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The effects of manganese on the aqueous corrosion of aluminum-manganese alloys were investigated by ex-
periments and atomistic simulations. Electrochemical measurements, x-ray photoelectron spectroscopy, and
atom probe tomography analysis indicate that manganese addition enhanced the corrosion resistance of alu-
minum without participating in the surface oxidation. The selective dissolution of manganese was believed to
increase the free volume at the metal/oxide interface to facilitate the formation of a denser, thinner oxide layer

with closer to stoichiometry composition. Atomistic simulations showed that the oxide layer compactness in-
creased, and defect density decreased with increasing free volume content in Al, resulting in enhanced barrier

characteristics.

1. Introduction

The design of strong and corrosion-resistant alloys, especially those
containing lightweight elements such as Al are challenged by the trade-
off between strength and corrosion resistance. Solute tends to have
small equilibrium solubility limit in Al due to their relatively large
negative enthalpy of mixing with Al [1]. As a result, extensive pre-
cipitates are often formed to strengthen Al alloys, which compromises
corrosion resistance due to the microgalvanic coupling with the metal
matrix (with the matrix serving as the local anode) [2,3]. The presence
of precipitates also degrade the passive film’s resistance to localized
corrosion due to the thickness incompatibility between the precipitates
and Al matrix [4]. Such design challenge is also complicated by the fact
that a fundamental understanding of the far-from-equilibrium struc-
ture, property, and formation mechanism of the passive layer of Al al-
loys is still lacking, where unusual combinations of structure and che-
mical composition are a general phenomenon, resulting from different
diffusion and transport rates of the constituting elements, selective
dissolution or oxidation, and the moving oxidation front, as pointed out

recently by Yu et al. in the ‘nonequilibrium solute capture’ theory [5].

An outstanding question is how to select the appropriate alloying
elements and composition to obtain a naturally occurring, protective,
and mechanically robust oxide layer on the surface of Al yet minimizing
the strength-corrosion resistance trade-off. In the present work, we
evaluate an intriguing hypothesis, that the corrosion resistance of Al
alloys could be enhanced by increasing the content of a non-passive
element (Mn) in solid solution; such non-passive element is selectively
dissolved at the surface to enhance surface activity of Al and facilitate
the formation of a more compact (i.e. higher density), thinner, yet
protective surface oxide layer with closer to stoichiometry composition
than those on pure Al or dilute Al-Mn alloys. Here, solid solution is
chosen as an ‘electrochemically benign’ strengthening mechanism that
does not introduce measurable chemical heterogeneity [6-9]. Thanks to
the fast effective quenching rate during non-equilibrium processes such
as physical vapor deposition, metastable solid solutions of Al-based
binary and ternary thin films have been prepared and their corrosion
properties studied extensively [6-12]. Previous studies show that the
effects of alloying additions on the pitting corrosion resistance of such
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Al-based solid solutions are complex [12,13]. Small quantities of Sn, In,
Hg, Ga, and Zn are found to be detrimental to Al corrosion, as they
reduce the passive potential region and shift the corrosion and pitting
potentials in the negative direction [14]. Thus, these alloying elements
lead to high anodic current density and uniform active surface corro-
sion. Other alloying elements such as Cu, Mo, Mn, W, Nb, Cr, Ta, V, and
Zr improve corrosion resistance and decrease pitting susceptibility of Al
by increasing the overpotential for anodic dissolution and decreasing
metastable pit initiation and growth rates [6,15]. Specifically, in terms
of the roles of Mn addition, the pitting resistance of Al was improved by
~ 350-500 mV and corrosion current density reduced by ~ 2-10 times
when alloyed with up to ~ 30 at.% Mn compared to pure Al
[10,11,16]. It should also be noted that with increasing Mn content, the
microstructure of the alloy experiences a transition from nanocrystal-
line to complete amorphous structure at high Mn content [11,16-18].
However, as reported previously [11], the pitting potential increases
monotonically with Mn content up to ~ 20 at.%, regardless of its
crystallinity. It is also interesting to note that when Mn content further
increases to above ~ 40 at.%, a reduction of pitting potential was also
reported [16]. Several explanations have been proposed to elaborate
the roles of Mn on the corrosion behavior of Al. It was suggested that its
influence on the composition of the passive layer is small, rather its
effects on enhancing the corrosion resistance of Al has been attributed
to its influence on the pH of zero charge of the passive film, the solu-
bility of dissolved species in the pit solution, enrichment of the solute
species at the active surface in a pit, and ennobling the pit dissolution
kinetics [10,16,19-21]. It was argued that when Mn is added, higher
potentials are needed to achieve the high current densities necessary for
stable pit growth compared to pure Al, which leads to higher pitting
potential [19,22]. Limited studies have been performed to identify the
structural origin of such corrosion behavior. For example, Crossland
et al. [23] studied the structure of barrier-type anodic films (~ 132 nm
thick) of Al-2.5 at.% Mn and Al-16 at. % Mn in ammonium pentaborate,
sodium hydroxide, and sulphuric acid electrolytes. They found that
under the anodization voltage of 60 and 100V, the faster migration of
Mn species than Al leads to the formation of a bilayered anodic film in
pentaborate and hydroxide solutions (pH > 7), with the inner film
enriched in Al,03; and MnO, and an outer layer of primarily Mn,O3.
However, in sulphuric acid (pH < 7), no outer Mn-rich layer was ob-
served. On the other hand, Zhang et al. [21] showed that the passive
film of Al-23.7 wt.% Mn at open circuit potential contains mainly alu-
mina and hydrated alumina during long term (2808 h) immersion in
3.5wt.% NaCl aqueous solution, while no prominent Mn oxide was
detected, similar to those reported by Moffat et al. [20].

The lack of fundamental understanding of the atomistic structure,
composition, and chemical state of the passive layer and their formation
mechanism, which is difficult to characterize due to its thinness and
delicate structure, has greatly hindered our understanding of the spe-
cific roles Mn play on the corrosion behavior of Al. Such challenge is
coupled with a lack of understanding of the defect type and density in
the passive layer, which often dominate the charge and mass transfer
events that govern both the oxide growth and metal dissolution ki-
netics. For example, the argument on the pit dissolution kinetics cannot
explain why the pitting potential of Al-Mn starts to decrease when Mn%
is above ~ 40 at.%. The present work aims to combine atomistic sur-
face characterization (e.g. 3D atom probe tomography) and computer
simulation (molecular dynamics) to understand the roles of Mn addi-
tion on the structure, chemistry, and protectiveness of the surface oxide
layer of Al-Mn alloys and its barrier characteristics. Atom probe to-
mography (APT) is the only technique so far capable of producing 3D
compositional reconstructions with sub-nanometer-scale resolution and
~10 ppm sensitivity, and has only recently been applied to corrosion
science [24-26]. Specifically, we studied the aqueous corrosion of a
concentrated binary alloy of Al-20 at.% Mn, commercial Al-Mn alloy
(Al 3003), and high purity Al. Finally, a rationalization of the origin of
passivity in Al-based solid solution is proposed based on the
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experimental and simulation results. The obtained understanding could
shed light on the design of new corrosion-resistant concentrated alloys
such as multi-principle elements alloys, high entropy alloys, and me-
tallic glasses.

2. Experimental procedure

Al-Mn thin films with a nominal composition of 20.3 at.% Mn were
prepared by direct current (DC) magnetron sputtering on (100) silicon
(Si) wafers. Sputtering was operated inside a vacuum chamber (PVD 75,
Kurt J. Lesker, Pennsylvania, USA), applying 200 W power for the Al
(99.99 %, Kurt J. Lesker, Pennsylvania, USA) target and 38 W for the
Mn target (99.95 %, Kurt J. Lesker, Pennsylvania, USA) under 5.9 X
10~2 Torr argon atmosphere (99.99 %). Prior to the deposition, Si
wafers were etched with 1:20 hydrofluoric acid water solution to re-
move the natural oxidation layer. The thickness of the thin film was ~
1.2 um, measured by a contact profilometer (DektakXT, Bruker,
Massachusetts, USA). The chemical composition of samples was char-
acterized by energy-dispersive X-ray spectroscopy (EDS, Quantax,
Bruker, Massachusetts, USA) in a scanning electron microscopy (SEM,
Quanta 600 FEG, FEIL, Oregon, USA) under 10 keV.

Electrochemical measurements were performed on as-deposited and
anodized Al-20 at.% Mn thin films (hereafter referred as AM20 and a-
AM20 respectively), Al 3003 (Metal Supermarkets, Florida, USA), and
high purity Al (99.99 %, Alfa Aesar, Massachusetts, USA) with an ef-
fective exposed area of ~ 1 cm? The chemical composition (in mass
fraction) of Al 3003 is 1.14 % Mn, 0.15 % Cu, 0.60 % Fe, 0.10 % Si, and
balanced Al. A potentiostat/galvanostat/zero resistance ammeter
(Gamry model 600, Pennsylvania, USA) was used for all electro-
chemical experiments in a three-electrode setup, where the sample, a
mixed metal oxide coated titanium mesh, and a silver-silver chloride
electrode with 1M KCI internal solution was used as the working,
counter, and reference electrode respectively. Naturally aerated 0.6 M
NaCl aqueous solution with pH = 6.4 at 25 + 2°C was used as the
electrolyte in all experiments. The a-AM20 sample was prepared by
anodic polarization of AM20 at a constant potential of 200 mV above
the open circuit potential (E,,) at 15°C for 2000s. This anodizing
potential was chosen within the passive region where the current
density is largely independent of potential. The lower temperature
(than room temperature) is chosen to suppress the generation of joule
heating [27]. The enhanced protectiveness of this passive layer on a-
AM20 is confirmed by the current evolution during anodizing, as shown
in Fig. 1, where the current density decreased from ~ 7.75 x 1078 A/
cm? to 3.68 x 10~ 8 A/cm? after 2,000 s. Potentiodynamic polarization
(PD) tests were performed with a scan rate of 0.167 mV/s for 1.5 h after
stabilizing at E,, for 300s, starting at a potential of —150 mV below
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Fig. 1. Current evolution during potentiostatic anodizing of AM-20 in 0.6 M
Nacl solution at 15 °C.
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Eocp. Electrochemical impedance spectroscopy (EIS) analysis was per-
formed after 300s stabilization at E,cp, with 10 mV,y, sinusoidal po-
tential excitation, 100 kHz to 10 mHz frequency, and 5 points per
decade. Note the time allowed for E,, stabilization (300s) was de-
termined by measuring the time evolution of E,., until no significant
fluctuations of potential was recorded, as confirmed by E,., measure-
ments over a longer period of 1800 s on selected samples. The obtained
data was then fitted by the equivalent circuit (EC) model using Gamry
E-chem software. Mott-Schottky (M-S) test was performed to analyze
the electronic properties of passive layer on all samples at a frequency
of 1000 Hz and scan rate of 10 mV/s, after immersion at E,, for 600s.
The potential scan range of pure Al and Al 3003 were from -1.0V to
-0.7V vs. their respective E,., while that of AM20 and a-AM20 were
from -1.0 V to -0.1 V vs. their respective Eqp.

X-ray diffraction (XRD) measurements of pure Al and Al 3003 was
performed using PANalytical X’pert PRO MRD at 0.01° step size, 2.5s
scan step time, using Cu Ka under 45 kV and 40 mA. Grazing incidence
XRD (GI-XRD) of AM20 and a-AM20 were performed using PANalytical
Empyrean Nano Edition with a grazing incidence angle of 0.9149°,
0.02° step size and 10 s scan step. The X-ray photoelectron spectroscopy
(XPS, PHI Quantera SXM, USA) characterization was operated under an
ultra-high-vacuum system with 10~ ° Torr base pressure. On each
sample, a monochromatic Al Ka X-ray source with a beam diameter of
100 um and an angle of 45° source analyzer was applied to measure the
sputter depth profiles. Pre-sputtering was applied for 15 s using 1 kV ion
beam directly on the sample surface to remove any potential carbon
contamination. The sputter depth profiles were obtained using 1 —3kV
argon ions on an area of ~ 2 X 2 mm? using a number of sweeps, step
sizes and pass energy, as shown in Table 1. The estimated instrumental
resolution is ~ 0.39 eV for O 1s spectra, 1.0 eV for Al 2p spectra and ~
2.1 eV for Mn 2p spectra. C 1s at 285 eV was used to calibrate the
spectrum prior to data analysis of each element. MultiPak analysis
software was used to perform the spectral deconvolution after the curve
fitting procedure.

Atom probe tomography (APT) analysis was conducted on the as-
anodized a-AM20 and corroded a-AM20 after potentiodynamic polar-
ization tests for 1.5h in 0.6 M NaCl aqueous solution. The sample
surface was protected by depositing a 60—100nm Ni layer using a
South Bay Technologies ion beam deposition system. APT specimens
were made using a Thermo Fisher Nova 200 dual beam focused ion
beam (FIB)/scanning electron microscope (SEM) with standard lift out
and needle fabrication methods described by Thompson et al. [28]. An
equilateral triangular prism was cut and lifted out, mounted on Si mi-
crotip array posts, and sharpened using a 30kV Ga™ ion beam. Pt from
the needle surface was removed using a 2kV ion beam until the de-
posited Ni above the oxide layer was at the needle surface. The APT
experiment was run on a CAMECA LEAP 4000XHR using laser mode
with a 30K base temperature, 40-50 pJ laser power, a 0.2—0.5 % de-
tection rate, and a 200 kHz pulse repetition rate. The APT results were
reconstructed and analyzed using CAMECA’s interactive visualization
and analysis software (IVAS 3.8).

3. Simulation procedure

In this work, the slab models were used to investigate the oxidation
process on amorphous, nanocrystalline and single crystalline Al sur-
faces. Due to the absence of a reliable interatomic potential of the Al-

Table 1
Summary of parameters in sputter depth profile.

Element Number of sweeps Step size (eV) Passage energy (eV)
Al 2p 10 0.125 69

Mn 2p 10 0.125 140

O1s 8 0.05 26
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Mn-O system, the simulation results reported here mainly focused on
the oxidation of pure Al, while results on that of Al-Mn were provided
in the supplementary material by using mixed interatomic potentials for
Al-Mn, Al-O, and Mn-O, respectively (Fig. S1). The single crystalline Al
slab was built by cleaving the (001) or (111) plane of Al crystal with a
total of ~50, 000 atoms. For the nanocrystalline Al slab, a columnar
structure with (111) texture parallel to the oxidation direction (i.e., z
direction in Fig. 9) and an average grain size of 2.5 nm was constructed.
Its surface area was similar to that of the single crystal. The amorphous
Al slab was obtained by heating the Al single crystal with ~ 50,000
atoms from 0 to 2000 K, and then quenched to 300K at a rate of 0.02 K/
fs. For simulations at high temperatures (up to 800 K), each Al slab was
relaxed by using isothermal isobaric (NPT) ensemble under zero pres-
sure at the corresponding temperature. All relaxed Al slabs had similar
sizes, i.e., 101.25 x 101.25 x 81 A along the x, y, and z directions of
the simulation cell. Each Al slab was then placed in the simulation cell
(101.25 x 101.25 x 181 10\) with 4000 O atoms by following a similar
procedure to that reported by Campbell et al. [29], as shown in Fig. 9.
Periodic boundary conditions were applied along all directions along
the simulation cell.

After construction, each model was simulated at 300 K-800 K for
20 ps under canonical (NVT) ensemble, during which the oxidation
occurred. All simulations were performed using the LAMMPS program
[30] with the interatomic interactions between Al and O being modeled
by the Reactive Force Field (ReaxFF) [31]. The time step was 0.4 fs and
the Nose [32]/Hoover [33] thermostat was used to control the tem-
perature. It was noticed that the oxidation process completed within
20 ps relaxation process and the thickness of the oxide layer remained
unchanged after 20 ps. The atomistic structure of the formed oxide film
in each model was analyzed by Ovito [34].

4. Experimental results
4.1. XRD characterization

Fig. 2 shows the XRD results of all samples. Pure Al and Al 3003
exhibit a single face-centered-cubic phase with a strong (200) texture
parallel to the sample normal direction. A broad peak was observed
around 42—43° for AM20, indicating the formation of largely amor-
phous microstructure, in consistent with prior works on electro-
deposited or sputtered Al-Mn alloys with similar compositions
[10,16,18,20]. Compared to AM20, the structure of a-AM20 does not
change after anodizing. A small feature at ~ 34.8° was also observed in
both AM20 and a-AM20, close to the (104) diffraction peak of cor-
undum (a-Al,05) (JCPDS-ICDD File No 46-1212).

4.2. Corrosion behavior

Representative PD curves and the PD results of all samples are
shown in Fig. 3. The passive regions of AM20 and a-AM20 are much
wider than those of A13003 and pure Al. The pitting potential increased
with increasing Mn content in Al, as shown in Fig. 3(b). In addition, the
protectiveness of naturally formed passive layer on AM20 can be fur-
ther improved by anodizing the alloy surface, similar to those reported
on other Al-based alloys [35,36]. Fig. 4(a) shows the Nyquist plots of all
samples obtained after immersion in 0.6 M NaCl aqueous solution at
room temperature for 300 s under E,.,. The diameter of the capacitive
semicircle is largest for a-AM20, followed by AM20, Al3003 and pure
Al, indicating the enhanced protectiveness of the passive layer after
alloying and anodizing, consistent with the PD results. The Bode plots
of all samples are shown in Fig. 4(c) and (d). At high frequencies, the
electrolyte resistance Rs was estimated to be ~ 11-15 Q from Fig. 4(c).
At lower frequencies, the polarization resistance increases in the se-
quence of pure Al, Al 3003, AM20, and a-AM20, in agreement with
their PD behavior. The phase shift Bode plot (Fig. 4(d)) shows a wave
trough for all samples in the low frequency region, characteristic of an
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Fig. 2. The X-ray diffraction patterns of pure Al, A13003, as-deposited Al-20at.
%Mn (AM20), and anodized Al-20at.%Mn (a-AM20).

electrical circuit with two relaxation processes. Sample a-AM20 ex-
hibited a maximum phase angle close to — 90° over a wide frequency
range of 0.1 Hz-100 Hz (Figs. 4(d)), indicating its good capacitive re-
sponse, while all others showed narrower frequency range of the ca-
pacitive effect.

The Nyquist and Bode plots were fitted using an equivalent circuit
model shown in Fig. 4(b), where Ry represents the ohmic solution re-
sistance, R; is the charge transfer resistance, R, is the electrolytic re-
sistance through the passive layer defects, the constant phase element
CPE; and CPE, represent the non-ideal capacitive behavior of the
double layer and the passive layer respectively. The double layer is
formed between the metal surface and the electrolyte. As ions from the
electrolyte is adsorbed onto the metal surface, the charged metal sur-
face is separated from the charged ions in the electrolyte by an in-
sulating surface (typically on the orders of angstroms) to form a capa-
citor CPE;. The geometrical capacitance of the passive layer, which is
mainly a metal oxide layer, as shown later in Section 4.3, corresponds

(@
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to CPE,. This model represents just one of several possible equivalent
circuits that can fit the measured EIS data. It is chosen due to its in-
clusion of two relaxation processes, and the fact that it has been suc-
cessfully adopted in prior research for Al-Mn [11,21] and Al-W [37]
solid solutions in NaCl electrolytes. Table 2 summarizes the model fit-
ting parameters. The impedance of the CPE is defined as Z = m, Yo
is a constant, j is the imaginary unit, w is the angular frequency of the
sinusoidal signal, and n is an exponent in the range of 0 < n < 1.
When n = 1, the CPE behaves like an ideal capacitor; when n = 0, it
behaves like a pure resistor. For CPE,, the n, value increases from 0.813
for pure Al to 0.949 for a-AM20, indicating a more ideal capacitor
behavior in the later. The thickness of the passive layer d was estimated
by [38]

d= g5A/C (@)

where ¢, is the vacuum dielectric constant (¢ = 8.85 X 107 Fecm™1), €
is the dielectric constant (relative electric permittivity) of barrier-type
alumina (e= 20), A is the area exposed to the electrolyte solution (~
1cm?), and C is the capacitance from CPE,. Table 2 shows that the
values of CPE, increases in the order of pure Al, Al13003, a-AM20, and
AM20. Hence the calculated passive layer thickness decreases in that
same order. The passive layer thickness on a-AM20 is ~ 4.62 nm, which
is slightly higher than that on AM20 (~ 4.09 nm) but smaller than that
on Al3003 (6.94 nm) and pure Al (7.25 nm).

4.3. Surface characterization via XPS

Fig. 5 shows the element depth profile measured from XPS over 24
sputtering cycles, where the metal/oxide interface was defined by a
change of bulk alloy concentration by ~ 10 %. It can be seen that the
trend of surface oxide layer thickness of all samples is consistent with
the EIS results. Mn was absent from Al3003 due to its low concentra-
tions (~ 0.6 at.%). In AM20 and a-AM20, Mn concentration decreases
from 20 at.% at the metal/oxide interface to zero at the oxide surface,
confirming their selective dissolution in the passive layer. In the outer
surface of the oxide, the composition of oxide is ~ Al330¢; for pure Al,
Al360¢4 for Al13003, and AlygOgo for AM20 and a-AM20. Such results
indicate that ~ 20 at.% Mn addition in these alloys and its selective
surface dissolution brings the surface oxide composition to the exact
stoichiometry of its stable oxide (i.e. corundum Al,O3).

Fig. 6 summarizes the Al 2p, O 1s and Mn 2p core levels for all
samples as a function of sputtering cycle, where cycle 1 corresponds to
the outmost surface. Additional figures of the Al 2p spectra fitting of
selected samples are provided in the supplementary materials (Fig. S2-
S3). For pure Al, the outer surface contains aluminum oxide, AIO(OH)
and a small amount of Al-Al bond. The intensities of both aluminum
oxide and AIO(OH) dramatically decreases after 24 cycles (~ 10 min
sputtering time), while the O content around 25 at.% can still be
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Fig. 3. (a) Representative potentiodynamic polarization curves and (b) summary of pitting potential of all samples after corrosion in 0.6 M NaCl solution at room

temperature.
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magnitude and (d) phase shift angle as a function of frequency from EIS measurements of all samples at open circuit potential in 0.6 M NaCl solution.

Table 2

Summary of equivalent circuit model fitting parameters defined in Fig. 4(b).
Sample R () R; () Y; (em?S7"Q) n; CPE,(F) R, () Y, (cm?S77Q) ny CPE,(F) d (nm)
Pure Al 10.95 2.00 x 10* 1.93 x 107° 0.838 1.61 x 107° 3.69 x 10* 3.84 x 107° 0.813 2.45 x 107° 7.25
Al 3003 14.88 5.02 x10* 2.70 x 107° 0.869 2.83 x107° 5.93 x 10* 3.54 x 107°¢ 0.826 2.55 x 10°¢ 6.94
AM20 14.59 8.43 x10* 523 x 107° 0.947 5.69 X 107° 4.28 x 10° 413 x10°° 0.922 433 x10°° 4.09
a-AM20 13.90 9.30 x 10* 575 x 107° 0.967 6.09 x 107° 2.63 x 10° 3.41 x 107° 0.949 3.83 x 107° 4.62

detected. A similar trend was also observed for Al 3003. Aluminum
oxide, AIO(OH) and Al(OH); have been detected near the top surface of
a-AM20 before and after potentiodynamic polarization for 1.5h while
only Al oxide and AIO(OH) have been detected for AM20. In terms of
Mn 2p spectra, for both AM20 and a-AM20, Mn remains in the ele-
mental form throughout the surface oxide layer, with extremely low
concentrations in the first three cycles (~ 2 min sputtering time), while
those of Mn oxide species was absent (whose binding energy is at
640.5 eV and 642.3 eV). A similar behavior was observed for corroded
a-AM20, with the exception that a very small intensity of MnO, was
detected on the outmost surface (cycle 1). This observation is somewhat
in agreement with prior research. For example, Zhang et al. [21]
showed that Mn is present on the surface of anodized Al-Mn but be-
comes absent after long term (2808 h) immersion in NaCl aqueous so-
lution.

4.4. APT results

To further understand the atomic structure of the oxide layer that
provided the corrosion protection on the metal surface, APT analysis

was performed on selected samples with the results presented in Fig. 7.
APT atom maps are shown in Fig. 7(a) and (b) for the a-AM20 sample
before and after corrosion. Fig. 7(c) and (d) display the 1D concentra-
tion profiles of the oxide/alloy interfaces, which were calculated using
proximity histograms of 10 at.% O isoconcentration surfaces within
density  corrected (using the Z-redistribution algorithm)
15 x 15 X 50 nm ROIs extracted from the center of the dataset [39,40].
The results show ~ 4nm and 8 nm surface oxide layers formed on a-
AM20 before and after PD corrosion, respectively. The thickness of a-
AM20 before corrosion is in good agreement with the EIS results
(4.78 nm). In both cases, the oxide layer is mainly enriched in Al and O
with an Al/O ratio close to 2:1, while that of Mn is largely absent, as
shown in Fig. 7(c) and (d). The MnO mass spectral peaks were found to
be basically zero in the oxide layer and the metal substrate. Such results
are consistent with our prior TEM analysis on anodized AlgoMny, after
tribocorrosion [41]. Interestingly, in both cases, a slight enrichment of
Mn near the oxide/metal interface was also observed, similar to those
reported previously in anodized Al-Mn alloys [23].
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Fig. 5. XPS depth-profile for O, Al, and Mn elements of all samples.

4.5. Defect characterization by Mott-Schottky (M-S) analysis

Fig. 8 summarizes the M-S analysis results of all samples. Here, the
capacitance of the Helmholtz layer is assumed to be much bigger than
the semiconductor capacitance of the passive layer, hence the measured
capacitance of the interfacial double layer C is taken as the semi-
conductor capacitance of the passive layer to calculate the defect den-
sities according to the following equation [42-46]

1 +2 kT
— = E-E,-2L
Cc? EEOeN( » e)

(2)

where C is the capacitance, ¢ is the passive film dielectric constant (10
for Al,O5 [471), ¢, is the permittivity of vacuum (e, = 8.85 x 10~ F/
cm), N is the dopant density, E is the applied potential, Eg, is the flat
band potential, k is the Boltzmann constant (1.38 X 1022 JK'Y), T is the
absolute temperature, and e is the elementary charge (1.602 x 107 C).
It was found that while only n-type defects such as oxygen vacancies
and cation interstitials (e.g. Al13") were observed in pure Al, all Al-Mn
alloys contain p-type defect (e.g. cation vacancies) at low potentials and
n-type defect at high potentials. As Mn% increases, the density of n-type
defect decreases while that of p-type increases (except after anodizing).
These results indicate alloying with Mn changed the metal-excess oxide
(n-type) of Al into a metal-deficit (p-type) oxide at low potentials, most
likely due to the selective dissolution of Mn, thus leaving behind cation
vacancies. At higher potentials, with increased population of AI** in-
terstitials due to polarization, the surface oxide becomes n-type again,
but with lower defect density than pure Al, probably due to the ori-
ginally lower (or absent) O% vacancies and AI** interstitials. A similar
“V-shaped” p-n junction behavior has also been reported for anodic
aluminum oxide films [48], passive films formed on Fe-based amor-
phous alloys after corrosion in acetic acid [49], and those on AISI 304
stainless steel in NaCl aqueous solution [50]. In the present work, such
p-n junction could be interpreted as two capacitors in series, one cor-
responding to the p-Al,03/n-Al,O3 interface and the other to the n-
Al,O3/electrolyte interface [51].

Fig. 8(c) summarizes the n-type defect density and pitting potential
of all samples. It can be seen that as the n-type defect density decreases,
the pitting potential increases. This is in good agreement with the
classical point defect theory [52], which assumes that pitting corrosion

initiates at the oxide/solution interface involving the adsorption of
chloride ions into oxygen vacancies [52]. Hence a reduced n-type defect
density leads to reduced chloride adsorption, and better pitting re-
sistance. Although not fully understood at this point, these results in-
dicate the complex defect state due to selective dissolution of the solute
element Mn at different potentials.

5. MD simulation results
5.1. Oxidation of crystalline vs. amorphous Al surface

The above APT and XPS results have shown that in the surface oxide
layer of AM20 and a-AM20, only aluminum (hydr)oxide was present
while Mn was present in the non-oxidized metal form (Mn°), with a
decreasing concentration from 20 at.% Mn (bulk concentration) at the
metal/oxide interface to zero at the outermost (hydr)oxide surface. In
other words, Mn addition enhanced the corrosion resistance of Al
without participating in the surface oxidation. To gain a better under-
standing of the passive layer formation (i.e. oxidation) mechanisms of
Al and Al-Mn, MD simulations were performed. Ideally, such simula-
tions would be performed on crystalline Al, amorphous Al, and amor-
phous Al-Mn to take into accounts of both structural and compositional
differences. However, due to the lack of a reliable interatomic potential
of the Al-Mn-O system, the present work mainly focuses on the pure Al
system, while results on the oxidation of amorphous Al-Mn are pro-
vided in the supplementary material. Since crystalline Al, amorphous
Al, and amorphous Al-Mn represents a trend of increased Al-Al bond
distance and free volume, it is assumed that the trend from crystalline
to amorphous Al could be potentially extended to Al-Mn, where the
presence of Mn further increased the Al-Al bond distance and free vo-
lume but does not participate in the oxidation process.

Fig. 9 shows that during the oxidation process of amorphous and
single crystalline Al (001), the O atoms moved inwards while the Al
atoms moved outwards to form the oxide films. Both films had similar
thickness of about two atomic layers, as shown in Fig.9(c), (f). A closer
comparison of the atomic structure of the oxide films indicates that
there were fewer holes in the oxide film on the amorphous Al than that
on the single crystalline Al surface (Fig. 10(a),(b)). Since the formed
oxide films on both surfaces had similar thickness and area, the density
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Fig. 6. XPS depth-profile of Al 2p, O 1s, and Mn 2p spectra for all samples.

of these two oxide films can be quantified by using the number of Al-O
bonds present. As shown in Fig. 10(c), the number of Al-O bonds of
amorphous Al was higher than that of single crystalline Al, consistent
with the visual inspection based on the atomic structures. Results based
on additional simulations at 800K (Fig. 10 (d)-(f)) showed a similar
trend.

5.2. The oxidation activation energy

To quantify the thermodynamic driving forces for the oxidation
process, the oxidation activation energy was investigated for both
crystalline and amorphous Al, as shown in Fig. 11. Based on the number
of Al-O bond formed at different temperatures (Fig.11(a), (b)), the
average oxidation velocity was calculated by linearly fitting the time-
dependent Al-O bond number between 0.4 and 2.4 ps. An example of
such fitting process was included in Fig. 11(c). The extracted oxidation
velocity was then plotted against temperature and fitted in Fig. 11(d) by
assuming an Arrhenius relation, i.e., V= Vyexp(-E/kT), where V is oxi-
dation velocity, V, is pre-exponential factor, E is activation energy, k is
the Boltzmann constant and T is the temperature. The fitted activation
energy E was found to be 0.0086 eV and 0.0107 eV for amorphous and

single crystalline Al respectively, indicating that the oxidation on the
amorphous Al was more energetically favorable than that on the single
crystalline Al.

5.3. Atomic pathway of oxidation process

The atomic pathway of Al and O atoms during the oxidation process
was found to be dramatically different on the amorphous and single
crystalline Al surfaces. The findings at 300 K were presented in Fig. 12
as an example. On the amorphous Al surface (Fig. 12(a) and (b)), Al
atoms were first pulled out of the topmost surface layer, creating va-
cancies in their original position. Almost simultaneously, the nearby
oxygen atoms would fall into the vacancies and become bonded with
the surrounding Al atoms. This mechanism was consistent with that
reported by Campbell et al. [29]. In contrast, during oxidation on the
single crystalline Al surface (Fig. 12(c)-(e)), O atoms moved into the
tetrahedral and octahedral sites in the Al lattice, during which at least
four surrounding Al atoms became deviated from their original lattice
sites and were pulled out of the free surface (Fig. 12(d)). Therefore,
when the O atoms moved towards these sites, more energy was needed
as compared to that on the amorphous Al surface. In addition, the
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Fig. 9. The (a, d) initial and (b.e) final plane view and (c, f) cross-sectional view of the amorphous and single crystalline Al (001) slab after 20 ps of oxidation.

number of tetrahedral and octahedral sites was limited (eight tetra-
hedral sites and four octahedral sites per unit cell) in the single crys-
talline Al while on the amorphous Al surface, every Al atom could be
potentially pulled out and become a vacancy. Due to these reasons, the
amorphous Al surface can absorb more O atoms with lower activation
energy, thus forming much denser oxide film than that on the single
crystalline Al surface.

The different oxidation mechanisms on the amorphous and single
crystalline Al surfaces suggest that increasing the free volume in Al
promotes the formation of denser oxide film. To further confirm this
result, the oxidation on nanograined (~ 2.5nm grain size) and single
crystalline Al (111) plane were also simulated. The atomic configura-
tion of the oxide film and the number of Al-O bonds on each Al surface
are presented in Fig. 13. The oxide film on the nanograined Al surface
appeared to be denser (with less holes) than that on the single crys-
talline Al surface, but less so than that on the amorphous Al surface.
This trend is consistent with the number of Al-O bond for each oxide
film (Fig. 13(c)). It is worth noting that the number of Al-O bonds in the
oxide film on the single crystalline Al (001) plane was similar to single
crystalline Al (111) plane (Fig. 13(f)). Therefore, the crystal orientation
has little impact on the density of oxide film, and a more practical

strategy to improve the density of oxide film on the Al surface is to
increase the free volume or Al-Al bond distance via alloying with a non-
passive element such as Mn.

6. Discussion

Corrosion resistance of complex alloys depends heavily on the
structure and property of the surface oxide layer. Generally speaking,
both the composition and crystal structure of the oxide layer are far
from equilibrium in the surface oxide layer of complex alloys. Such
complexity makes theory-guided alloy design and selection rather
challenging. In the present work, we show that when alloyed with non-
passive element Mn in solid solution, the corrosion resistance of Al was
significantly enhanced although Mn is largely absent from the passive
layer. Such results cannot be explained by only considering the ther-
modynamics during corrosion. For example, the calculated potential/
pH (Pourbaix) diagram of AlgoMnyg is shown in Fig. 14 following al-
gorithms in [53,54]. It can be seen that near neutral pH, the passivity
region of AlgoMny is very similar to pure Al In other words, the ad-
dition of Mn does not increase the passivity region of the alloy because
Mn is dissolving/corroding under such pH/potential condition. Due to



J. Chen, et al.

S_iéié"cr}saliA'i; t;iof_)i, (c) 16000

Corrosion Science 173 (2020) 108749

S

16000

A
'-“‘.?. 3 —o— Amorphous Al, T=300 K
) =} —o—Single crystal Al, T=300 K
5 12000
=
(@] A O000000000E00000000000¢
21' QOGCOSSS;;;;E](D’(S;égmg 000000000000K
00 oo
4 8000 o
=
S
=
£
Z. 4000
0 1 1
10 15 20

Time (ps)

=20 ps
12000
8000

4000

Number of Al-O bond

—c—Amorphous Al, T=800 K
== Single crystal Al, T=800 K

50%ga0
0500
Jostal

0C

5 7\cooocmd:Sgggggﬁﬂﬁaﬁhdﬁﬁh\ﬂﬁnn
10000099 ooo
WOC‘(/%EDDDDDDDDDD

Time (ps)

Fig. 10. Structure of the oxide film on the amorphous and single crystalline Al surface at (a-b) 300 K and (d-e) 800 K, and the number of Al-O bonds in the oxide film
formed on the amorphous and single crystalline Al surface at (¢) 300K and (f) 800 K.

this reason, the effect of Mn must be related to the corrosion kinetics.

Specifically, our experimental study shows that increasing Mn% in
Al enhanced its pitting resistance and reduced its corrosion rate com-
pared to pure Al. This corrosion protection was further enhanced by
anodizing, where the passive film thickness slightly increased, with
reduced p-type defect density. Through comprehensive surface char-
acterization, we found that the selective dissolution of Mn facilitate the
formation of a thinner oxide layer with closer to stoichiometric com-
position than that on pure Al. At the same time, the surface depletion of
Mn reduces the n-type defect density in the passivation layer that
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further affects charge transfer and chloride adsorption. MD simulations
on crystalline and amorphous Al further confirm that increasing the free
volume content and Al-Al bond distance lead to lower activation energy
and more O transport pathways of amorphous Al, and hence the for-
mation of a denser oxide layer.

Several observations are interesting: (1) the oxide layer on Al-Mn
alloys are thicker than that on pure Al, and the oxide thickness de-
creases with increasing Mn content (by comparing those on Al 3003 and
AM20); (2) the defect type is n-type in pure Al, but p-n junction for all
Al-Mn alloys studied. In addition, the total defect density in the alloy is

Fig. 11. The number of Al-O bonds in the
oxide film formed on the (a) amorphous and
(b) single crystalline Al surface at different
temperatures. (¢) The number of Al-O bonds on
the amorphous Al surface during the initial
stage (0.4 - 2.4 ps) and (d) oxidation velocity
on the amorphous and single crystalline Al
surface at different temperatures, where the
solid lines were fitted based on the Arrhenius
equation V= Vyexp(-E/kT). The fitted velocity
constant V, and activation energy E for oxi-
dation were included in the inset of (d).
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Fig. 12. Atomic pathway of oxidation process on the amorphous and single
crystalline Al surface. (a), (b) Oxidation process on the amorphous Al surface.
(c), (d) Oxidation process on the single crystalline Al surface. (e) The schematic
of Al unit cell highlighting the tetrahedral site occupied by O. The red and green
colors represent O and Al atoms, respectively (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article).

higher at higher Mn%. Such results indicate that the effect of Mn is
mostly in reducing mass transport, rather than electronic transport, by
forming a more compact oxide layer. On one hand, MD simulations
show that the amorphous Al forms an oxide layer with higher density.
Such a high-density oxide layer would be effective in reducing oxygen
transfer and diffusion, hence making further oxidation more difficult,

LEPEIT=300 K, =20 ps! (c) 12000
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thus producing a thinner oxide layer than pure Al, in agreement with
the experimental observation. On the other hand, by comparing single
crystal, nanocrystal, and amorphous Al, MD simulations clearly indicate
that having a larger than equilibrium Al-Al bonding length facilitate the
formation of a denser oxide, most likely due to the lattice mismatch
between pure Al and Al,O3.

Finally, a simplistic model is proposed in Fig. 15 to explain the
observed alloying effect by considering an effective Pilling-Bedworth
(PB) ratio of a binary alloy and its implications on the structural
compatibility between the metal and oxide. For a pure metal, PB ratio is
defined as

volume of oxide produced Moside * Prnetal
= ’
volume of metal consumed — nMperar * Ppige

PB =

@

where M is the atomic or molecular mass, p is the density, and n is the
number of metal atoms per molecule of the oxide [55]. Now consider a
binary alloy of A,,B, (where m% and n% are the atomic percentage of
element A and B respectively). We define an effective PB ratio for the
whole alloy as:

Rif = ZLI X;Rpg 2
where x; is the atomic percentage of the passivating element i and R} is
the corresponding PB ratio. Under a given corrosive environment, each
constituting element’s passivity can be identified thermodynamically
from its Pourbaix diagram. Note here that this calculation does not
include the PB ratio of any non-passivating elements in the alloy. We
hypothesize that once the alloy composition is optimized to achieve an
effective PB ratio close to 1, the naturally formed oxide layer is of the
highest protectiveness by having high density and low porosity due to
excellent structural compatibility between the oxide and the metal
lattices (Fig. 15). Note that this parameter is formulated based on
structural consideration, hence completely different from the empirical
parameters such as pitting resistant equivalent number (PREN) used for
steel design [56]. This compact surface oxide layer would be an
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effective barrier to oxygen diffusion and, as a result, lead to the for-
mation of a thinner oxide layer than those with a higher PB ratio. The
three alloys studied here: pure Al, Al 3003 (1.6 at.% Mn), and AM20
(20 at.% Mn), having an RS of 1.33, 1.31 and 1.06, respectively, in-
deed showed increased corrosion resistance and reduced oxide thick-
ness, supporting our hypothesis. These PB ratios are calculated as-
suming the formation of a-Al,03 (corundum, trigonal R3c), as
confirmed by XRD results in Fig. 2. Interestingly, this simple model can
also explain why the pitting potential of Al-Mn starts to decrease when
Mn% is above ~ 40 at.% [16], where its RS} becomes 0.8, significantly
smaller than 1. Hence the formed oxide layer does not have enough
volume to completely cover the metal substrate for effective passiva-
tion. Such a simplistic model needs future examination, especially from
complex alloy systems such as high entropy alloys and metallic glasses.
As a last note, the presence of a thin oxide layer, coupled with enhanced
surface activity of Al, could also render a faster repassivation rate if the
surface oxide layer is damaged, in agreement with our prior work [10].

7. Conclusions

A synergistic experimental and computational study was carried out
to evaluate the effects of a non-passive element, Mn, on the aqueous
corrosion behavior of a passive element, Al. It was found experimen-
tally using APT and XPS that the corrosion resistance of Al increased
with increasing Mn content (to 20 at.%) in the alloy, despite the fact
that Mn does not participate in the surface oxidation process. Although
the addition of Mn also changed the defect type and defect density in
the oxide layer, its effect on corrosion kinetics is more related to the
restriction of mass transport by forming a denser, thinner oxide layer
with closer to stoichiometry composition due to the selective dissolu-
tion of Mn, resulting in a higher free volume than pure Al. MD simu-
lations confirm that with an increasing free volume in Al, the density of
the oxide layer increases due to the lower activation energy and more
oxygen transport pathways. Finally, a simplistic model was proposed to

Vmetal B VAl + VMn

12

ratio of Al after alloying with Mn. We hy-
pothesize that the oxide barrier characteristics
can be tailored by alloying with non-passi-
vating element (Mn) in solid solution, whose
selective dissolution in the surface results in a
PB ratio close to 1.

O a

) Al3+
Q o+
o Mn

guide future alloy design by considering the optimization of the passive
and non-passive element ratio to achieve an optimum effective Pilling-
Bedworth ratio of the system.
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