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Abstract: Aluminum alloys are extensively used to manufacture mechanical components. However,
when exposed to alkaline environments, like lubricants, refrigerants, or detergents, they can be
corroded, reducing their durability. For this reason, the aim of this study is to investigate the influence
of aggressive alkaline solutions (i.e., pH and presence of chlorides) on the corrosion resistance of
three aluminum alloys (AA 5083-H111, AA 6082-T6, and AA 7075-T6) with and without anodizing
treatments. Open circuit potential (Eocp) and anodic polarization measurements were carried out
and typical corrosion parameters such as corrosion current density (icor) and corrosion rate (CR) were
determined. Morphology of the corrosion attack and samples microstructure were investigated by
scanning electron microscope. Results show that corrosion behavior of the three investigated alloys is
influenced by (i) the aggressiveness of the testing environments; (ii) the thickness of the anodizing
treatment; (iii) the alloy chemical composition; (iv) the distribution of intermetallic phases in the
aluminum matrix. Moreover, three galvanic series have been built also testing other metallic alloys
commonly used in mechanical applications, i.e., carbon steel (C40), stainless-steel (AISI 304), and
Cu-based alloys (Cu-Ni alloy and CW 617 N, respectively). Results clearly indicate that galvanic series
play a fundamental role when it is necessary to select an alloy for a specific environment, highlighting
the thermodynamic conditions for corrosion occurrence. On the other hand, kinetic measurements
and microstructural studies carried out on the three aluminum alloys stress the importance of the
surface treatments and relevant thickness as well as the effect of metal exposure. Future work will
involve the study of other surface treatments on aluminum alloys and the evaluation of their corrosion

behavior in acidic environments.
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1. Introduction

Nowadays, in the field of the mechanical industry, the design strategy adopted to
manufacture machinery aims at developing high-performing systems with high produc-
tivity. Additionally, industrial plant operations may involve different conditions such as
overloads, high temperatures, and quick temperature variations. To deal with all these op-
erating conditions, machinery is usually designed and made of different metallic materials
characterized by various performances (e.g., high strength, toughness, lightness, hardness,
corrosion resistance, etc.). In particular, the most common metallic alloys normally used
are carbon steel, stainless steel, and aluminum- and copper-based alloys [1-3]. Aluminum
alloys (AAs) are the lightest alloys (density of 2.7 g/cm3) among all the above-mentioned.
In addition, they have good mechanical properties, such as static and dynamic strength,
good electrical and thermal conductivity, and good resistance to atmospheric corrosion,
as well as good technological properties, such as machinability, weldability, and castabil-
ity [4,5]. All these properties allow designers to adopt a lightweight design approach when
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manufacturing mechanical parts with a high strength-to-weight ratio, thus reducing the
global weight of the machinery [6-8].

However, high-performing technical fluids like lubricants, refrigerants, or detergents
are often required to ensure correct industrial operations and/or to improve their reliability
and lifetime. Technical fluids are often based on alkaline solutions with pH ranging from
9 to 12 [9-11] and this can be an issue for AAs, which normally exhibit high durability
mainly in atmospheric environment. It is well known that, when exposed to atmospheric
environment, AAs usually show a passive behavior due to the formation of a thin film of
aluminum oxide (Al,O3) on the surface, which makes the corrosion rate (CR) negligible [12].
However, because of their amphoteric nature, AAs can exhibit corrosion when in contact
with other media, such as alkaline or acidic solutions.

Some authors studied the electrochemical behavior of AAs in acidic environments
investigating the performance of different corrosion inhibitors to slow down the dissolu-
tion [13-18]. Shahidi et al. investigated the kinetics of the corrosion process of AA 6061
tested in citric acid (C¢HgO7) as a function of temperature, pH, and the influence of C1™
concentration. The authors found that the AA 6061 tested in CgHgO7 at 25 °C exhibited
an open circuit potential (Eocp) of —0.518 V and a corrosion current density (icor) of
860 nA/cm?. Furthermore, the same alloy tested in the presence of Cl1~ showed an
increase in corrosion damage. As a matter of fact, the electrochemical test carried out by
adding 3.5 wt.% sodium chloride (NaCl) to the initial electrolyte highlights a decrease
in the Egcp to —0.621 V indicating a more negative potential and an increase in icor to
3500 pA/cm?. Furthermore, this study highlights the strong influence of temperature
and aggressiveness of the environment in the corrosion mechanisms [17].

Other studies report the corrosion behavior of AAs in alkaline media [19-28].
Yang et al. examined the surface morphology, microstructure, and corrosion mecha-
nism of 3003 AA after alkaline etching in order to apply superhydrophobic treatments. It
was found that the alkaline etching preferentially dissolves the Al matrix and the corro-
sion process forms Al(OH)3 phases. At the same time, intermetallic phases (i.e., AlgMn)
are preserved, inducing an increase in surface roughness and favoring the following
hydrophobic surface modification [28]. Wang et al. carried out a study focusing on the
corrosion behavior of AA 5052 to be applied as aluminum-air batteries. The anodes
were tested in a NaOH 4 M solution dissolved in an ethylene glycol-water electrolyte.
The electrochemical measurements performed on the AA 5052 immersed in the alkaline
electrolyte revealed an open circuit potential of —1.56 V and a corrosion current density
of 70,020 A/ cm?. The results demonstrated that the addition of dicarboxylic acid to the
alkaline electrolyte led to a decrease in the corrosion rate and a reduction in hydrogen
production [24]. Eid et al. analyzed the behavior of AA 6063 in a solution of NaOH
0.1 M (pH = 13), aiming at reducing the kinetics of the corrosion process by adding
different concentrations of methylcellulose in the electrolyte. They found an open circuit
potential of —0.59 V and a corrosion current density (icor) of 376.8 A /cm?. The results
show that, as the concentration of methylcellulose increases, a protective layer grows on
the specimen surface, protecting the alloy from corrosion phenomena. The higher the
concentration of methylcellulose in NaOH 0.1 M solution, the higher the inhibiting effect:
a shift in the Eocp towards more positive values and a reduction in the corrosion kinetics
were measured. The electrochemical results recorded by adding 2000 ppm of methyl-
cellulose to the initial electrolyte demonstrate a slightly more positive Eocp, with an
increased value of —0.55V, and a significant decrease in icor, down to 160.7 pA/ cm? [25].

Zaid et al. reported the corrosion behavior of AA 6061 in three different electrolytes,
namely HCI1 0.01 M, a slightly neutral solution of HC1 10> M, and NaOH 0.01 M alkaline
solution, all containing 3.5 wt% NaCl, in order to determine the relationship between
the corrosion morphology and the pH of the electrolyte [29]. The results showed that
when AA 6061 is exposed to an acidic solution the Egcp is found to be —0.74 V, with icor
approximately equal to 10 nA/cm?. The corrosion process results in a localized corrosion
attack, specifically pitting corrosion, on the surface of the tested samples. Furthermore,
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when AA 6061 is exposed to the alkaline solution, it exhibits the most negative Eqocp of
—1.38 V and the highest corrosion current density, approximately 300 wA /cm?. Conversely,
this led to a general corrosion attack that exposed the underlying alloy microstructure.

The corrosion process for AA specimens tested in alkaline or acidic electrolytes revealed
the microstructure of the alloys, highlighting the presence of secondary phases [30—40]. Vari-
ous researchers have studied the electrochemical behavior of intermetallic compounds
by measuring their Eqcp in different testing environments aiming at assessing their
susceptibility to localized corrosion phenomena [31,32,37]. Depending on the chemical
composition and the aggressiveness of the media, these secondary phases can act as
anode or cathode in the corrosion mechanism, inducing different localized corrosion
morphologies. In alkaline media, intermetallic compounds such as Mg,Si behave like
cathodic sites with respect to the surrounding AA matrix [30,36,38] inducing a micro-
galvanic corrosion process, which leads to faster dissolution of the aluminum matrix at
the interface with the intermetallic phase [30-38]. On the contrary, in acidic solutions
these compounds behave like anodic sites, leading to pitting corrosion [33,41].

In order to improve the corrosion resistance performances of AAs, they are commonly
subjected to surface anodization treatments. These surface modifications also can lead
to enhanced tribological and mechanical properties, such as hardness and abrasion resis-
tance [42]. Anodization treatment involves a controlled electrochemical process for the
formation of micrometric oxide layers on the aluminum alloy surface. As the oxide layer
forms porosities during its development, a sealing treatment is usually applied [43-45].
Traditionally, the sealing of the porous oxide layer was achieved through hydrothermal
treatment in deionized or distilled boiling water baths [45]. Currently, various sealing
solutions have been developed to enhance the corrosion resistance of the alloy and simul-
taneously achieve surfaces with new or optimized performances, such as hydrophobicity
and ice resistance, thereby expanding their field of applications [28,46—49]. The corrosion
resistance of anodized aluminum alloys in different environments has been extensively
studied, including acidic and neutral solutions [50-54]. However, the behavior of anodized
aluminum alloys in alkaline media is a topic that requires further investigation.

In this study, we aimed at investigating the influence of alkaline electrolyte pa-
rameters, i.e., pH and chloride addition, and anodizing treatment thicknesses on the
corrosion behavior of different AAs currently used in mechanical industry. To achieve
this, three different AAs (AA5083-H111, AA6082-T6, and AA7075-T6), provided in as-
built conditions and with anodization treatments characterized by two thicknesses (10
and 40 pm), were tested in NaOH-based electrolytes at two different pH (pH = 12 and
pH =9) and the addition of C1~ ions was also considered for the solution with pH = 9.
For comparison’s sake, the corrosion behavior of other metallic alloys commonly used in
mechanical applications, i.e., carbon steel (C40), stainless-steel (AISI 304), and Cu-base
alloys (Cu-Ni alloy and CW 617 N, respectively) were determined in the same alkaline
environments. Egcp measurements were carried out with the aim at building practi-
cal galvanic series in the investigated environments. In addition, anodic polarization
curves were recorded to calculate the corrosion rate of the different investigated AAs.
Lastly, the morphology and microstructure of the investigated AAs were examined after
polarization measurements, using scanning electron microscopy (SEM).

The goal of this work is to make a contribution to the knowledge of corrosion behavior
of aluminum alloys when used in specific applications where they can be in contact with
alkaline solutions. Although some studies have already been carried out, different surface
treatments can strongly influence the durability of the alloys.

Results show that the corrosion behavior of the three investigated alloys is influenced
by (i) the aggressiveness of the testing environments; (ii) the thickness of the anodizing
treatment; (iii) the alloy chemical composition; (iv) the distribution of intermetallic phases
in the aluminum matrix.
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2. Materials and Methods
2.1. Metallic Alloys

A selection of the AAs commonly applied in the field of industrial applications
was considered in as-built conditions and after the anodization process. The three
commercial AAs investigated are AA5083-H111, AA6082-T6, and AA7075-T6 (named
AA 5, AA 6 and AA 7, respectively) and were sourced from AVIOMETAL, Varese, Italy.
Their nominal compositions supplied in the technical data sheets are reported in Table 1.
The AA5083-H111 alloy is a non-heat treatable medium-strength Al-Mg alloy. The
H111 designation indicates that this alloy underwent a strain-hardening and partial
annealing process for enhancing both strength and formability [4,55,56]. AA6082-T6 is an
Al-Mg-Si alloy known for its favorable combination of strength, corrosion resistance, and
weldability. AA7075-T6 is an Al-Zn alloy with a high strength-to-weight ratio suitable
for lightweight applications. Both AA6082 and AA7075 underwent T6 treatment, which
involves a two-step process consisting of a solution heat treatment followed by ageing.
T6 treatment significantly improves the mechanical properties of the alloy, including
strength, hardness, and resistance to deformation [4,55,57].

Table 1. Nominal composition of the investigated aluminum alloys (Al to balance).

Si Fe Cu Mn Mg Cr Zn Ti
AA5AB 0.40 0.40 0.10 0.40-1.00 4.00-4.90 0.05-0.25 0.25 0.15
AA 6 AB 0.70-1.30 <0.50 <0.10 0.40-1.00 0.60-1.20 <0.25 <0.2 <0.1
AA7 AB <0.40 <0.50 1.20-2.00 <0.3 2.10-2.90 0.18-0.28 5.10-6.10 <0.2

AA 5, AA 6, and AA 7 have been tested in their as-built condition (AB), and after
two different anodization treatments leading to a nominal thickness of 10 pm (named 110),
and 40 um (hard anodization, named HA). Both treatments were industrially obtained by
immersion in HySO4 solution. The HA alloys were also tested after the sealing procedure
(named S) by immersion of the samples in nickel acetate solution at room temperature.

For observing the microstructure of AA 5, AA 6, and AA 7, chemical etching was
performed by dipping the samples in 40 mL of Keller’s acid reagent for 20 s. The for-
mulation used to prepare 200 mL of Keller’s solution involves the use of 2 mL HF, 3 mL
HC], and 5 mL HNOj3 in 190 mL of H,O as specified in the ASTM E407-07 standard [58].
After etching, samples were rinsed with distilled water and dried by a heat gun. Etched
specimens were considered as reference for microstructural observations carried out by
scanning electron microscope (SEM) (Philips XL20, Milan, Italy) and reported in Figure 1.

Comparing the three different alloys, secondary phases, well-known from the
literature as intermetallic phases [32,34,37], can be observed: a larger amount is present
in AA 5 AB and in AA 6 AB compared to AA 7 AB, where a limited amount is noted.
Comparable morphology (round shape) and size distributions (<5 pm) are detected
for all the intermetallic phases. From the EDS analysis reported in Figure 1, Mg,S5i
intermetallic phase has been found in both AA 5 AB and AA 6 AB samples, while
in the AA 7 AB alloy, Mg,Si and Al,Cu phases were detected. As reported in other
studies [30,33,38,59], Mg,Si is the typical intermetallic phase for AA 5083 and AA 6082.

For comparison purposes, medium carbon steel (C40) and austenitic stainless-steel
(AISI 304) (both supplied by Lucefin Group, Brescia, Italy), two Cu-based alloys, such as
an «, 3" brass CW617N (supplied by A.L.M.A.G. Azienda Lavorazioni Metallurgiche e
Affini Gnutti, Brescia, Italy), and a Cu-Ni alloy commercially named FORMAPLAST 160
(supplied by RS acciai s.r.1., Florence, Italy) were also tested. Their nominal compositions
from the technical data sheets are reported in Tables 2 and 3, respectively.
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Figure 1. Metallographic observations of (a) AA 5 AB, (b) AA 6 AB, and (c) AA 7 AB. In the red box,
intermetallic phases are highlighted and their EDS spectra are reported.

Table 2. Nominal composition of steels (C40 and AISI 304).

C Si P Mn Cr Mo Ni Fe
C40 0.37-0.44 0.4 0.03 0.5-0.8 0.4 0.1 0.4 97.4-97.8
AISI 304 0.07 1.0 0.045 2.0 17.5-19.5 - 8.0-10.5 66.9-71.4
Table 3. Nominal composition of Cu-based alloys (CW 617N and Cu-Ni alloy).
Sn Fe Zn Pb Ni Si Cu
CW 617 N <0.3 <0.3 38.0-40.0 1.6-2.2 <0.1 <0.03 57.0-59.0
Cu-Ni alloy - - - - 1.50-2.50 - 88.9-91.5

2.2. Alkaline Solutions

Technical fluids commonly employed for operations in industrial plants are typically
alkaline solutions with a pH ranging from 9 to 12 [9-11]. Moreover, some of these fluids,
especially detergents, contain chloride ions (C17) that can significantly compromise the cor-
rosion resistance of the analyzed alloys. Therefore, to replicate these industrial conditions,
three alkaline solutions were prepared. NaOH pellets (Sigma Aldrich, Milan, Italy (ACS
reagent)) were added to demineralized water to obtain different concentrations: E1 solution
has a concentration of 10~2 mol NaOH/L with a pH = 12, while E2 has a concentration of
10~° mol NaOH/L and a pH equal to 9. In order to study the influence of CI~ ions in the
corrosion behavior of the selected alloys, E3 solution was prepared by adding 3.5 wt% NaCl
(supplied by Sigma Aldrich, Milan, Italy) to E2 solution. The pH of the prepared electrolytes
was checked using a CyberScan pH 310 pH meter (Fisher Scientific Italia, Segrate, M, Italy)
before and after each electrochemical measurement, in order to monitor any unexpected
pH variation.
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2.3. Characterization

All the alloys have been supplied as disks of 18 mm diameter and 4 mm thickness
and a visual analysis was performed with the aim of detecting the surface texture. All
the AA disks showed circular concentric crests over the surface due to a chip removal
process. The presence of signs with non-uniform directions due to an abrasion process
were observed on the carbon and stainless-steel surfaces. The supplied specimens were
used for electrochemical and microstructural characterization after degreasing their
surfaces with acetone.

Electrochemical tests were carried out by using a conventional electrochemical cell
adopting two different configurations: a two-electrode configuration was applied to mea-
sure Eocp and a three-electrode setup to record anodic polarization curves. For measuring
Eocp, the sample was mounted in a Teflon sample holder acting as a working electrode
(WE) and connected to a potentiostat (Amel, model 7050, Milan, Italy) together with a
saturated calomel electrode (SCE) working as reference electrode (RE). To record anodic po-
larization curves (E-log(i) plots), a platinum wire was added to act as the counter electrode
(CE). Each electrochemical measurement was carried out using a temperature-controlled
electrochemical cell set at 30 °C. Eocp values were recorded after 2 h of sample immersion
in E1, E2, and E3 solutions and the reported values are the average of three measurements.

Anodic polarization curves were recorded starting from 0.1 V lower than Eocp up to
1.0 V higher than Eqcp, applying a scan rate of 0.167 mV/s. The surface area of each sample
exposed to the electrolyte was 2.010 & 0.007 cm?. To ensure reproducibility of results, all
measurements were repeated at least three times. From E-log(i) plots, the determination of
corrosion current density values (icor) was carried out by applying the Tafel extrapolation
method in the range of 25 mV with respect to the Eocp values. Then, the corrosion rates
(CRs) were calculated according to ASTM-G102-89 [60], using Equation (1):

CR=Kj X (icor/p) X EW [mm/yr] 1)

where EW is the equivalent weight of the sample [g] and K; =3.27 x 1073 [mm-g/pA-cm-yr]
is a constant reported in [60] to obtain CR in mm/yr.

Lastly, to support the electrochemical results, microstructural analyses were carried
out after anodic polarization tests by using a scanning electron microscope (SEM) Philips
XL20, Milan, Italy.

3. Results and Discussion

The electrochemical assessment of all the investigated alloys is reported and discussed
starting with the Eocp values measured in E1, E2, and E3 alkaline electrolytes. These data,
representing the tendency of the alloys to oxidize when in contact with an electrolyte, have
been treated to build galvanic series for each of the considered media. In Figure 2, the trend
of Eocp versus time of AA 6 AB in all the tested solutions is reported as typical example,
while for brevity’s sake Eqcp values after 2 h of immersion in E1, E2, and E3 are collectively
reported as histogram plots in Figures 3 and 4, respectively.

Regarding AAs, Eocp measurements revealed that these alloys in AB condition
exhibit the most negative values. In particular, the AA 6 AB sample both in E1 and
B2 (—1.48 + 0.04 V(scg) and —1.06 £ 0.04 V(scg), respectively) and AA 5 AB tested
in E3 (—1.02 £ 0.04 V(scg)) are the most active alloys in the correspondent galvanic
series. Among the three aluminum alloys, AA 7 AB samples always show less negative
Eocp values. Furthermore, AA alloys with I10 treatment exhibit similar values to the
AB condition when tested in E1, while Eqgcp shift towards less negative values when
tested in E2 and E3 (both with pH =9). Also in this case, AA 7 I10 samples show less
negative Eqcp values within the I10 samples. All HA-treated samples (both in sealed
and non-sealed conditions) show comparable potential values in the range between
—0.5 + —0.7 V(scE) in all the tested media and less negative Eocp values, especially in
El. Comparing potential values of the investigated aluminum alloys in E2 and E3 (same
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pH, but addition of 3.5 wt% NaCl in E3), a general shift towards more negative values is
observed in E3, except for the A 6 and A 7 in AB condition that strangely showed slightly
higher Eqocp values.

Figure 2. Evolution of Eocp measured for AA 6 AB for 2 h in E1, E2, and E3 media.

Figure 3. Galvanic series built from the Eocp values for all the investigated alloys tested in the E1 solution.

All the reported results indicate that among the tested samples in the AB condition,
AA 7 exhibits the lowest oxidation tendency by showing less negative Eocp values in all the
environments taken into account. In addition, a comparison of Eocp values measured for
the I10 samples in E1 and E2 solutions highlights that an increase in the solution alkalinity
(pH = 12 for E1 and pH = 9 for E2) leads to more negative potential values. 110 treatment
promotes the shifting of the potential toward less negative values, but only when in contact
with less alkaline solutions (i.e., E2 and E3), probably due to the small thickness of the
anodization treatment (nominally 10 pm). On the contrary, HA treatment (anodization
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thickness of 40 pm) tested in E1 solution was shown to be less prone to oxidation than I10.
HA treatment induces a relevant increase in the potential values in all the investigated
solutions, thanks to the increased thickness of the surface treatment.

Figure 4. Galvanic series built from the Egcp values for all the investigated alloys tested in (a) E2 and
(b) E3 solutions.

All the other tested alloys, such as Cu-based alloys (CW 617 N and Cu-Ni alloy),
carbon steel (C40), and stainless-steel (AISI 304), show less negative Eqcp values than all
the aluminum alloys in E1, E2, and E3. Indeed, the less negative Eocp values are found
for Cu-Ni alloy in E1 (—0.15 £ 0.04 V(scg)) and E2 (—0.03 4= 0.04 V/scp)) and for AISI 304
in E3 (—0.07 & 0.04 V(scE)) [61-64]. Comparing the three galvanic series, it is possible to
observe that the carbon steel (C40) specimen tested in E2 exhibited more negative values
compared to the ones in E1 solution. This behavior can be attributed to the favorable
formation of magnetite, a stable iron oxide film (Fe3O4) that occurs on the carbon steel
surface when exposed to alkaline environments with pH > 10 [65,66]. In E2 and E3 (pH =9),
the formation of magnetite is shown to be less favorable compared to E1 and the presence
of C1™ ions further decreases Eqcp values (Eocp @E3 < Eocp @E2 < Eocp @E1).

The scientific literature provides a limited amount of data regarding the electro-
chemical behavior of AAs in an alkaline environment. Only few data related to AA 5052
and AA 6061 (recorded in the same temperature conditions of our study, but with alka-
line environments with different NaOH concentration) have been found and reported in
Table 4. The experimental data of Figures 3 and 4 are in line with the ones found in the
literature: AA5052 exhibits more negative Eocp values compared to the ones recorded in
E1 for AA 5 AB due to the fact that it was tested in a more concentrated NaOH solution
compared to E1. Furthermore, AA 6 AB in E1 exhibited Eocp = —1.48 V (scg) which is
comparable with the value reported for AA 6061 in NaOH solutions with concentrations
ranging from 0.05 M to 0.5 M (Table 4).

As Epocp measurements only describe the thermodynamic behavior, anodic polar-
ization curves (E-log(i) plot) were recorded to obtain information about corrosion rate.
Figures 5 and 6 report the anodic polarization curves of the aluminum alloys in AB condi-
tion in E1, E2, and E3 and with 10 treatment in E1, respectively.
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Table 4. Eocp, icor, CR in different alkaline media derived from literature data.
Eocp icor CR
Alloys Electrolyte [Viscp] [uA/cm?] [pm/yr] Ref.
AA 5052 4 M NaOH in C,HgO» —1.56 70,000 767,522 [24]
AA 5052 4 M NaOH —1.54 70,020 767,742 [27]
0.05 M NaOH —1.48 676 7410
0.1 M NaOH —1.48 1750 13,750
AA 6061 0.25 M NaOH —1.49 2340 25,690 [19]
0.5 M NaOH —1.50 5570 65,150
0.05 M NaOH —1.55 404 4400
AA 6063 0.25 M NaOH —1.57 2090 22,780 [67]
0.5 M NaOH —1.59 3260 35,530

Figure 5. Anodic polarization curves in E1, E2, and E3 electrolytes of aluminum alloys in AB

condition: (a) AA 5 AB, (b) AA 6 AB, and (c) AA 7 AB.
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Figure 6. Anodic polarization curves of I10-treated aluminum alloys samples in E1 solution.

In E1 (green line), the polarization curves of all the three aluminum alloys in AB
condition (Figure 5) reveal an increasing trend of current density as a function of the
electrical potential, which represents an active behavior. In terms of Egcp values, these
curves are in the most negative region of the E-log(i) plots, consistently with the previ-
ously discussed Eqcp results. Among the AB samples, AA 6 exhibits the highest current
density values, indicating a significant increase in the kinetic of the corrosion process
(and consequently the highest corrosion rate value has been determined). Furthermore,
the curves of the three aluminum alloys in AB condition in E1 display the highest current
density values (shift in the right part of the plot) when compared to those obtained for
the same alloys in E2 (red line) and in E3 (blue line). In E2, it is possible to observe
that all the three AAs show a passive behavior, highlighting a potential increase where
the current density is almost constant. Similar breakdown potential (Ey,) values have
been detected: Ep, = —0.30 V(scp) for AA 5 AB, By, = —0.40 V(scg) for AA 6 AB, and
Epr = —0.36 V(scg). However, the polarization curve corresponding to AA 5 AB exhibits
a more extensive passivation zone compared to the others, due to the most negative
Eocp values. Remarkably, all the three curves exhibit similar current density ranges,
ranging from 0.3-0.7 nA /cm?.

The addition of CI™ (E3 solution) induces a shift toward higher current density
values for all the three AAs compared to E2. In addition, only AA 5 AB samples
shows a clear passive zone even if a reduction in the breakdown potential was recorded
(Epr = —0.60 V(scE)), while AA 6 and 7 exhibited an active behavior.

The kinetic behavior of the corrosion process for the aluminum alloys treated both
with I10 and HA was investigated through anodic polarization tests. HA (both in S and
NS conditions) in all the investigated environments and 110 samples tested in E2 and E3
exhibited very low passivation current density (order of magnitude: 10~° A/cm?), thus
indicating that the anodization treatment is very effective. The E-log(i) characteristic curves
recorded for I10 in El-treated samples are reported in Figure 6. These curves show the
anodic and cathodic branches indicating that 110 samples in E1 solution behave like active
alloys. Comparing these anodic polarization curves with the ones obtained for samples in
AB condition, it is possible to observe that the latter is shifted towards lower icor values,
indicating that HA treatment leads to a reduction in the kinetic of the corrosion process.

To quantify the kinetic of the corrosion process, the Tafel extrapolation method was
applied on E-log(i) curves to determine ic,r and CR parameters (Table 5) for AB and 110
conditions tested in E1. In E2 and E3 solutions, a significant instrumental noise did not
allow Tafel extrapolation. On the three different AA samples in AB condition in E1, the
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highest CR value has been found for AA 6 AB, while AA 7 AB exhibits the lowest one.
In general, lower values of CR for I10-treated samples have been observed than those
determined for samples in AB condition.

Table 5. Characteristic values of anodic polarization curves of AB and I10-treated aluminum alloys
recorded in E1. icor values were calculated by Tafel graphical extrapolation.

icor CR

Sample [nA/cm?] [um/yr]

AA5AB 4.03 £0.04 450+ 04
AA 6 AB 8.05 4+ 0.07 87.6 0.8
AA7AB 3.71 £ 0.03 414+ 04
AA5T10 2.87 £ 0.03 321+04
AA 6110 1.99 £+ 0.02 21.7 £ 0.2
AA 7110 0.93 + 0.04 104+ 04

Other researchers studied the electrochemical behavior of AA 5, AA 6,and AA 7 in
NaOH solutions by using the E-log(i) characteristic curves [19,29,67]. The most representa-
tive data from the literature are reported in Table 4. Higher icor and CR values are reported
in the literature compared to the ones obtained in this study, mainly related to the fact that
solutions with higher NaOH concentration have been used in the reported literature.

Microstructural analysis was performed on the surface of AA 5, AA 6, and AA 7 in the
AB, 110, and HA conditions, after the electrochemical measurements, to obtain qualitative
information about the morphology of the corrosion attack.

Microstructural observation of AA 5, AA 6, and AA 7 in AB condition tested in E1, E2,
and E3 electrolytes are reported in Figure 7. A uniform corrosion attack was evident due to
an increase in surface roughness. It is also observed how a variation in the aggressiveness
of the solution (i.e., increase in pH) can affect the surface response due to the corrosion
attack. The higher the pH, the stronger the corrosion damage and the more evident the
dissolution of aluminum. Moreover, especially for AA 6, evidence of localized corrosion
attack is depicted in correspondence with the boundary region between the intermetallic
phase (previously described in Figure 1) and the aluminum matrix, forming grooves around
the intermetallic particle [30]. This was observed mainly on the surface of the AA 6 AB
sample because of the high concentration of intermetallic phases dispersed in the matrix.
The same alloys tested in the E2 did not exhibit any significant corrosion damage, while
samples tested in E3 reveal evidence of a slight corrosion attack due to the addition of C1~
in the electrolyte (Figure 7). Overall, morphological analysis confirms that the corrosion
process occurring on the sample in AB conditions immersed in E1 is more severe than that
occurring in E2 and E3 solutions.

Morphological and microstructural investigations carried out on 10 pm-anodized
samples (AA 5110, AA 6110, AA 7 110) after electrochemical characterization in E1, E2, and
E3 electrolytes are shown in Figure 8.

Morphological observations performed after electrochemical characterization of alu-
minum alloys AA 5, AA 6, and AA 7 in I10 condition in E1 mainly reveal cracks of the
anodizing treatment, while surface cracks are less visible for the samples exposed to E2
and E3 solutions, especially for AA 5 and AA 6. Moreover, it is also possible to observe
a homogenous distribution of micro-pores mainly due to surface treatment defects. Such
defects can explain the corrosion performances of AA 5, AA 6, and AA 7 in I10 condition
previously discussed.

Finally, morphological investigations of aluminum alloys AA 5, AA 6, and AA 7 in
HA condition, both sealed and unsealed, exposed to E1, E2, E3 solutions are reported in
Figures 9 and 10. These micrographs do not show significant corrosion damage except those
for samples AA 5 HA (in sealed and unsealed conditions, tested in E1) which show cracks
and discontinuities in the protective layer. The comparison of morphological observations
for aluminum alloys AA 5, AA 6, and AA 7 in the 110 and HA-S conditions highlights
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that the thickness of the anodization treatment is very important and confirms the data
obtained by electrochemical characterizations.

Figure 7. SEM micrographs of aluminum alloys AA 5, AA 6, and AA 7 in AB condition after anodic
polarization tests performed in E1, E2, and E3.

Figure 8. SEM micrographs of aluminum alloys AA 5, AA 6, and AA 7 in I10 condition after anodic
polarization tests performed in E1, E2 and E3.
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Figure 9. SEM micrographs of aluminum alloys AA 5, AA 6, AA 7 in HA-S condition after anodic
polarization tests in E1, E2, and E3.

Figure 10. SEM micrographs of aluminum alloys in HA-NS condition after anodic polarization tests
in E1, E2, and E3.
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4. Conclusions

The corrosion behavior of three different aluminum alloys in as-built (AB) and an-
odized conditions (I10, HA-S, HA-NS) was investigated in alkaline electrolytes by electro-
chemical techniques and microstructural observations.

The principal outcomes of the study are reported as follows:

a.  The as-built samples were found to be the most electronegative ones, holding the
lowest positions in the galvanic series. Among the samples, AA 6 AB, tested in E1 and
E2 electrolytes, as well as AA 5 AB, tested in E3, exhibited the most electronegative
Eocp values. Conversely, AA 7 AB appeared to be the most electropositive in all the
considered environments;

b.  The Epgcp values measured for the three alloys in I10 condition increased with the ag-
gressiveness of the testing solution, whereas the HA-S and HA-NS samples exhibited
no significant variation in Eocp values across any of the environments considered;

c. Comparing the E-log(i) characteristic curves obtained for the three alloys in AB
condition in E1 with those recorded in E2 and E3 solutions reveals a variation in
their electrochemical behavior. In the former electrolyte, specimens show an active
behavior, while in E2 and E3 an active-passive behavior was observed. All the
anodized samples in E2 and E3 exhibited the lowest current density and consequently
the lowest corrosion rate;

d.  The electrochemical behavior of AA samples analyzed in all the considered elec-
trolytes was found to be dependent on the pH of the environment as well as the
thickness of the anodization treatment.

Lastly, further studies will be carried out to investigate the electrochemical behavior
of the same aluminum alloys, with also other surface treatments, in acidic solutions. The
evaluation of their thermodynamic and kinetic behavior as functions of different environ-
mental characteristics and materials features will allow a complete picture of aluminum
alloys in different conditions occurring in industrial plants.
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