, CPEw is
the constant phase element of the cells walls with uniform or nearly uniform dielectric properties, nw is
the cell wall impedance exponent and np is the pore barrier impedance exponent. The electrochemical
properties of the porous layer are characterized by the capacitance Cp and the resistance Rp, while the
properties of the barrier layer are defined by the capacitance RB and the resistance RB.

The variation of EIS parameters for the un-anodized AA 6061 and samples anodized under
different conditions exposed in 3.5 wt.% NaCl solution is presented in Table 4. The EIS response of
the un-anodized AA 6061 sample in the 3.5 wt.% NaCl solution can be represented by the equivalent
circuit in Figure 2b, which consists of a resistance RB and a capacitance CB in parallel. CB can be treated
as a constant phase element, and because the nB exponent is 0.94 this means that this constant phase
element can be treated as a capacitor. The behavior of anodized SA (sulfuric acid/1 A·cm−2) and SA
(sulfuric acid/7.2 A·cm−2) samples can be represented by the equivalent circuit in Figure 2c. From the
values of Rp and RB in Table 4, it can be seen the beneficial effect of anodizing in sulfuric acid compared
with the un-anodized AA 6061 sample. The higher Rp value of the SA (sulfuric acid/1 A·cm−2) sample
compared to the SA (sulfuric acid/7.2 A·cm−2) sample could indicate that the porous layer in the former
has a more homogeneous morphology than for the latter.

From Figure 3, it is interesting to note the behavior of the CA (citric acid/1 A·cm−2) sample,
which had a porous layer Rp value of 3.16 × 109 Ω·cm2 and a barrier layer RB value of 522,070 Ω·cm2

(the highest RB value measured under all conditions). To some extent, these data and the nB value
obtained indicate the formation of a homogeneous anodized layer.

The value of resistance R1 (resistance of ionic pathways in pores and defects) can be related to
the quality of pore sealing and varies from about 43,337 to 44,223 Ω·cm2 for samples anodized with
sulfuric acid at 1 A·cm−2 and 7.2 A·cm−2, respectively. An R1 value of 284,410 Ω·cm2 was recorded
for the CA (citric acid/1 A·cm−2) sample. This could be due to a better sealing of pores under this
last condition. On the other hand, the higher values of CB for un-anodized AA 6061 and CA (citric
acid/1 A·cm−2) samples as compared with other conditions are attributed to a thinner barrier layer.
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Last, the better corrosion resistance for the CA (citric acid/1 A·cm−2) sample might not be related to a
thicker anodized oxide layer. Indeed, this was not the case. Thus, a more homogeneous and organized
oxide layer in the CA (citric acid/1 A·cm−2) sample probably accounts for its good corrosion resistance.
Overall, the EIS data showed better corrosion behavior for the CA (citric acid/1 A·cm−2) samples in
comparison with the other anodizing conditions.

Table 4. Electrochemical impedance spectroscopy (EIS) data obtained by equivalent electric circuit
simulation of the un-anodized AA 6061 and anodized samples at different conditions exposed in
3.5 wt.% NaCl solution.

Samples Rsol
(Ω m2)

CPEw
(µF/cm2) nW

R1
(Ω m2)

CP
(µF/cm2)

Rp
(Ω cm2)

CB
(µF/cm2) nB

RB
(Ω cm2)

Error
(%) χ2

Un-anodized
AA 6061 21.58 - - - - - 6.66 0.94 181,720 <2.58 3 × 10−2

SA
(sulfuric acid)/1

A·cm−2
18.18 0.34 0.80 44,223 1.19 3.72 × 109 0.55 1.0 25,487 <2.57 6 × 10−4

SA
(sulfuric acid)/7.2

A·cm−2
17.41 0.45 0.71 43,337 1.49 1.00 × 109 2.16 1.0 9,199 <2.57 7 × 10−4

CA
(citric acid)/1

A·cm−2
27.78 0.86 0.88 284,410 4.82 3.16 × 109 3.82 1.0 522,070 <2.60 1 × 10−2

CA
(citric acid)/7.2

A·cm−2
21.81 - - - - - 15.66 0.90 29,399 <2.57 3 × 10−2

The combination of anodizing solutions and currents applied in the anodizing process for the two
cases presented in this work are indicative that these treatments can be effective against electrolyte
penetration, retarding corrosion and degradation of the anodized layer. Therefore, a homogeneous
and less porous surface improves the corrosion behavior by restricting the entry of chlorides towards
the metallic substrate [56,57].

3.4. SEM Microstructural Analysis

Figure 4 shows the surface morphology obtained by SEM in plan-view for samples anodized with
(a) sulfuric acid solution and (b) a mixture of citric–sulfuric acid solution at two currents densities,
i.e., 1 and 7.2 A·cm−2. As can be observed, irrespective of the anodizing solution used, the samples
processed using a current density of 7.2 A·cm−2 presented porosity and superficial cracking (see
Figure 4b,d). The anodized samples in both solutions with a current density of 1 A·cm−2, presented
a more homogeneous (less superficial defects) and similar morphology (see Figure 4a,c). In fact,
the CA (citric acid)/1 A·cm−2 sample shows a more regular and smoother surface than that for the SA
(sulfuric acid)/1 A·cm−2 sample, which leads to a better corrosion resistance, since in this condition Cl−

ions do not have an easy access path towards the barrier layer and the metallic substrate. For these
conditions, the Rp and RB values from Table 4 confirm the above observations. On the other hand,
the sample anodized with citric acid and a current density of 7.2 A·cm−2 presented the most defective
and heterogeneous surface morphology under all conditions, giving the worst performance against
corrosion. This type of structure was also observed in a previous study with a mixed tertiary acid
anodization process [50]. Other authors have observed similar morphologies on the surface of anodized
AA 1050 and AA 2024 T3 aluminum alloys in boric acid solutions [58].

Cross-sectional micrographs obtained by SEM of the anodized AA 6061 alloy under different
conditions is shown in Figure 5a–d. A noticeable difference in the thickness of the coatings formed is
observed, with the greatest thicknesses being those produced with a current of 7.2 A/cm2 in the two
anodizing solutions, i.e., 20.7 µm for the anodizing produced in sulfuric acid solution and 14.3 µm for
the anodizing produced in the citric–sulfuric acid solution. On these coatings, pores and cracks are
visible, in particular for the CA (citric acid)/1 A cm−2. An important reason for the nucleation of pores
and cracks on the anodized layer could be related to the development of thermal stresses caused by the
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differences in thermal expansion coefficients of the anodic coating and the metallic substrate during
the sealing operation. The observed trend was different from the expected trend of fewer cracks at
lower anodization current densities in terms of thermal stresses. Another reason could be related to
mechanical stresses induced during the metallographic cross-sections preparation of the samples [59].
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Figure 4. SEM surface morphology micrographs of the samples anodized in sulfuric acid solution and
citric–sulfuric acid solution. (a) SA (sulfuric acid)/1 A·cm−2, (b) SA (sulfuric acid)/7.2 A·cm−2, (c) CA
(citric acid)/1 A·cm−2 and (d) CA (citric acid)/7.2 A·cm−2.

The thinnest anodized coating (3.5 µm) was obtained with the sulfuric acid solution and a current
density of 1 A·cm−2, followed by the coating obtained with the citric acid solution and a current
density of 1 A·cm−2 (7.7 µm). In the former, its good behavior against corrosion could be due to the
fact that the porous oxide layer is thick enough and is not being affected by the electrolyte. However,
the latter presented the best corrosion performance. This indicates that not only thickness but also
other factors such as a more organized and less defective layer structure, are important to explain the
behavior found.

In the anodizing process, the coating is created from the surface of the metal. As the coating gets
thicker, the current has to pass through the growing layer to reach the clean metal surface. As the coating
grows from the bottom up, it may simultaneously be dissolved at the surface. The aggressiveness of
the electrolyte is dependent on the properties of the additives in the acid. Thin coatings are produced
when the additive in this case citric acid inhibits the dissolution of the oxide coating [31].

In Figure 6, the cross-section of the anodized AA 6061 alloy under different conditions and the
element mapping performed by EDS is shown. The cross-section mapping of elements (Figure 6e–h),
shows a higher concentration of oxygen (red) in the anodized layer formed in the anodizing solutions
and different current densities, which confirms the formation of the anodized layer.
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Figure 6. SEM cross-sectional micrographs and element mapping of the anodized samples in sulfuric
acid solution and mixture of citric–sulfuric acid solution. (a,e) SA (sulfuric acid)/1 A·cm−2; (b,f) SA
(sulfuric acid)/7.2 A·cm−2; (c,g) CA (citric acid)/1 A·cm−2 and (d,h) CA (citric acid)/7.2 A·cm−2.

4. Conclusions

• In this work, samples of AA 6061 were anodized in sulfuric acid and citric–sulfuric acid baths
and exposed in a 3.5 wt.% NaCl solution. Their electrochemical behavior was studied by cyclic
potentiodynamic polarization and electrochemical impedance spectroscopy.

• In general, cyclic potentiodynamic polarization results indicated that the sample anodized SA
(sulfuric acid)/7.2 A·cm−2 presented negative hysteresis, mainly indicating generalized corrosion,
while the rest of the samples presented positive hysteresis indicating a localized corrosion.
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• EIS results show that there are two time constants: the first referring to the surface porous layer
and the second related to a non-porous and protective barrier layer.

• For the samples anodized with a current density of 1 A·cm−2, the sample anodized in citric–sulfuric
acid solution exhibited the best corrosion resistance, followed by the sample anodized in sulfuric
acid solution. The worst performance was observed for the sample anodized in citric–sulfuric
acid solution with a current density of 7.2 A·cm−2.

• SEM observations indicated that the morphology and thickness of the anodic films formed on
AA 6061 aluminum in sulfuric acid solution and citric acid–sulfuric acid solution depend upon
the current density used. At high-current densities (7.2 A·cm−2), there is a considerable increase
in the thickness of the anodized layer, compared to anodized samples at low-current densities
(1 A·cm−2). In the former case, the anodized film presented porosity and cracking, whereas for
the latter case, the anodized film was homogeneous and compact.
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