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Abstract

Aluminum-—copper casting alloys are potential candidate materials for use in marine appli-
cations where high mechanical strength and superior fatigue resistance are desired. The
corrosion and protection of aluminum alloy B206 in seawater through surface passiva-
tion continues to pose challenges, hampering its widespread use in marine structures. In
this study, the electrochemical behavior of B206 is investigated in artificial seawater at
temperatures and dissolved oxygen (DO) concentrations anticipated during service in
marine environments. In particular, the influence of anodizing B206 in deaerated seawa-
ter on the subsequent corrosion behavior of the alloy is studied using potentiodynamic
and potentiostatic polarization, electrochemical impedance spectroscopy (EIS), and Mott—
Schottky analysis. The results showed that the effect of DO on the corrosion of B206 is
more significant than the effect of temperature. In the absence of DO, results of poten-
tiostatic polarization, EIS, and Mott-Schottky analysis at anodic potentials all indicated
the development of a thicker, more protective passive layer in colder seawater. Moreover,
passive layer thickness modeled using Power-Law was found to range between 3 and 9 nm,
whilst decreasing in thickness with temperature. Donor densities of the n-type passive
layer are on the order of 1021 cm 2 and increase with temperature. The findings pre-
sented in this study support the feasibility of implementing anodizing for B206 in marine
service environments.

Keywords: aluminum alloys; seawater; passivity; dissolved oxygen; Mott-Schottky

1. Introduction

Aluminum-—copper casting alloys offer great mechanical properties such as high
strength and hardness, high fatigue and creep resistance, and good machinability. These
mechanical properties result from the copper content of these alloys [1-3]. The Al-Cu
(4.2-5.0 wt.% Cu) alloy, known as B206, is one of the strongest and toughest aluminum
casting alloys, exhibiting high strength, good low-cycle fatigue resistance, and excellent
ductility [4,5]. The high strength of the B206 (436 MPa ultimate tensile strength in T7
condition [6]) is achieved by the presence of copper as an alloying element. B206 has sev-
eral potential benefits in engineering applications, such as weight reduction in important
aerospace and military castings [5]. It is also a potential candidate material for use in marine
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applications where good mechanical properties and high strength-to-weight ratios are de-
sired [7]. These properties are ideal for components of novel tidal-based energy-generating
systems. However, corrosion continues to be an issue hampering the widespread adoption
of this material in such systems.

The increased use of aluminum alloys in seawater has promoted further research
into their corrosion behavior under conditions relevant to the marine industry. The effect
of DO on the corrosion rates of active-passive metals, such as aluminum, can be quite
variable. It has been reported that for these alloys, high DO concentrations tend to promote
healing of the passive film and thus retard the initiation of pitting corrosion [8]. Conversely,
high DO also favors a vigorous cathodic reaction and tends to increase the rate of pit and
crevice propagation after initiation [8]. Temperature is also a critical factor in the corrosion
behavior of aluminum alloys in seawater environments [9]. However, it has been pointed
out in previous reports that the effects of DO on corrosion rate are often stronger than those
of temperature [8].

For Al-Cu alloys, it is established that their corrosion is a function of the composition
and distribution of a range of intermetallic particles such as Al,Cu, Al,CuMg, and Al-
CuFeMn [10-14]. Generally, these intermetallic particles are considered to be the initiation
sites for localized corrosion due to the galvanic coupling between them and the surround-
ing matrix [15,16]. In our previous reports on the localized corrosion mechanism of B206,
intergranular corrosion (IGC) was seen propagating beneath the alloy surface [7]. As such,
one of the protection methods for Al alloys is to create a protective passive layer on the
alloy’s surface [17]. This can be achieved through anodizing the surface before installation
in the marine environment, or by ensuring the continuous incidence of a passive condition
on surfaces exposed to seawater; for example, with an anodic protection system. Anodized
aluminum or aluminum alloys have been shown to exhibit excellent resistance to localized
corrosion compared to their as-received counterparts, especially in aqueous neutral chloride
solution [18]. The thickness, porosity, breakdown resistance, and semi-conductive behavior
of the anodized passive layer are all important properties that determine its performance
in preventing further corrosion.

Despite literature existing on the corrosion behavior of Al-Cu alloys, there remains a
notable gap in understanding the corrosion behavior of B206 in seawater specifically. More-
over, passivation of B206 in seawater continues to pose challenges, necessitating further
understanding of the interplaying effects of DO and temperature on the passive behavior
of B206 in seawater. The goal of such knowledge would be to maintain the longevity of
structures made from B206 in marine environments by facilitating the reduction in their
corrosion rate to an acceptable level. In this paper, potentiostatic and potentiodynamic
polarization techniques, as well as EIS, were used to characterize the corrosion behavior and
passive layer thickness of anodized B206 in artificial deaerated seawater at four different
temperatures ranging from 6 to 25 °C, which are representative of service temperatures for
marine applications such as tidal energy installations. The Mott-Schottky technique was
used to study the effect of temperature on the formation of the passive layer on B206 and
to identify the donor density of the passive layer formed on anodized samples immersed
in deaerated seawater at different temperatures.

2. Materials and Methods

For metallographic examinations, specimens were taken in the as-cast condition from a
B206 casting manufactured from ingots sourced from Rio Tinto Alcan (Kitimat, BC, Canada).
The ingots were melted by the foundry in a resistance furnace and degassed with Argon for
10 min. After degassing, the molten metal was poured at 700 °C into a fireclay mold with
a water-cooled copper chill bottom. Insulation on the mold sides forces single-direction
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solidification, greatly preventing porosity defects. For microstructural consistency between
specimens used in this study, they were cut transversely to the solidification direction. These
specimens were each ground using silicon carbide papers to 1200 grit. Final polishing was
performed on the Buehler Phoenix Beta grinder/polisher as a three-step process: 6 pm
then 1 pm diamond paste, followed by 0.05 pm colloidal silica, rinsing with distilled
water, and air drying. The as-polished morphology of the alloy was examined using an
optical microscope (OM, Olympus, Tokyo, Japan) and a scanning electron microscope (SEM,
Hitachi 5-2000, Tokyo, Japan).

Circular specimens with 1 cm? surface area were cut from a B206 casting, connected
to a copper wire by conductive silver epoxy, and mounted in a self-curing epoxy resin.
The chemical composition of the alloy, determined through Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) adapted from ASTM E3061, is shown in Table 1 [19]. Before
each electrochemical test, the exposed surface of the test sample was wet ground using
abrasive silicon carbide paper up to 800 grit, ultrasonically degreased with acetone for
10 min, rinsed in deionized (DI) water, and then air dried.

Table 1. Chemical composition (in wt. %) of the B206 alloy determined through ICP-MS,
adapted from [19].

Cu Si Fe Mn Mg Ti Zn Al
4.68 0.03 0.05 0.27 0.31 0.02 0.02 Balance

Analytical grade reagents from Thermo Fisher Scientific (Waltham, MA, USA) were
used to prepare artificial seawater solution per ASTM D1141 at pH 8 [20]. The chemical
composition of the artificial seawater is presented in Table 2. Electrochemical experiments
were carried out in both naturally aerated (oxygen concentration of 5.2 ppm) and deaerated
(according to Stansbury and Buchanan [21], approximately 1 ppb dissolved oxygen could
be achieved) solutions to investigate the effect of DO. Naturally aerated solutions represent
submerged marine environments near the seawater surface, where DO concentrations are
the greatest. DO concentrations in seawater decrease at increased depths from the surface
and are also a strong function of temperature [22]. Hence, to capture the full spectrum of
depths at which marine structures built from B206 may be installed, the corrosion behavior
of the alloy is investigated in both the highest practical DO concentration level (natural
aeration) and the near complete absence of DO (deaeration).

Table 2. Chemical composition (in g/L) of the artificial seawater used.

NaCl MgCl, NaSO4 CaCl, KC1 NaHCO3; KBr H3;BO;  SrCl, NaF
24.53 5.20 4.09 1.16 0.695 0.201 0.101 0.027 0.025 0.003

Electrochemical tests were conducted in a 1 L jacketed glass cell with the B206 sample
as the working electrode, an Ag/AgCl (4 M KCl filling solution, 0.197 V vs. SHE) electrode
as the reference, and a graphite rod as the counter electrode. The jacketed cell was connected
to a cooling and heating water bath with a programmable temperature controller. To
investigate the effect of temperature on the corrosion behavior of B206, experiments were
performed at 6, 10, 14, and 25 °C (£1 °C). The electrochemical tests were performed using
a Princeton Applied Research (PAR) VersaSTAT3® potentiostat/galvanostat (AMETEK
Scientific Instruments, Oak Ridge, TN, USA).

Potentiodynamic and potentiostatic polarization, EIS, and Mott-Schottky analysis
were performed on the B206 sample. All the electrochemical experiments were conducted
at least two times to confirm the reproducibility of the results. Before each experiment, the
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working electrode was immersed in the electrolyte until the corrosion potential approached
a steady state condition (change of less than 5 mV in open circuit potential (OCP) over a
10-min period [23]). Potentiodynamic polarization was performed from —0.25 V vs. OCP
up to —0.25 Vag/agcl at a potential scan rate of 0.167 mV/s. To investigate the effect of
temperature on the passive behavior of B206, a multi-stage test routine was conducted in
deaerated artificial seawater. Only seawater with practically zero DO was used because
no stable passivation of B206 occurs in the presence of DO from natural aeration. In the
multi-stage test routine for evaluating passive behavior, following a 2 h OCP segment, a
potentiostatic anodizing session was run for 6 h at a potential of —0.65 Vag/agc1 to grow
the passive layer. This potential was predetermined based on the passive region of previous
potentiodynamic polarization results. This anodizing session was immediately followed
(i.e., without removal of the specimen from the test solution) by EIS and then Mott-Schottky
analysis. Potentiostatic EIS is a non-destructive electrochemical technique [24], and since it
was conducted at the same anodizing potential of —0.65 Vg, agc1 and lasted less than 5 min
in each routine, it is considered not to affect the passive layer structure for the subsequent
Mott-Schottky test. EIS was run at a frequency range between 10,000 and 0.05 Hz, an
AC disturbance signal of 10 mV, and a sampling frequency of 10 points per decade. The
subsequent Mott-Schottky tests were scanned between —0.80 Vag/agc1 and —0.50 Vag/agcl,
a potential range within the passive region of the previous potentiodynamic polarization
plots. The Mott-Schottky scans were conducted at a frequency of 1 kHz, an AC amplitude
of 10 mV, and with a step height of 25 mV.

3. Results and Discussion
3.1. Microstructure

Figure 1 shows the optical and backscattered SEM micrographs of the B206 alloy, which
illustrate the intermetallic particles in the Al matrix. With regards to shape, there are two
main types of intermetallic particles present: those that are almost spherical with a diameter
of 4-6 um and those that are irregular in shape, present in the alloy in the form of clusters
or continuous particles. In the authors” previous study on the mechanism of the B206
localized corrosion [17], it was revealed that the microstructure of the alloy is complicated,
exhibiting multiphase particles. Although not quantified in that study, there were three
main types of intermetallic particles in the B206 casting used in this study—these were all
related to Al,Cu particles and contained small amounts of Mg and Si or Al-Cu-Mg-5i [10].
It was also reported that the intermetallic particles initially exhibit an anodic behavior with
respect to the matrix, giving rise to a process of selective dissolution of Al and Mg [25].
As a result of this, there was an increase in the concentration of Cu in these intermetallics,
which was the cause of their subsequent cathodic behavior.

e
wn}‘s,o:nm 15.0kV x1.8k 20um

Figure 1. (a) Optical and (b) SEM micrographs of B206 aluminum-—copper casting alloy showing Al
grains of matrix and Cu-rich intermetallics at grain boundaries.
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3.2. Electrochemical Studies at Different Temperatures and DO Conditions

Figure 2 shows the polarization curves for the B206 alloy in naturally aerated and
deaerated artificial seawater at 10 °C. The corrosion potential (Ecorr) value of B206 in the
naturally aerated solution is higher than that in the deaerated solution; the difference is ca.
0.5 V. The change in the DO condition influences the cathodic process and subsequently,
the corrosion potential. During potentiodynamic polarization, the pitting potential (Ep;) is
normally defined as the potential at which the anodic current increases significantly with
further applied potential [21], as labeled in Figure 2. Epj; corresponds to the potential at
which pits will nucleate and grow. The onset of E,;; provides an indication of the pitting
resistance of a material in a specific environment and could be compared to the Ep; of
other materials in the same environment or of the same material in other environments.
Figure 2 also shows that the anodic polarization curve of B206 presents an active—passive
breakdown transition in the deaerated environment, while the corresponding curve in the
naturally aerated environment indicates that localized corrosion of B206 can occur under
open-circuit conditions. The change in cathodic reaction by introducing oxygen in the
solution causes an increase in the Eqorr close to Epit.
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Current density (A/em’)

Figure 2. Potentiodynamic polarization curves for B206 in artificial seawater solution at 10 °C
showing the effect of aeration on passivity.

The effect of seawater temperature on the polarization curves of B206 was investigated
in deaerated conditions. Figure 3 shows the polarization curves for the B206 alloy at
temperatures ranging from 6 to 25 °C with deaerated artificial seawater. From Figure 3,
it is evident that the temperature has a negligible effect on E,;;. However, the passive
current increases with increasing temperature in deaerated solution. It is also noted that
the increase in passive current density appears more pronounced at lower temperatures.
Whereas a clear separation of the passive region is observed between the 6 °C and 10 °C
profiles, no significant difference is seen between the 14 °C and 25 °C profiles, even though
the latter two profiles have a larger temperature difference than the former profile pair.
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Figure 3. Polarization curves for B206 in deaerated artificial seawater solution showing the effect of
temperature (6, 10, 14, and 25 °C) on current density.

3.3. Passive Layer Behavior
3.3.1. Passive Current Density Decay

The current density decay transients measured during anodizing at —0.65 Vag/agc
in deaerated artificial seawater are shown in Figure 4. The passive current density (ipass)
increased with increasing temperature, which implies decreased passive layer protection
and increased corrosion rate with increasing temperature.

30
] —=—6°C
25 ] ——10°C
—+—14 °C
] —v—25°C
20
15—-

Current density (uA/cm?)

0+ T T T T T T T

0 5000 10000 15000 20000
Elapsed time (s)

Figure 4. Passive current density decay transients measured during the 6 h anodizing of B206 at
—0.65 Vag/agcr in deaerated seawater showing the effect of temperature (6, 10, 14, and 25 °C).

The smoothest and most uniform transient corresponds to the 6 °C solution, reaching
a stable current density of approximately 3 pA /cm? after around 6000 s of anodizing. The
passive current density in the 10 °C solution reached a slightly higher current density,
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yet only stabilized towards the end of the 6 h anodizing period. This longer stabilization
period also existed for the 14 °C transient, in addition to visibly more unsteadiness in
the ipass measurement, especially towards the beginning of the anodizing process. This
indicates instability of the passive layer formation, an occurrence which manifests itself
the most in the 25 °C current density transients during the first 10,000 s of anodizing.
Hence, not only do the final ip,ss values reached after 6 h of anodizing show the less robust
passive layer(s) formed at higher temperatures, the instability in the transients during the
earlier development stages allude to more difficult passive layer growth therein due to the
increased dissolution rate of AI(OH); at higher temperatures counteracting its formation
from Al,O3, as described in the next section.

3.3.2. Passive Layer Components and Structure

Aluminum oxide (Al,O3) forms immediately upon exposure of Al to atmospheric
air containing O;. Through anodizing in the alkaline chloride-containing solution, the
surface of the aluminum alloy becomes covered with a duplex structure consisting of
an inner anhydrous Al,Os3 layer adjacent to the substrate surface and an outer hydrous
layer of aluminum hydroxide (Al(OH)3) corrosion product [26]. Both components of this
dual-structure thicken with continued anodizing at the passive —0.65 Vag/agc1 potential
in these alkaline solutions [27], leading to a decrease in the anodic dissolution of the
Al-based substrate.

In deaerated conditions, the formation of AI(OH)3 corrosion product follows a three-
step process involving intermediary AI(OH)** and Al(OH)?** complexes as shown in
Reactions (1) to (3) [27,28]. The corresponding cathodic reaction is the reduction of water,
as shown in Reaction (4). The formation and continual thickening of the AI(OH)3 corrosion
product increases the impedance of the overall dual-layer barrier, enhancing the corrosion
protection of the aluminum alloy substrate.

Al + OH™ < AI(OH)*" + 3¢~ (1)
AI(OH)** + OH™ + AI(OH),* 2)
AI(OH)," + OH™ > AI(OH); 3)

2H,0 +2¢~ —20H™ + H, (4)

The stabilization of the 7p,ss transients shown in Figure 4 can therefore be explained
as the slow decay of the ratio between the formation and dissolution rate of AI(OH)s to
unity following a period where the formation rate exceeded the dissolution rate. However,
since the 7p,ss transients at all temperatures tested eventually reach stability, the differences
in final ipass values for different temperatures cannot be explained by the formation vs.
dissolution ratios. Rather, it is suggested here to be the result of structural (i.e., thickness and
porosity) and electronic (i.e., semiconductive) differences in the duplex-layer as evidenced
by the EIS and Mott-Schottky results below, respectively.

3.3.3. EIS

Figure 5 shows the Nyquist impedance representations of the EIS impedance spectra
for anodized B206 specimens in deaerated seawater at temperatures between 6 and 25 °C.
At the coldest temperature of 6 °C, it is seen that the Nyquist profile manifests as a
nearly complete depressed semicircle, with the real component of the impedance (Zy.)
reaching a value slightly greater than 3 x 10* Q) cm? at the lowest frequency. Although the
adsorption of C1~ on the surface of anodized Al specimens in Cl~-containing electrolytes
is an established phenomenon [28-30], the Nyquist plot at 6 °C reveals the absence of
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significant auxiliary processes such as adsorption or induction at lower frequencies at
this temperature.
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Figure 5. (a) Nyquist plot with 0.1 and 1 Hz frequencies indicated, and (b) Bode plot representations
of the EIS impedance spectra obtained at —0.65 Vg, agc1 for anodized B206 specimens in deaerated
seawater, showing the effect of temperatures between 6 and 25 °C.

Based on the duplex structure of the passive layer known to form on Al in alkaline
media [27,28], as described in the previous section, an electrical equivalent (EEC) with
passive film/layer resistance and constant phase element (CPE), denoted as Ry and Qy,
respectively, is proposed to model the EIS result at this temperature. This is shown in
Figure 6 with a parallel charge-transfer resistance (Rt) and double-layer capacitance (Qq;) in
series to model the solid-electrolyte interface at which electron transfer occurs. A schematic
of the corresponding proposed physical system is also illustrated.
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Figure 6. Proposed EEC and physical occurrences for EIS at —0.65 Vg, a¢c1 On anodized B206 in
deaerated seawater at 6 °C.

In the proposed EEC, CPEs were used instead of ideal capacitor elements due to
expected surface heterogeneities in practice [31]. The fitting results of the EEC in Figure 6
for the 6 °C EIS spectrum are shown in Table 3 and are overlaid on Figure 5. The results
show a good correlation between the EEC and the experimental measurements, as seen from
a x? value of 4.22 x 10~* and a maximum error in fit below 2.06%. It is noted that an EEC
with a nested parallel adsorption segment (i.e., {R(Q(R(QR)))}) was attempted in modelling
the 6 °C EIS spectrum, yet resulted in no significant fitting correlation difference compared
to the EEC in Figure 6. However, when a simpler {R(QR)} as in [32] was attempted, a drop
in fitting accuracy was observed. This indicates that a two-time-constant EEC best suits the
EIS spectrum measured at 6 °C.

Table 3. EIS component values for B206 anodized at —0.65 V vs. Ag/AgCl in seawater solution at 6,
10, 14, and 25 °C.

Solution Temperature [°C]

Components 6 10 14 25
Figure 6 Figure 7 Figure 7 Figure 7
Ry [QY cm?] 6.14 14.2 458 8.41
Qu IO 1sn] 1.83 x 1076 210 x 107° 246 x 107° 9.55 x 10~°
gy 1 0.92 0.93 0.96
Cy [Fem™2] 1.83 x 1076 5.17 x 1076 7.14 x 1076 4.73 x 107°
Ret [Q em?] 2.96 x 10* 244 x 10* 232 x 10% 2.19 x 10
Q01 s 2.75 x 107> 1.42 x 10~ 1.90 x 106 1.41 x 1075
ng 0.84 1 1 0.92
Cr[Fem 2] 8.34 x 1074 1.43 x 1073 2.14 x 1073 243 x 1073
Rf [ em?] 2.24 x 10* 1.25 x 10° 8.18 x 102 8.03 x 102
wiQ1s%5] / 1.47 x 108 8.99 x 107 1.7 x 107
x> 452 x 10~* 1.65 x 1073 1.84 x 1073 2.26 x 1073
% error in fit <2.35 <3.84 <3.89 <4.78
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Figure 7. Proposed EEC and physical occurrences for EIS at —0.65 Vag/agc1 on anodized B206 in
deaerated seawater at 10, 14, and 25 °C.

Figure 5 also shows the Nyquist plots for the EIS conducted at 10, 14, and 25 °C. In the
Nyquist plots at these temperatures, much more noticeable supplemental electrochemical
processes can be identified at low frequencies <0.1 Hz. This indicates a change in governing
mechanism; based on the characteristic linear slope segments at low frequencies in the
Nyquist representations, this is likely due to diffusion-controlled behavior [31].

It has been described earlier that a duplex passive layer structure exists on the anodized
B206 specimens, where a compact inner anhydrous layer of Al,O3 resides between the
alloy substrate and a porous outer hydrous AI(OH); layer. In C1™-containing electrolytes,
the adsorption of C1~ onto the outer AI(OH)s layer has been an established account by
other researchers [28,29]. In a recognized work by Nguyen and Foley [33], the reaction
activation energy between Cl~ and the intermediary AI(OH)** complex of Reaction (3)
was shown to be lower than that between Cl~ and Al*. Hence, adsorbed Cl~ on the
outer layer of the passive film reacts preferentially with A(OH)?*, ultimately thinning and
breaking down the AI(OH); layer. The ensuing breakdown of the AI(OH); layer under
the influence of Cl~ results in AICl;~ through the multi-step process of Reactions (5) to (8)
shown by McCafferty [34]:

Al(OH); + C1™ +» AI(OH),Cl + OH ™ (5)
Al(OH),Cl + C1~ <+ AI(OH)Cl, + OH~ (6)
AI(OH)Cl, + C1~ <+ AICl; + OH~ @)
AICl; + Cl™ <5 AICL, ™ 8)

In a fundamental investigation by Kolics et al. [35], it was demonstrated that this
Cl™-induced adsorption on the Al passive layer is dependent on pH, where the Cl~ con-
centration on the surface decreases with increasing pH. Although the pH of the electrolytes
in the present work does not change substantially with temperature, an increase in tem-
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perature still increases the rate of AI(OH)3 dissolution into AICl;~ simply based on the
temperature influence in the Arrhenius law. As such, even at a constant anodizing potential
of —0.65 Vag/agc1 and a constant C1™ concentration in the anodizing solution, at increased
temperatures the thinning and pitting of the outer AI(OH)3 ensues at a faster rate; this has
been shown to drastically decrease the film resistance [28], increase pore sizes allowing the
diffusion of electro-active species therein, and hence increase the corrosion rate of the Al
alloy substrate.

Based on the manifestation of mass-transfer controlled behavior at 10, 14, and 25 °C in
the EIS spectra of Figure 5, the EEC of Figure 7 is proposed for modelling electrochemical
behavior at these temperatures. A corresponding schematic of the proposed physical occur-
rences is also shown in Figure 7. Here, the combined influence of increased temperature
and aggressive Cl~ ions in the alkaline solution is suggested to thin and pit the AI(OH);3
outer layer, creating larger channels for the diffusion of key electroactive species during
the ensuing corrosion of the substrate. The Nyquist spectra at 10, 14, and 25 °C show
near characteristic Warburg diffusion element (W) behavior [36]. The fitting results of
the EEC in Figure 7 for the 10, 14, and 25 °C EIS spectra are shown in Table 3 and are
overlaid on Figure 5. Again, the results show a good correlation between the EEC and
the experimental measurements, with x? on the order of low 10~2 values and a maximum
error in fit below 4.64%. Overall, steady decreases in Rt and R values with increased
temperature demonstrate the increased corrosion caused by the decreased passive layer
protectiveness at higher temperatures.

3.3.4. Mott-Schottky Analysis and Passive Layer Thickness

The Mott-Schottky plots of anodized B206 in seawater solutions at 6, 10, 14, and 25 °C
are shown in Figure 8. The Mott-Schottky technique relies on the assumption that at high
applied frequencies, like the 1 kHz used in this work, the capacitance at the passive layer’s
interface with the electrolyte mainly represents the space-charge layer capacitance (Csc) [37].
This is because Cs is considered to be much less than the capacitance of the Helmholtz
layer. Therefore, the Csc 2 vs. potential representation of the Mott-Schottky plot in Figure 8
can be used to describe the semi-conductive behavior of the depletion region in the passive
layer anodized on B206, at the four temperatures tested. Figure 8 shows increasing Csc with
temperature and a linear relationship between the capacitance and the applied potential in
the passive potential region investigated. The positive slopes (S) of the Mott-Schottky plot
at every temperature tested indicate n-type semi-conductive behavior of the passive layer,
agreeing with prior electrochemical studies on Al,O3 [38—40].

For an n-type semiconductor, the charge distribution as a function of applied potential
can be determined through Equation (9), where Nd represents the donor density, Eg, is
the flat-band potential, k is the Boltzmann constant, T is the temperature in Kelvins, ¢
is the dielectric constant of the passive layer (¢ ~ 10 for Al alloys [41]), g is the vacuum
permittivity (8.85 x 107 Fem™1), and e is the elementary charge (1.6 x 10719 Q).

1 2 kT
- _—_“ (gp_g. "
Cs? ecoeNy < o ) ©)

Thus, N4 for the passive layer anodized on B206 in deaerated seawater can be deter-
mined from the corresponding m term or slope S in the experimental Cs. =2 vs. the
potential plot of Figure 8.
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Figure 8. Mott-Schottky plots at 1 kHz between —0.8 Vag/agct and —0.5 Vag/agcr after 6 h of
anodizing in deaerated seawater, showing the effect of 6, 10, 14, and 25 °C temperatures on Csc.

Using the linear fit slope values overlaid on the figure, Ny values are calculated and
plotted in Figure 9. The N4 values are seen to increase with the temperature of the anodizing

0% 3 measured

solution. These N4 values are comparable to densities on the order of 10=* cm™
for the passive layers of other Al alloys in the literature [32,42]. Based on the point defect
model [43], increased Nq indicates an increase in defects in the anodized passive layer with
temperature. Considering the recognized attribution of n-type behavior to metal interstitials
and oxygen vacancies in the oxide layer [29,42], the trend in Figure 9 specifically reveals an
increased density of oxygen vacancies in the Al,O3 inner layer at higher temperatures. This
increased oxygen vacancy density at higher temperature is directly correlated to increased
conductivity and thus decreased protectiveness of the Al,Os layer [44], agreeing with the
trend of passive current densities in Figures 3 and 4, and the decreased R¢ with temperature
shown in Table 3. Thus, it is shown here that increasing the temperature of the anodizing
solution not only weakens the AI(OH); outer layer on B206, but also leads to a less resistive
Al,O3 inner layer due to a more defective electronic structure containing a higher density
of oxygen vacancies.

The role of increased temperature in the reduction in the anodized film’s protection is
further supported through the calculation of passive layer thickness. As overlaid on the Ng
results of Figure 9, a decrease in the thickness of the passive layer with temperature was
found through calculations using the Power-Law (P-L) model [45-48]. The model converts
the CPE parameter for the passive layer (Qs in Figure 4) to an effective capacitance for the
layer represented by Cy, through a relationship involving resistivity of the passive layer
(po), the dielectric constant of the layer (¢), the vacuum permittivity (¢g), and the exponent
n describing the capacitive idealness of the CPE [48]:

Cr = 8Qy(poceg)' ™" (10)

g=1+288(1—n)>" (11)
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Figure 9. Donor density and passive layer thickness values for B206 anodized for 6 h in deaer-
ated seawater at temperatures between 6 and 25 °C, calculated from Mott-Schottky and EIS
results, respectively.

The thickness of the anodized passive layer (d¢) on B206 after 6 h is then calculated
through Equation (12), where A is the effective surface area of the specimen and the
remaining ¢, gy, and C¢ parameters are as previously described.

eepA

d; = (12)
f Cr

The calculation of d; on B206 yields thickness values between approximately 3 and
9 nanometers (nm), as shown in Figure 9. These values are comparable to the thicknesses
of air-formed Al;O3 layers on Al calculated through direct methods such as X-ray Photo-
electron Spectroscopy (XPS) [29]. The air-formed oxide layer thicknesses on Al reported in
the literature range from 2 nm [49] to approximately 5 nm [50]. The higher df results of the
present work compared to the literature is attributed to two main reasons: (1) the added
contribution of Al(OH)3 in the Q¢ values modeled from EIS, especially at 6 °C where it was
shown the outer layer is more intact; and (2) the thickening of both the Al,O3 inner layer
and the Al(OH); outer layer through the 6 h anodizing process. The decreasing trend of d
with increasing temperature corroborates previously discussed results from Mott—Schottky,
EIS, and polarization of both the potentiostatic and potentiodynamic type.

4. Conclusions

The properties and growth of passive multilayers on B206, anodized in deaerated arti-
ficial seawater at different temperatures, were studied using potentiodynamic polarization,
EIS, current density decay, and Mott-Schottky analysis.

e  Potentiodynamic polarization studies on B206 demonstrate that the effect of dissolved
oxygen is more significant than that of temperature. The anodic polarization curves
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present an active—passive breakdown transition in deaerated seawater, whereas local-
ized corrosion of B206 can occur under open-circuit conditions in aerated seawater.

e  The protectiveness of the outer AI(OH)3 layer formed through anodizing B206 in
deaerated seawater decreases with increased temperature in the 6-25 °C range. This
is proposed to be due to the higher rate of Cl™-induced dissolution of the outer
Al(OH)3 passive layer at higher temperatures, increasing the size and density of pores
therein. Increased diffusion of electroactive species with temperature, seen in the EIS
results, corroborates the inference that enhanced breakdown of AI(OH); at higher
temperatures forms larger-sized pores reaching through to the Al,O3 inner layer.

e Increasing the temperature of the deaerated seawater during anodizing not only
affects the pore size and density in the outer AI(OH); passive layer but also degrades
the resistivity of the inner Al,O3 layer. Through Mott-Schottky analysis, the donor
density (mainly oxygen vacancies) of the Al;O3 inner layer decreases with increased
temperature, strongly contributing to the reduced protectiveness of the overall duplex-
structure passive layer on B206. Donor densities of the passive layer exhibiting n-type

semiconductive behavior are on the order of 102 cm—3

, comparing well with values
for other Al alloys reported in the literature.

e  DPassive layer thickness is found to be between 3 and 9 nm using the Power-Law model,
comparable to those of Al-oxide layers calculated through other characterization
methods in the literature. A temperature-dependent trend for passive layer thickness
supports decreased protectiveness (due to thinning) at the higher temperatures in
the 6-25 °C range. Mainly,, this is attributed to the more difficult growth of the outer
passive layer at higher temperatures due to temperature-induced increased dissolution

rate of AI(OH)3 counteracting its formation from Al,Os.
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