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Abstract: In this paper, the passivation kinetics of AA2098–T851 was investigated by a fundamental
theoretical interpretation of experimental results based on the mixed potential model (MPM).
The steady state passive layer formed on the AA2098–T851 in NaHCO3 solution in a CO2 atmosphere
upon potentiostatic stepping in the anodic direction followed by stepping in the opposite direction
was explored. Potentials were selected in a way that both anodic passive dissolution of the metal and
hydrogen evolution reaction (HER) occur, thereby requiring the MPM for interpretation. Optimization
of the MPM on the experimental electrochemical impedance spectroscopy (EIS) data measured after
each potentiostatic step revealed the important role of the migration of Al interstitials in determining
the kinetics of passive layer formation and dissolution. More importantly, it is shown that the
inequalities of the kinetics of formation and dissolution of the passive layer as observed in opposite
potential stepping directions lead to the irreversibility of the passivation process. Finally, by
considering the Butler–Volmer (B–V) equation for the cathodic reaction (HER) in the MPM, and
assuming the quantum mechanical tunneling of the charge carriers across the barrier layer of the
passive film, it was shown that the HER was primarily controlled by the slow electrochemical
discharge of protons at the barrier layer/solution (outer layer) interface.

Keywords: Al–Cu–Li alloys; point defect model; mixed potential model; passivation kinetics

1. Introduction

The third-generation Al–Li alloy AA2098 was initially introduced by Alcoa in 2011. The beneficial
effects of alloying aluminum with Li are increased stiffness and decreased density that has made
this alloy an appropriate candidate for the use in aerospace applications [1–4]. While there have
been numerous studies focused on the corrosion properties of Al and its alloys, the electrochemical
properties of the relatively new Al–Li AA2098 have not been investigated to a significant extent. It is
well known that Al alloys are prone to pitting corrosion, which mostly depends on the chemistry of the
environment [5–11]. The breakdown of the protective barrier layer on the metal surface in the presence
of aggressive anions, such as Cl−, leads to the initiation of the pitting corrosion [12]. In previous papers
of this series (paper I and II), passivity breakdown and pit initiation on AA2098–T851 along with
two other Al alloys with comparable composition, except for Li content, were investigated using the
potentiodynamic polarization technique and damage morphology characterizations. AA2098–T851,
which had higher Li content than the other two alloys (AA2029–T8 and AA2060–T8), showed the best
pitting resistance behavior [13,14]. Using the point defect model (PDM), the near-normal distribution of
breakdown potential of AA2098–T851 for one [Cl−] was optimized and the optimized model parameters
were used to predict the distributions for other [Cl−] concentrations. The predicted distributions were
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found to be in close agreement with experimental results [14]. However, no further insight in regard to
the passivation kinetics and underlying mechanisms of the phenomena was provided by the previous
papers. Different mechanisms have been proposed in the literature for explaining the passive layer
formation and its breakdown on metallic structures [15–20]. Of the most prominent models in the
field of passivity, the high field model (HFM), which considers the cation interstitial migration in the
passive layer, and the place exchange model (PEM), which assumes both cation/anion exchange as
the mechanism of film growth have been extensively used [15,18]. Neither of these models explains
the observed bilayer structure of the passive film or the existence of a steady-state in the barrier layer
thickness and the passive current density, and hence are at odds with experimental results. However,
the point defect model (PDM) accounts for both bilayer passive film structure and the steady-state
current and film thickness, as well as for the transients in these properties in response to changes in
various independent variables [19,20]. This model predicts that the steady-state barrier layer thickness
should display a linear dependence on the applied potential and pH and these relationships have been
confirmed by numerous empirical observations. According to the PDM, the passive film formation is
controlled by the kinetics of the point defects generation and annihilation at the metal/barrier layer
(m/bl) and the barrier layer/outer layer (bl/ol) interfaces. A newly modified PDM, the mixed potential
model (MPM), considers the influence of the partial cathodic reaction on the passive layer properties
in addition to the partial anodic process [21].

It has been reported that the kinetics of passivation (i.e., the rate with which the passive state is
formed) depend on the potential stepping direction [21]. This inequality of certain kinetic processes
leads to the irreversibility of the metallic passivation in opposite potential scanning directions. To be
able to predict the corrosion damage of the Al–Li 2098, it is necessary to understand the passivation
kinetics and its irreversibility. As will be explained in this paper, by applying the MPM, we have shed
light on understanding the irreversibility kinetics of the passive film formation on Al–Li 2098 in the
sodium bicarbonate buffer solution.

2. Materials and Methods

2.1. Electrode and Solution

In this paper, AA2098–T851 coupons were mounted in epoxy resin with an exposed surface area
of 0.35 cm2. The nominal chemical composition of the AA2098–T851 alloy is: Cu 3.71 wt%, Li 1.29 wt%,
Mg 0.26 wt%, Mn 0.03 wt%, Ag 0.03 wt%, Zr 0.06 wt%, Zn 0.01 wt%, with the balance being Al.

A copper wire glued with a conductive adhesive was used for the electrical connection.
The preparation of samples included grinding with SiC sandpapers with grit number from 400
to 1200 followed by rinsing with acetone, ethanol, and double distilled water and drying with N2 gas.

Experiments were performed in triplicate in analytical grade reagents 0.1 M NaHCO3 buffer
solution with the pH of 6.7 at room temperature (25 ◦C) under atmospheric pressure of CO2, to simulate
the surrounding environment of space vehicles since aircraft fly through the atmosphere that contains
CO2. Moreover, it is an effective buffer system that does not introduce species that are not in contact
with Al–Li alloys in the field. For complete deaeration of the solution with pure CO2 gas, the solution
was sparged at least 1 h before an experiment, and sparging was continued throughout an experiment.

In a three-electrode cell, AA2098–T851 alloy was used as the WE, an SCE was employed as the RE,
and a platinum mesh served as the CE, for performing electrochemical experiments. Additionally, for
preventing contamination of the working solution by leakage from the RE, the SCE was contained in a
separate compartment that maintained electrolytic contact with the cell via a Luggin capillary.

2.2. Electrochemical Set-up

A Gamry Electrochemical Measurement System (PC3, Warminster, PA, USA) potentiostat was
used for electrochemical experiments in this work. Before each experiment, a potential of −1 VSCE was
applied for 10 min in order to establish a reproducible initial state.
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In order to define the passive range of AA2098–T851 in 0.1M NaHCO3/CO2(g) buffer solution,
potentiodynamic polarization (PDP) at a scan rate of 0.166 mV/s scan rate was employed. Based on
the passive region obtained from the PDP curve, film formation potentials of −600, −300, 0, 300 and
600 mVSCE were selected for conducting potentiostatic polarization. The anodic potentiostatic step
potentials, starting from −600 mVSCE, were followed by cathodic potential stepping from 600 mVSCE

ending at −600mVSCE. Each potentiostatic polarization lasted for 24 h in order to obtain a steady-state
passive film. After each step, two successive electrochemical impedance spectroscopy (EIS) analyses
were performed using a 10 mV sinusoidal excitation around the applied potential (Eapp), with the
frequency being scanned from 100 kHz down to 0.01 (high to low frequency) and from 0.01 to 100 kHz
(low to high frequency).

3. Results

3.1. Potentistatic Polarization

Figure 1 shows the potentiodynamic polarization curve of AA2098–T851 in 0.1 M NaHCO3 in
contact with CO2 at atmospheric pressure. As can be seen in this figure, there is a broad range of
passivity starting from −0.6 VSCE to more than 1.00 VSCE. Therefore, the passive range from -0.6 VSCE

to 0.6 VSCE (marked by the dashed lines in the figure) was selected for the study of the passivation
kinetics in this paper.
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Figure 1. Polarization curve of AA2098–T851 alloy in 0.1M NaHCO3 /1 atm of CO2 at 25 ◦C.

Figure 2 shows a typical steady-state potentiostatic current densities obtained at different potentials
after 24 h of polarization of AA2098–T851 alloy in 0.1 M NaHCO3 buffer solution in contact with CO2

gas at atmospheric pressure. According to the PDM, the value of the logarithm of the steady-state
current density (iss) for an n-type semi-conductor, in which no change occurs in the oxidation state of
the cation upon ejection from the barrier oxide layer, is independent of Eapp (as shown in Equation
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(1)), but that the relationship should be linear if the barrier layer is p-type [22]. Equation (1) shows
variation of the iss with Eapp for an n-type barrier layer with δ , χ [22].(

∂ log iss

∂E

)
pH,C3+

Al

=
αα7(δ− χ)γ

2.303
(1)

where α is the polarizability constant that correlates the potential drop across the barrier layer/ solution
(bl/s) interface to the applied potential (Eapp), χ is the stoichiometry of the oxide (MOχ/2), δ is the
oxidation state of the metal in the (ol/s) interface and γ = F

RT . For the passive film on Al, δ = χ so

that
(
∂ log iss
∂E

)
pH,C3+

Al

= 0, as is observed approximately in Figure 2. As reported by others, the barrier

layer of the passive film on Al and its alloys is unequivocally an n-type semiconductor [17,23–27].
Even so, Figure 2 shows that the steady-state current density slightly increases with an increasing
anodic potential (15–28 nA cm−2), and there is a dependence upon the direction of the change in
potential. We postulate that this slight dependence is a consequence of residual irreversibility in
the formation/dissolution of the barrier layer (bl) as the potential is stepped in the increasing and
decreasing directions, as will be discussed below.
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Figure 2. Steady-state current density for both anodic and cathodic potential stepping directions.

It is important to note that the observed current density comprises both anodic and cathodic
components. Although the partial anodic current density is predicted to be independent of Eapp,
there exists a competition between partial anodic and partial cathodic currents in determining the
total (observed) current [21]. This observation has been made by other authors [21,28] and shows the
importance of considering the cathodic current produced by hydrogen evolution due to the water
reduction in deaerated condition when considering the electrochemistry of reactive metals, such as Al,
Li, Mg, and Zn.

Also, Figure 2 shows that the value of the passive current density during potentiostatic polarization
in the cathodic potential step direction is lower than that observed in the opposite (anodic stepping)
direction. This could be due to the persistence of the previously formed passive layer at higher potentials
that led into the higher charge transfer resistance during cathodic potential stepping direction (i.e., due
to irreversibility in the anodic partial process of film formation). This residual barrier layer could



Materials 2019, 12, 1912 5 of 21

hinder transport of species across the film and result in a lower current density compared to that in
the anodic direction. Alternatively, this layer might reflect a lower tunneling probability of electronic
charge carriers across the barrier layer to the cathodic reaction center located at the bl/s interface, due
to a slightly thicker bl on the reverse potential stepping direction compared with that for the forward
stepping direction. It is also expected to have a significant effect on the kinetics of the cathodic partial
process, because the quantum mechanical tunneling probability of charge carriers from the metal to
the cathodic reaction center at the bl/s interface is a sensitive function of the barrier layer properties,
especially of the thickness [29,30].

3.2. Impedance Analysis of the Passive Layer

EIS analysis was performed after each potentiostatic potential step in order to analyze the kinetics
of the reactions that occur during barrier layer formation and dissolution. Figure 3 shows the Nyquist
plots at +300 mVSCE that were obtained in both the anodic and cathodic potential stepping directions.
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Figure 3. Nyquist plots of the AA2098–T851 alloy in 0.1 M NaHCO3 /1 atm of CO2 at 25 ◦C for both
anodic and cathodic potential stepping directions at +300 mVSCE [31].

This figure shows typical behavior of the passive layer that has an arc-shape with small curvature
and significant magnitude [32]. Another feature in this figure to be noted is that at all frequencies
the values of both the real (Zreal) and imaginary (Zimg) components of the impedance in the cathodic
stepping direction were higher than that in anodic stepping direction. While there is a little difference
in the Zreal in two opposite stepping directions, the difference of Zimg values in cathodic potential
stepping followed immediately after the opposite direction potentiostatic experiments, showed an
increasing trend with decreasing the frequency. In other words, polarization in the cathodic potential
stepping direction has a higher imaginary component of the impedance (lower capacitance) of the
passive layer compared to that at the same potential in the anodic potential stepping direction. Because
the geometric capacitance varies inversely with barrier layer thickness, this result is consistent with
the film retaining the higher thickness established at the maximum potential on the anodic potential
stepping direction upon stepping in the cathodic potential direction, as has been found to be the
case for iron [28]. This was supported by the lower passive current densities in the system during
cathodic potential stepping (Figure 2) and further analysis of the EIS results (which will be presented
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in the following sections). Thus, the observed irreversibility is attributed to the faster growth rate
of the barrier layer upon anodic stepping and the lower dissolution rate of the barrier layer upon
stepping in the cathodic potential direction. Parenthetically, it should be noted that the validity of all
of the impedance data analyzed in this paper was confirmed by Kramers-Kronig transformation as is
noted below.

The Bode plot in Figure 4 overlays the EIS spectra for all applied potentials in both the anodic
and cathodic potential stepping directions. The Bode magnitude plots in Figure 4a (black data points)
demonstrate a small increase in the impedance magnitude (|Z|) of the film with increasing formation
potential from −600 mVSCE to +600 mVSCE (note that the potential stepping direction is indicated
by the arrows). Similarly, there was a small decrease in |Z| upon cathodic potential stepping from
+600 mVSCE to −600 mVSCE (Figure 4b).

Also, the Bode phase plots in Figure 4 (red data points) show that with decreasing the frequency
to 100 Hz, the phase angle increased to about −80◦ and remained almost constant to lower frequencies
at frequencies as low as 0.1 Hz. These observations in both impedance magnitude and phase angle are
a reflection of the progressive formation of the protective barrier layer with the more positive applied
potential [32].
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polarization in contact with 1 atm CO2 (pH = 6.7, 25 ◦C) with high-to-low frequency scan, (a) anodic
potential stepping direction, (b) cathodic potential stepping direction.

To validate the impedance data (linear system), it is necessary to demonstrate that the system
complies with the constraints of linear system theory; that is, with the linearity, stability, and causality
constraints, which is particularly important for an active metal like aluminum [33,34]. This was done
by both experimental and theoretical analyses. It turns out that the Kramers–Kronig (K–K) transforms
are not very sensitive to violation of the stability constraint [35], so that an experimental approach
(Figure 5) was needed to demonstrate the stability compliance, whereas the K–K analysis (Figure 6)
adequately demonstrates compliance with the linearity and causality constraints.

Figure 5 compares the EIS spectrum scanned from high-to-low frequency with that obtained
immediately afterwards from low-to-high frequency after 24 h polarization at 300 mVSCE during anodic
potential stepping in 0.1 M NaHCO3 in a CO2 atmosphere. Since, in a steady state system, the current
density and thickness of the passive layer are both time-independent [21], the good agreement of the
EIS results in Figure 5 validates the stability of the system.

Additionally, the quality of the EIS data was assessed with the Kramers–Kronig (K–K) transforms.
Figure 6 compares the calculated K–K transforms of the real and imaginary components of the EIS
results obtained after 24 h of polarization at 300 mVSCE during anodic potential stepping in 0.1 M
NaHCO3 in contact with CO2 at 1 atm pressure. Agreement of the experimental EIS spectra with those
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calculated using the K–K transforms also demonstrates the compliance of the system with the linear
systems theory (LST) [34].Materials 2019, 12, x FOR PEER REVIEW 7 of 21 
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After these analyses that demonstrate the viability of the EIS data, further analysis and model
optimization using the genetic-inspired differential evolution (GDE) curve fitting (optimization)
algorithm was performed [36,37].

4. Discussions

4.1. The Mixed Potential Model and Optimization of EIS Data

In this paper, for modeling the barrier layer formation on AA2098–T851 alloy, the mixed potential
model (MPM) that was previously proposed by Macdonald et al. [28] was used. As explained
previously, for investigating the electrochemical behavior of a highly electrochemically-active metal
like Al, it is necessary to include both the partial cathodic process and the partial anodic process in
the model, especially if the potential is made sufficiently negative that the cathodic partial reaction
(e.g., hydrogen evolution) occurs to a significant extent. The MPM developed here combines the PDM
that describes the passive state of the Al alloy with the Butler–Volmer equation that describes the
partial cathodic reaction [28]. Optimization of the EIS data with MPM extracts PDM parameters and
reveals kinetic information about the barrier layer formation and dissolution, as well as yielding values
for the kinetic parameters for the cathodic partial process.

According to the PDM, the passive film comprises a bilayer structure of a highly-defective barrier
layer that grows into the metal and a precipitated, porous layer that grows into the solution. Formation
and dissolution of the protective barrier layer are described in terms of reactions with the rate constants
(ki) that occur at the m/bl and the bl/ol interfaces, as shown in Figure 7 [33,38–40]. The value of the
ki for the ith reaction in Figure 7 is defined by the constant parameters including the standard rate
constants (ki

0), transfer coefficients (αi), ai, bi and ci (defined in Table 1) as shown in Equation (2) [38].

ki = k0
i eai E e−bi Leci pH (2)

In this equation, L is the barrier layer film thickness and E is the applied potential.
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Figure 7. Point defect model representation. Al = metal atom, V3′
Al = cation vacancy on the metal

sublattice, AlAl = metal cation in cation site, VAl = vacancy in metal phase, Al3+i = interstitial cation,
..

VO = oxygen vacancy on the oxygen sublattice, Al3+s = metal cation in solution, OO = oxygen anion on
the oxygen sublattice of the barrier layer [33,38–40].
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Table 1. Coefficients for the rate constants for the reactions that generate and annihilate point defects
at the m/bl interface (Reactions (1)–(3)) and at the bl/s interface (Reactions (4)–(6)) in Figure 7 and for
dissolution of the film (Reaction (7)) [33,38–40]. Ki = K0

i eaiVebiLecipH, K = εγ, γ = F/RT.

Reaction ai (V−1) bi (cm−1) ci Units of K0
i

(1) m + Vχ′

M
k1
→MM + vm + χe′ α1(1 − α)χγ −α1βχK −α1βχγ

cm
s

(2) m
k2
→Mχ+

i + vm + χe′ α2(1 − α)χγ −α2βχK −α2βχγ
mol
cm2s

(3) m
k3
→MM + χ/2

..
VO + χe′ α3(1 − α)χγ −α3βχK −α3βχγ

mol
cm2s

(4) MM
k4
→Mδ+ + (δ− χ)e′ α4αδγ - α4βδγ

mol
cm2s

(5) Mχ+
i

k5
→Mδ+ + (δ− χ)e′ α5αδγ - α5βδγ

cm
s

(6)
..

VO + H2O
k6
→ OO + 2H+ 2α6αγ - 2α6βδγ

cm
s

(7) MOχ/2 + χH+ k7
→

Mδ+ + χ/2 H2O + (δ− χ)e′
α7α(δ − χ) γ - α7(δ − χ)βγ mol

cm2s

Moreover, the semiconductor characteristics of the barrier layer that determine its electronic type
(n-type or p-type) reveal more information about the reactions occurring during formation/dissolution
of the barrier layer of the passive film [41]. The n-type character of the barrier layer of the passive film
of Al [17,23–27] shows that the majority of the defects in the barrier layer on AA2098–T851 alloy are
electron donors that are possibly oxygen vacancies and/or cation interstitials. We have not detected any
p-type character, which indicates that cation vacancies, although undoubtedly present, are a minority
defect. Therefore, Reactions (1) and (4) in Table 1, involving electron acceptors, were excluded in
the optimization of the EIS results. According to PDM, the steady-state barrier layer thickness, Lss,
regardless of the electronic character, is [38]:

Lss =

(
a7 − a3

b3

)
E +

(
c7 − c3

b3

)
pH +

1
b3

ln[
k0

7

k0
3

CH

C0
H

n

] (3)

where CH is the hydrogen ion concentration at the f/s interface (M), C0
H is the concentration of hydrogen

ion at standard state (1 M), n is the kinetic order of barrier layer dissolution with respect to hydrogen
ion, and ai, bi, and ci are constants that are defined in Table 1 in terms of fundamental parameters [38].
Further, the PDM postulates that the steady- state partial anodic current density (iss) can be calculated
by [38]:

iss = δF[k0
2 ea2 E eb2Lss ec2 pH + k0

7 ea7 E ec7 pH

CH

C0
H

n

] (4)

where F is Faraday’s constant (96,487 C mol−1) and δ is the stoichiometry of the metal in the solution.
If no change in the oxidation state of the cation occurs upon ejection from the barrier layer into the
solution at the bl/ol interface, a7 = 0 and a3E+ b3Lss = constant so that iss would be potential independent.

As noted above, in the investigation of the barrier layer of the passive film by using the MPM,
the partial cathodic current density (icath) must be also considered in describing the passive state as
the observed passive current density is itotal = iss + icath. Applying the Butler–Volmer equation for
an irreversible hydrogen evolution reaction (water reduction in deaerated condition is the dominant
reduction reaction at pH > 4) yields the following expression for cathodic current density [42]:

icath = −2Fkcexp[−
αcF
RT

(
E− Eeq

)
] (5)
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where kc is the rate constant of the cathodic reaction, R is the gas constant (8.314 J mol−1), αc is the
transfer coefficient, E is the applied potential, and Eeq is the equilibrium potential of the hydrogen
electrode reaction in the solution. It is assumed that the fugacity of hydrogen ( fH2 ) to be 10−6 in which
case Eeq is estimated to be approximately −240 mVSHE at pH = 6.7. On this basis, we expect that the
partial cathodic current density will be small but, nevertheless, significant.

The impedance expressions for the anodic and cathodic partial reactions were obtained by using
Equations (4) and (5) (elaborated in Ref. [28,42]) which were then inserted into the electrical equivalent
circuit (Figure 8) and used for optimization of the EIS results [21].Materials 2019, 12, x FOR PEER REVIEW 10 of 21 
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4.2. Quantum Tunneling Definition of Current Density

It is important to recognize that the cathodic reaction (hydrogen evolution) occurs upon the
outer surface of the barrier layer; that is, at the bl/s (or bl/ol) interface. For that to occur, charge
carriers must be transported across the barrier layer. Because the barrier layer is very thin (several
nm), it is postulated that the transfer of charge across the barrier layer occurs by direct (resonant)
or indirect quantum mechanical tunneling. Thus, numerous experimental studies have reported a
decrease in the rates of redox reactions on passive metals and alloys coincident with increasing oxide
film thickness and potential [16,43–47]. Further studies of the relationship between current density
and potential reveal that these observations may be accounted for by quantum-mechanical tunneling
theory developed originally by Gurney [29] and later by Gerischer [30]. That is, at a given potential V,
the current density is defined by Equation (6) [29,30]:

i ∝
x

n(E, V)N(E, x)P(E, x)dEdx (6)

where n(E, V) is the density of electronic states having energy E in the metal, the density of acceptor
states, N(E, x), also having energy E at a distance x from the metal surface in the solution phase (note
that tunneling is an iso-energetic process), and the probability P(E, x) of electron tunneling through
the barrier oxide thickness L from the reduced species in the solution to an acceptor state in the metal
having identical energy. From quantum-mechanical theory, the tunneling probability is then written
as [30]:

P(E, x) ∝ e−
4πL

h
√

2me∆E (7)

where h is Planck’s constant and me is the effective mass of the electron. The barrier layer thickness L
can be calculated theoretically using the PDM and ∆E is the difference in Fermi level of electron in the
solution and in the conduction band edge of the barrier layer oxide. Thus, the current density may be
expressed as [48]:

i = î0e−β̂L (8)
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where î0 is the film-free current density (i.e., when L = 0). From Equations (7) and (8), it is apparent
that the tunneling constant can be expressed as:

β̂ =
4π
h

√
2me∆E. (9)

According to the point defect model, [38,49–51] the thickness of the barrier oxide layer through
which tunneling must occur can be written as:

Lss =
1− α
ε

V + g (10)

where ε is the electric field strength, and g is a function of pH and the standard rate constants for
film formation at the metal/barrier layer (m/bl) interface and the dissolution rate at the bl/s interface,
among other parameters (see Equation (3)). Substitution of Equation (10) into Equation (8) yields the
tunneling current as:

i = î0e−β̂(
1−α
ε )Ve−βg. (11)

Equation (11) shows that the current is a function of voltage through the various parameters in
the PDM and the quantum-mechanical tunneling probability. By substituting the equilibrium potential
for the redox reaction (Ee) into Equation (11), we can define the exchange current density as:

i0 = î0e−β(
1−α
ε )Ee

e−βg. (12)

We emphasize that î0 is the exchange current density on the (hypothetical) bare metal surface;
that is, the current density at the equilibrium potential in the absence of the barrier layer. Thus,
Equation (12) allows calculation of the exchange current density of a redox couple on a passive metal
from the exchange current density on a hypothetical film-free surface, using the tunneling probability,
and the parameters of the PDM and vice versa. This is important, because the kinetic parameters
(particularly the HER Tafel constant), which are often used to identify a particular reaction mechanism,
are generally derived for a bare metal surface, such as that on Pt or Au. The application of this principle
is shown below.

4.3. Equivalent Circuit for EIS Data Fitting

The equivalent circuit for interpretation of the EIS data for the AA2098–T851 alloy in NaHCO3

solution in a CO2 atmosphere based on the MPM is shown in Figure 8.
According to the PDM, the passive layer has a bilayer structure (the barrier layer and the

precipitated outer layer) that are shown in Figure 8 by parts (1) and (2), respectively. The outer layer
segment comprises the solution resistance between the RE and WE (Rs) in series with the parallel
resistance of the outer layer (Rol) with the capacitance of the outer layer (Col). In this circuit, for the
barrier layer (1), both anodic (based on the PDM) and cathodic (based on Butler–Volmer) reactions
are considered. The anodic reaction is associated with ZF (the faradaic impedance), Cg (the geometric
constant phase element), and W (the Warburg impedance), which describes the movement of oxygen
vacancy and/or aluminum interstitial point defects in the barrier layer. According to the PDM, due to the
reactions in Figure 7, the value of ZF arises from the generation and/or annihilation of interfacial point
defects, the rates of which are specified by the respective rate constants. Moreover, the accumulation
of electronic charge between the metal and the bl/ol interface, due to the semiconductor characteristic
of the non-homogeneous barrier layer, acts as a non-ideal capacitor and defines Cg. Moreover, the
Warburg impedance controls the transport of the electron donor point defects (oxygen vacancies or
metal interstitials) across the barrier layer, as noted above. Additionally, in this circuit, the impedance
of the partial cathodic reaction is represented by a Randles circuit comprising Rc, (the charge transfer
resistance of hydrogen evolution) and Cdl (the double layer capacitance), previous work having shown
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that the impedance could be described by a non-reactive resistance. Finally, the last element in this
circuit is Ze,h which is the impedance due to the movement of electronic defects across the barrier layer
that by-passes ZF [42]. The detailed derivation of the impedance of each circuit elements in Figure 8,
can be found in the literature [28,42].

4.4. Optimization Parameters

Using the Igor Pro software and by considering the MPM and the proposed equivalent circuit
depicted in Figure 8, the interphasial model was optimized on the EIS data and values for all model
parameters were extracted. The known, constant parameters used for the optimization are shown in
Table 2.

Table 2. Known, constant parameter used in optimization of EIS data with their sources.

Parameter Value Unit Source

Dependence of the potential drop
across bl/ol upon pH (β) −0.014 V Calculated from experiment

Electric Field Strength (ε) 3 × 106 V cm−1 Assumed

Oxidation state (χ) 3 Assigned

Molar volume of oxide per
cation(Ω) 12.91 cm3 mol−1 From density

Kinetic order of Reaction (7) (n) 0.5 - Assumed

Oxidation state (δ) +3 - Assigned

Solution resistance (Rs) 30 Ω From EIS

After optimization, and using the parameter values so obtained, the calculated impedance spectra
were compared with experimental data, as shown in Figure 9a,b. It can be seen that the calculated
spectra match the experimental data very well.
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Figure 9. EIS measurements and model fits of the AA2098–T851 alloy after 24 h immersion at 300mVSCE
in NaHCO3 solution in CO2 atmosphere at 25 ◦C. (a) Bode magnitude and (b) Bode phase plots.

Also, the MPM variables and the kinetic parameters of the passive layer formation and dissolution
reactions shown in Figure 7 were extracted (Table 3) and summarized in Figures 10–14 (Only the
optimization results of immediate interest are given in Table 3. For the whole set of fitting parameters
please refer to the Table S1 in the supplementary materials). Examination of the data presented in
Table 3 shows that at all potentials, k2 > k3, from which it is argued that the metal interstitial (Al3+i ),
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rather than the oxygen vacancy (V..
O) is the dominant point defect in the barrier layer. Moreover, in

Table 3 and displayed in Figure 12, the barrier layer thickness varies linearly with voltage, in conformity
with Equation (3), and the postulated hysteresis in the thickness in the two potential stepping directions
is quite apparent. The polarizability of the bl/s interface (α) is found to be constant (independent of
voltage) as are the transfer coefficients and the standard rate constants show no systematic dependence
on Eapp. The independence of these fundamental parameters of the applied voltage is a requirement of
electrochemical kinetic theory. Finally, the cation interstitial diffusivity also displays no systematic
dependence on Eapp, which is expected, because the diffusivity is a materials property.

Table 3. Kinetic parameters of passive layer formation obtained by optimization of the EIS results
based on the MPM [31].

Anodic Potential Stepping Direction Cathodic Potential Stepping Direction

Eapp (VSCE) −0.6 −0.3 0 0.3 0.6 0.3 0 −0.3 −0.6

α 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

α2 0.15 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.11

α3 0.29 0.25 0.27 0.25 0.23 0.25 0.25 0.24 0.26

αc 0.18 0.179 0.179 - - - 0.16 0.18 0.18

k0
2 (mol cm−2.s)

5.3 ×
10−10

4.3 ×
10−10

2.8 ×
10−10

3.0 ×
10−10

5.8 ×
10−10

8.9 ×
10−10

6.3 ×
10−10

7.9 ×
10−10

8.8 ×
10−10

k0
3 (mol.cm−2.s)

1.1 ×
10−10

8.5 ×
10−10

4.9 ×
10−10

5.8 ×
10−10

1.0 ×
10−10

7.6 ×
10−10

8.2 ×
10−10

9.3 ×
10−10

5.2 ×
10−10

k0
7 (mol cm−2.s)

6.8 ×
10−15

4.3 ×
10−15

6.8 ×
10−15

2.1 ×
10−15

1.2 ×
10−15

4.0 ×
10−16

6.3 ×
10−16

6.9 ×
10−16

5.3 ×
10−16

k2 (mol cm−2.s)
7.4 ×
10−14

7.1 ×
10−14

5.6 ×
10−14

6.2 ×
10−14

5.5 ×
10−14

4.8 ×
10−14

5.2 ×
10−14

5.5 ×
10−14

6.3 ×
10−14

k3 (mol cm−2.s)
3.0 ×
10−18

1.9 ×
10−18

3.0 ×
10−18

9.5 ×
10−19

5.3 ×
10−19

1.8 ×
10−19

2.8 ×
10−19

3.1 ×
10−19

2.4 ×
10−19

k7 (mol cm−2 s)
6.8 ×
10−15

4.3 ×
10−15

6.8 ×
10−15

2.1 ×
10−15

1.2 ×
10−15

4.0 ×
10−16

6.3 ×
10−16

6.9 ×
10−16

5.3 ×
10−16

kC (mol cm−2.s)
2.8 ×
10−14

9.4 ×
10−14

2.7 ×
10−13 - - - 7.2 ×

10−13
5.2 ×
10−13

8.7 ×
10−14

D (cm2 s−1)
9.5 ×
10−19

1.2 ×
10−18

1.0 ×
10−18

1.1 ×
10−18

9.7 ×
10−19

2.9 ×
10−19

4.8 ×
10−19

3.3 ×
10−19

7.0 ×
10−19

Iss (nA cm−2) 21.3 20.6 16.1 17.8 15.8 14.0 15.1 16.0 18.2

Ic (nA cm−2) −3.5 −1.4 −0.47 - - - −1.9 −7.4 −10.9

Lss (nm) 0.95 2.26 2.82 3.97 4.90 4.21 3.35 2.57 1.59

4.4.1. Steady-State Anodic Current Density

Figure 10 shows the anodic current density of AA2098–T851 alloy passive dissolution obtained
from MPM optimization. Fitting results in this figure shows that the iss with the mean value of
18 nA cm−2 is independent of the applied potential. This is in agreement with the PDM prediction for
an n-type passive layer with δ = χ that is shown in Equation (1) [22].

Importantly, however, the fact that the small potential dependence of the passive current observed
in Figure 2 is no longer apparent demonstrates that the dependence is due to the occurrence of the
cathodic partial reaction at the bl/s interface. Moreover, no significant difference exists in the anodic
partial current density for the two potential stepping directions. Considering Faraday’s law, the mean
value of anodic current density was converted to the corrosion rate (C.R.) of 0.22 µm/yr.
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Figure 10. The steady-state anodic current density of AA2098–T851 alloy in 0.1M NaHCO3 after 24 h
of polarization at different potentials in contact with 1 atm CO2 (pH = 6.7, 25 ◦C) during the anodic and
cathodic potential stepping obtained from optimization of EIS results.

4.4.2. Cathodic Current Density

Figure 11 exhibits the Tafel relationship (straight line in semi-log plot) between partial cathodic
current density and applied potential at both potential stepping directions. The values of the partial
cathodic current density compared with the values of the partial anodic current density are small and
therefore has only a minor effect in the total (observed) current values. However, the slope and linear
dependence of the observed current density on the applied potential conforms with Tafel’s law, as
shown in Figure 11. Moreover, the order of the hydrogen exchange current density on the oxide film
(10−8 A.cm−2) that was calculated by using Equation (5) is in agreement with the reported value in the
literature [52].
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stepping obtained from optimization of EIS results.
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The linear fit in this graph indicates almost the same cathodic Tafel slope (hydrogen evolution
reaction (HER) kinetic) for the anodic and cathodic potential stepping directions, with values of
0.72 V/dec and 0.69 V/dec, respectively, being determined. However, due to the potential-dependence
of the barrier layer thickness and the quantum mechanical tunneling of charge carriers through the
barrier layer, the kinetics of the HER on the passive surface are different from those on the film-free
surface. Therefore, the observed Tafel constant may be corrected to the hypothetical film-free surface
using the following equation [44,46–48,53–58]:

2.303
β̂c

=
2.303
βc

+
β̂(1− α)

ε
(13)

where β̂c is the cathodic Tafel slope on film-free surface, β̂ is the tunneling constant (0.58× 108 cm−1) [48]
and ε is the electric field strength in b/l. Using the mean value of βc in both anodic and cathodic
potential stepping directions as 0.7, β̂c was calculated as 0.12V/dec. This is acceptably close to the value
for the hydrogen evolution reaction on a bare metal surface (0.116) [59,60]. Table 4 shows some of the
best known possible HER paths with their theoretical Tafel constant values.

Table 4. Rate-determining steps in hydrogen evolution reaction (HER) and corresponding Tafel slopes
[57,58].

Rate-Determining Step Mechanism HER Tafel Slope (V/dec)

(I) H2O + e− → Hads + OH− The Slow Hydrogen Discharge 0.116

(II) H + H→ H2 Atomic Hydrogen 0.029

(III) H + H2O + e− → H2 + OH− Electrochemical Mechanism 0.038

The hydrogen evolution reaction on a bare metal is envisioned to proceed via two mechanisms
with the first step being in common [59]:

H2O + e− → Hads + OH− (14)

In the second step, the Tafel mechanism envisages hydrogen atom recombination:

H + H→ H2 (15)

whereas for the Abegg and Bodlander (Heyrovsky) mechanism envisages the ion-atom reaction [61]:

H + H2O + e− → H2 + OH− (16)

The two mechanisms being summarized to give the overall reaction as:

2H2O + 2e− → H2 + 2OH− (17)

The value of β̂c obtained in this work is consistent with slow hydrogen atom discharge being the
rate-determining step.

4.4.3. Steady-State Thickness of the Barrier Layer

Figure 12 shows the steady-state thickness of the passive layer formed on AA2098–T851 alloy
obtained from optimization of the EIS results using Equation (3).
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Figure 12. The steady-state thickness of the passive layer formed on AA2098–T851 alloy in 0.1M
NaHCO3 after 24 h of polarization at different potentials in CO2 atmosphere (pH = 6.7, 25 ◦C) during
the anodic and cathodic potential stepping obtained from optimization of EIS results [31].

This figure shows the linear dependence of the film thickness on the applied potential, which is in
agreement with the prediction of the PDM. Additionally, different ∂Lss

∂E values, (3.2 nm/V and 2.7 nm/V
for anodic and cathodic potential stepping directions, respectively) reveal the irreversibility of the
passivity that led into the slower rate of film thinning in the cathodic potential stepping direction
than in the film growth rate when potential stepping in the anodic direction. This conclusion is in
agreement with the calculated kinetic parameters obtained by the MPM as shown in Figure 13.

4.4.4. The Kinetics of the Point Defect Reactions

The values obtained from the optimization, Table 3, show that the rate constants (ki) for reactions
at the m/bl interface (i = 2, 3, 7) are independent of potential (because of compensation of the effects of
voltage and bl thickness for i = 2 and 3, see below, and because for Reaction (7), δ = χ), the standard rate
constants (k0

i ) and the transfer coefficients (αi), (i = 2, 3, 7) are independent of potential, (as required
by fundamental electrochemical theory) and are also independent of potential stepping direction.
Similar behavior has been observed and reported by others for carbon steel [21,28,42]. The potential
independence of ki is accounted for as follows. According to the PDM, the rate constants for the
generation and annihilation of the point defects at the interfaces in the steady-state can be written in
general form as Equation (2), ki = k0

i eaiEebiLssecipH, where ai, bi, and ci are defined in Table 1 in terms of
fundamental quantities. From these definitions, together with Equation (3), we find that aiE + biLss =

2(1− α)γχ − αiβχγpH + αi
α3

ln
[

k0
7

k0
3

(
CH
C0

H

)n]
, which is independent of potential for reactions occurring at

the m/bl interface, thereby rendering the rate constants for Reactions (1)–(3) of Figure 7 also potential
independent, as is seen in Figure 13. As was mentioned before, the rate constant for Reaction (7) of
Figure 7, is potential independent by virtue of δ = χ.
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Figure 13. Rate constants for point defect reactions in Figure 7 obtained by MPM optimization of the
EIS results at different stepping direction.

Figure 13 shows the relationship between the rate constants (ki) for Reactions (3) and (7), as
proposed in the PDM. These values were calculated in both anodic and cathodic potential stepping
directions. Figure 13 shows that k7 has higher values than k3, which is a demonstration of higher
dissolution rate constant than that of the growth of the passive layer, but, of course, at steady-state
the rates are equal. Moreover, this figure shows lower k3 and k7 values during cathodic potential
stepping direction compared to those in the opposite direction. This relationship between the kinetics
of the point defect reactions has been also reported for the barrier layer of the passive film on carbon
steel [21,28]. Because the thickness of the barrier layer is determined by Reactions (3) and (7) of
Figure 7, regardless of the electronic character (i.e., regardless of what is the dominant defect and
hence regardless of the rate constants for the other reactions), the irreversibility lies in the barrier layer
thickness, as is evident from Figure 12.

Furthermore, k2 (the rate constant for cation interstitial generation) is about four orders of
magnitude higher than k3 (the rate constant for oxygen generation vacancy), which has also been
reported (by three orders of magnitude) for carbon steel [21]. Higher values of k2 compared to the
values of k3 shows that the dominant point defects in the (bl) are cation (Al3+i ) interstitials. This could
be due to the larger radius of oxygen vacancies that require higher energy to be formed. Finally, it is
also found that k0

2 ≈ k0
3 indicating that the differences in the rate constants for Reactions (2) and (3)

lie in the properties of the barrier layer and not in the fundamental processes that occur along the
reaction coordinate.

4.4.5. Diffusivity of Aluminum Interstitials in the Barrier Layer

As explained above, the Al interstitials are the dominant point defect in the barrier layer of the
passive film. Based on the PDM, due to the electric field (ε) in the barrier layer, Al interstitials migrate
from the m/bl interface toward the bl/s interface. The diffusivity of these defects (D) at different
potentials can be calculated from the expression [62]:

σ =
1
Iss

√
D
2
×

ε
1− α

(18)
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where σ is the Warburg coefficient, Iss is the steady-state anodic current density (A/cm2) and ε is the
electric field strength within the barrier layer (3 × 106 Vcm−1).

Figure 14 shows the values of D as a function of applied potential. This figure indicates that,
as expected, D is potential independent and the mean value of D for anodic and cathodic potential
stepping directions are 1.0 × 10−18 and 4.5 × 10−19 cm2/s respectively. Higher values of D in the anodic
potential stepping direction compared to that in cathodic potential stepping direction (~2 times), could
be due to the retention of some aspect of the defect structure induced on anodic potential stepping
that is not reversed upon cathodic potential stepping [28]. This observation has also been reported for
carbon steel [21,28].
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5. Conclusions

In this work, the kinetics of the passive layer formation on AA2098–T851 alloy in 0.1 M NaHCO3 in
a CO2 atmosphere of 1 atm pressure at 25 ◦C was investigated. The EIS results confirm the formation of
a passive layer having lower capacitance when formed by potentiostatic polarization of the alloy in the
anodic potential stepping direction than when observed by subsequent stepping of the potential in the
cathodic direction. This dependence of the kinetics of the passivity on the potential stepping direction
is attributed to irreversible changes in the point defect structure of the barrier layer. Additionally,
through optimization of the MPM on the experimental EIS results, the contribution of the cathodic
partial current to the total current was determined to be small. Optimization of the MPM on the EIS
data confirmed the irreversibility of the passivation of the AA2098–T851 alloy. Additionally, extracted
MPM parameters showed that the anodic current is potential-independent, as predicted by the point
defect model for an n-type barrier layer of the passive film. The calculated value of the passive current
density leads to a more accurate calculation of the corrosion rate. Moreover, it has been shown that
the Al interstitial comprise the majority of the point defects in the barrier layer of AA2098–T851 alloy.
Finally, by using a mixed potential model that incorporates quantum mechanical tunneling of charge
carriers through the barrier oxide layer on the passive metal surface we have been able to recover a
cathodic Tafel constant that is in accord with that predicted for the HER reaction (the slow proton
discharge mechanism).
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