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Stability of trivalent and hexavalent chromium oxide layers on aluminum substrates from electronic

structure calculations

2

Peng Geng!(®,* Shu Huang!(®, and Jaime Marian"

! Department of Materials Science and Engineering, University of California, Los Angeles, California, United States

2Department of Mechanical and Aerospace Engineering,
University of California, Los Angeles, California, United States
(Dated: November 16, 2024)

Aluminum’s light weight and high-strength make it a highly desirable material as a structural material in the
transportation sector. However, its relatively high corrosion susceptibility poses challenges for its wide applica-
tion under exposure to the elements. Traditionally, hexavalent chromium (VI) oxide (CrOs3) coatings have been
employed to provide corrosion protection, but their toxicity and environmental impact have motivated research
to seek less harmful options. Trivalent chromium (III) oxide (Cr,O3) suggests itself as a natural alternative due
to its similar chemistry and lower toxicity. However, the stability of its bonding to pure Al metal substrates has
not been thoroughly investigated. This study focuses on calculations of the adhesion work (W,q) and interface
energy (¥;;) of Al/CrO3 and Al/Cr, O3 interface structures with different Al crystallographic orientations ((100),
(110), and (111)) using density functional theory (DFT) calculations. Significant variations in the adhesion work
W,q and interface energy 7;; were observed for Al/CrOj interface structures across different Al planes, primarily
attributed to the formation of interpenetrating Al-Cr oxide substructures and the formation of Al-O-Al bonds
within the interface region. In contrast, the Al/Cr,O3 interface energies exhibited a relatively weak dependence
on the metal substrate orientation, with well-defined oxide and metallic layers and no oxygen penetration into
the aluminum. Notably, Al/Cr,Oj3 interfaces generally displayed higher adhesion work W,q and lower inter-
face energy %;; compared to Al/CrOs, suggesting that Cr,O3 forms more stable interfaces and adheres more
strongly to Al. These findings contribute to the development of sustainable corrosion protection solutions in
the aerospace and marine industries by highlighting the potential of Cr,O3 coatings as a viable environmentally

DOI: 10.1103/PhysRevMaterials.8.113603

friendly alternative to CrOs.

Keywords: adhesion work, interface energy, Al/CrOj3 interface, Al/Cr,Oj3 interface

I. INTRODUCTION

The transportation industry has long relied on lightweight
materials to optimize fuel efficiency and enhance performance
in aircraft, spacecraft, road vehicles, and marine vessels. Alu-
minum has become an attractive choice due to its exceptional
strength-to-weight ratio, intrinsic corrosion resistance, and
abundance. In the aerospace sector, aluminum is still exten-
sively utilized for constructing various components in com-
mercial airliners, spacecraft, and vehicle fuselages, as well as
engine components, enabling reduced fuel consumption and
increased payload capacity [1-4]. Similarly, in the marine in-
dustry, aluminum’s corrosion-resistant properties and durabil-
ity make it an ideal material for boat hulls, vessel equipment,
and marine infrastructure, performing effectively in aggres-
sive marine environments [5, 6]. In the automotive sector, alu-
minum has typically been used only in high-end vehicles, be-
ing less strong and more expensive than steel[7, 8], although
its use keeps expanding thanks to modern Al grades with en-
hanced strength, efficient recyclability, and lower weight.

The corrosion resistance of aluminum is attributed to the
intrinsic passivating character of aluminum oxide. When alu-
minum is exposed to air or other oxidizing environments, its
strong affinity for oxygen leads to the rapid formation of a thin
oxide film on the surface [9, 10]. This film is chemically sta-
ble and acts as an effective barrier to oxygen diffusion, mak-
ing it resistant to chemical reactions with most substances,

* Corresponding author: penggeng@ucla.edu

including acids, bases, and salts. The stability of this thin film
prevents corrosive ions from breaking down or dissolving the
underlying aluminum through the oxide layer when exposed
to corrosive environments [11-13]. Additionally, the hard and
dense nature of the aluminum oxide film provides mechanical
protection to the underlying aluminum by resisting scratching,
abrasion, and wear [14, 15]. However, the initial oxide layer
formed upon exposure to air or water is extremely thin, often
only a few nanometers thick, limiting its corrosion resistance
and mechanical protection to ambient conditions [16]. The
4<PH<7 corrosion protection range also restricts its use in
aerospace and marine applications, which often involve severe
environments or extremely harsh conditions [9, 16].

To mitigate the effects of corrosion and extend the lifes-
pan of aluminum components, the aerospace and marine sec-
tors have traditionally employed hexavalent chromium (VI)
oxide (CrO3) coatings through the dipping process known as
Chromate Conversion Coating (CCC). In this process, alu-
minum is immersed in a chemical bath containing chromates
or dichromates (e.g., BaCrO4 or K,Cr,0O7) to form the CCC
film [17-19]. This film can inhibit oxygen reduction reac-
tions, increase film resistance, and restore unreacted Cr (VI)
(Cr®*) ions for self-healing [19-21]. The unreacted Cr®" ions
act as a reservoir, regenerating the protective oxide film when
the aluminum surface is exposed through film cracks or de-
fects [19]. Thus, the CCC film serves as an effective barrier
against corrosion, safeguarding aluminum structures from en-
vironmental degradation and ensuring the integrity of critical
components. However, the widespread use of CrO3 coatings
has raised significant health and environmental concerns due
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to its toxic and carcinogenic nature, causing severe health haz-
ards such as lung cancer, skin irritation, and respiratory prob-
lems [22, 23].

In response to growing environmental consciousness and
regulatory scrutiny, there is increased interest in finding al-
ternative materials that offer comparable corrosion resistance
without the associated health and environmental risks posed
by CrO3. Trivalent chromium (III) oxide (Cr,O3) has emerged
as a promising candidate for replacing CrO3 coatings due to
its lower toxicity and potential for environmentally friendly
application processes [19]. The Trivalent Chromium Process
(TCP) was developed as an alternative to the traditional CCC
process, utilizing chromium (III) chloride or chromium (III)
sulfate in the chemical bath to produce the oxide film con-
taining only chromium (III) (Cr**) ions [24, 25]. This film
has demonstrated comparable corrosion resistance and even
better high-temperature and oxidative environment resistance
compared to Cr®* films [21, 24-26]. However, concerns have
arisen regarding the possible re-oxidation of Cr’* to Cr®* dur-
ing prolonged exposure to air or immersion in sodium chlo-
ride solution [26, 27]. To circumvent this issue, the physical
vapor deposition (PVD) technique has been used to produce
the Cry O3 coatings, as this non-solution process eliminates the
risk of Cr®* formation [27]. Although several methods have
been explored to produce Cr,Os coatings, achieving strong
adhesion between the coating and the aluminum surface re-
mains challenging, potentially leading to delamination and re-
duced coating effectiveness.

While the kinetics of oxide film chemistry and formation
may be nontrivial, atomistic calculations can provide fun-
damental information about the properties and structure of
metal/oxide interfaces [28-31]. However, despite its impor-
tance, no Cr-oxide/Al-metal interface property calculations
exist in the literature. In this paper, we carry out a compre-
hensive investigation of the stability of Cr oxide films on crys-
talline Al substrates by calculating the adhesion work, Wyq,
and interface energies, ¥;, of Al/CrO3 and Al/Cr,Oj3 inter-
faces with different crystallographic orientations. We use den-
sity functional theory (DFT) calculations to calculate all the
necessary parameters needed to obtain these critical interfa-
cial properties. Further, we conduct a detailed configurational
study of the final metal/oxide atomic structures to gain in-
sight into the formation mechanism of the various interfaces
and their relation to W,q and ¥;;. More broadly, our objec-
tive is to determine whether trivalent Cr oxide films can be
suitable replacements for hexavalent ones from an atomic per-
spective. This study may thus contribute to the development
of sustainable corrosion protection solutions for the aerospace
and marine industries, providing valuable guidance toward en-
hancing the environmental sustainability and performance of
aluminum-based structures in aircraft, spacecraft, and marine
vessels.

DOI: 10.1103/PhysRevMaterials.8.113603

II. METHODOLOGY
A. Adhesion work and interface energy functions

In this work, we calculate two main interface properties:
the adhesion work W,q and the interface energy ;. These
two properties play a crucial role in determining the structural
integrity of the interface between two layers of dissimilar ma-
terials. The adhesion work W,q is defined as the minimum
amount of force required to separate two bonded materials by
an infinitesimal distance. Wyq is thus essential for quantifying
the adhesion and bonding strength between two surfaces. No-
tably, W,q is directly correlated with the fracture strength cr
and fracture toughness K, of the material, as defined by Grif-
fith’s criterion and the expression for the fracture toughness.
Griffith’s equation predicts crack propagation when the stress
of the largest crack in the material exceeds the critical fracture

stress Op:
EW,
oF =) —2 (1)
Tc

where E is Young’s modulus and c is the half-crack length
[32, 33]. Additionally, the expression for the fracture tough-
ness, K. = v/ EW,q, quantifies the amount of energy required
to propagate the crack [32, 34]. In our calculations, the adhe-
sion work is obtained as [33, 35-38]:

W,y = En + Eox Em/ox )
A;
where E, is the energy of a relaxed Al free surface, Eyy is the
energy of a relaxed Cr oxide free surface, Ep,/ox is the total
energy of the relaxed interface model between Al and CrOs
or Cr;O3, and A; is the surface area of the interface.

For its part, ¥; is the extra energy associated with joining
two dissimilar materials, i and j, across a planar interface. A
negative value of ¥;; indicates a drop in energy when two open
surfaces of dissimilar materials are combined to form a joint
interface. Understanding ¥; is essential for various applica-
tions, including adhesion, surface phenomena, catalysis, and
composite material formation. Despite its significance, no ex-
perimental data exist for Al/CrOs and Al/Cr,Os3 interfaces.
Y is typically calculated relative to the bulk free energies
of the constituent materials, using the following expression
[33, 39, 40]:

E,’j—E,‘—Ej

A 3)

Yij=
where E;; is the total energy of the relaxed interface region,
E; is the total energy of bulk Al, E; is the total energy of bulk
CrO; or Cry03, and A;; is the surface area of the interface.
Although eq. (3) represents the standard formulation for cal-
culating the interface energy ¥, accurately determining the
total energy of the relaxed interface region E;; in small com-
putational supercells remains a challenge. Here, we employ
an alternative formulation to calculate ¥; [33, 41, 42]:

Yij =Y +% —Wa 4)
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where ¥" is the surface energy of the Al (metal) plane in con-
tact with the CrO;3 or Cr,03 slab, and Y™ is the surface energy
of the CrO3 or Cr, O3 (oxide) plane in contact with the Al slab.
The surface energy 7; is the fundamental property that char-
acterizes the stability of solid surfaces, representing the excess
energy associated with atoms or molecules present at the solid
surface compared to those in the bulk material. To calculate
the surface energy 7; of the Al and CrOs; or Cr,O3 plane in
contact with each other, we use the following equation [43]:

1 1
(Egiab — NEb) + —— (Egiab — Eglap) (5)

%= 24, A,

where Ay is the surface area, £y, and Eg,, are the unrelaxed
and relaxed total energy of the slab, respectively, N is the num-
ber of Al atoms or number of CrO3 or Cr,O3 molecules in the
slab, and Ejy, is the bulk energy per atom for the Al slab or the
bulk energy per molecule for the CrO3 or Cr,Oj3 slab.

B. Density functional theory calculations

Atomistic simulations capable of capturing metal-
lic/ceramic chemistry can be challenging and must generally
be based on first principles calculations for accuracy. Density
functional theory (DFT) calculations were performed using
the Vienna Ab initio Simulation Package (VASP-v5.4.4)
[44-49], with GPU acceleration enabled [50, 51]. Structure
visualization was performed with Visualization for Elec-
tronic and STructural Analysis (VESTA) software [52].
The electronic structure calculations were carried out with
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function based on the generalized gradient approximation
(GGA) [53, 54]. To incorporate van der Waals (vdW)
dispersion effects, the DFT-D3 correction scheme with the
Becke-Johnson damping function was employed in the DFT
calculations [54, 55]. The plane-wave basis set was truncated
at an energy cutoff of 550 eV for the expansion of the wave
functions. The Conjugate Gradient (CG) algorithm was
utilized to achieve ion relaxation, ensuring that the ions
reached their respective ground states in our calculations. We
applied a force convergence criterion of 2 x 1072 eV/A during
structural relaxation and a tolerance of 10~ eV for the energy
during electronic relaxation. For unit cell optimization, a
stricter convergence criterion was implemented, utilizing
10~* eV/A for the forces and 10~° eV for the energies. For
pure Al, partial occupancies for each orbital were determined
using the second-order Methfessel-Paxton, occasionally using
third- or fourth-order iterations to ensure the entropy term
remained below 1 meV/atom. For pure CrO3; and Cr;0s3,
partial occupancies for each orbital were determined using
the Blochl-corrected tetrahedron method. When it came to
interface models, the Gaussian smearing method with a width
of 0.05 was adopted to determine partial occupancies for each
orbital. To treat the presence of the dipole moment along
the ¢ direction for slab and interface models, a correction for
the potential arising from the dipole moment was applied in
the calculations. The ‘accurate’ precision mode was used,
resulting in a denser grid that mitigates egg-box effects,
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avoids aliasing errors, and improves the augmentation of
wave functions, thereby enhancing numerical accuracy. The
computational efficiency was enhanced by employing a
mixed strategy that combined the blocked-Davidson and
RMM-DIIS electronic minimization algorithms, while the
real-space projection operators were automatically optimized
to reduce the computational cost without sacrificing the
accuracy of the results [47, 48]. The Brillouin zone in k-space
was centered at the gamma point, preserving the complete
symmetry of the space group. The regular k-point mesh was
employed with subdivisions based on the ratios of lattice
vector magnitudes, ensuring consistent spacing that adapts to
changes in lattice orientation.

The interface models were constructed based on the exper-
imental unit cell structures of Al, CrOj3, and Cr,O3. The unit
cells of Al, CrOs, and Cr, O3 with (100) free surfaces were ob-
tained from the Inorganic Crystal Structure Database (ICSD)
[56]. The geometry optimized unit cell structure of Al with
(100), (110), and (111) exposed surfaces are shown in Fig.
1(a)-(c). For CrO3 and Cr; O3, the unit cell structures were ge-
ometrically optimized to obtain their relaxed configurations,
as shown in Figs. 1(d) and 1(e), respectively. We note that
CrO3 and CryOs crystallize in orthorhombic and hexagonal
crystal structures, respectively.
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FIG. 1. Bulk crystal structures and unit cells used in the DFT cal-
culations. (a) Al with (100) plane exposed. (b) Al with (110) plane
exposed. (c) Al with (111) plane exposed. (d) CrO3z with (100) plane
exposed. (e) CrpO3 with (100) plane exposed. In (a)-(c), the shaded
plane indicates the exposed plane. Gray-blue, red, and dark blue
colored atoms are aluminum, oxygen, and chromium atoms, respec-
tively. The unit cell crystal directions are annotated in each crystal
structure.

To construct the interface models, the lattice parameters
along the a and b directions for Al and CrO3 or Cr,O3 were
calculated and compared to ensure minimal lattice mismatch
at the interface while maintaining computational feasibility.
Table I presents six interface models, along with their respec-
tive final determined interface lattice constant along the a and
b directions. Additionally, Table I shows the lattice mismatch
between the interface lattice constant and those of the Al,
CrOs, or Cr,O3 slabs along a and b. It is important to note that
the reported lattice mismatch in Table I is only for the Al slab
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and not for the CrO3 or Cr, O3 slab. This approach is adopted
because Al exhibits significantly higher ductility compared to
CrOs and Cr,03, allowing the Al slab to be compressed or
stretched more readily in reality. Consequently, adjusting the
Al slab solely minimizes the strain effect and improves com-
putation accuracy when compared to compressing or stretch-
ing both Al and CrO3 or Cr,O3 slabs. As shown in Table I,
the maximum lattice mismatch for the Al slab is 8.05%, indi-
cating a reasonably small degree of mismatch at the interface
planes.

Utilizing the interface lattice constants from Table I and
the unit cell structures depicted in Fig. 1, six interface models
were constructed: Al(100)/CrO3(100), Al(100)/Cr,O3(100),
Al(110)/CrO3(100), Al(110)/Cr,03(100),
Al(111)/CrO3(100), and Al(111)/Cr,03(100) (see Fig.
2). In all cases, an Al slab containing seven atomic layers is
positioned at the bottom with the three bottommost atomic
layers fixed to the bulk crystal lattice positions. The oxide
slabs are placed at a distance from Al, corresponding to
the lowest single-point calculation energy. Additionally, a
15 A vacuum region is introduced above the CrO3 or Cr,O3
slab to create a non-periodic environment. We define the
interface region as composed of the two atomic layers closest
to the oxide-metal junction on each side (the metal and the
oxide).

III. RESULTS
A. Adhesion work and interface energy calculations
1. Metal/oxide adhesion work

To calculate the adhesion work W,y defined in eq. (2), the
interface models illustrated in Fig. 2 were directly used to ob-
tain the total energy of the relaxed interface model Ej,/ox.
The total energy of Al slab Ey, was calculated by removing
the CrO3 or Cr,O3 slab from the interface model. Similarly,
the total energy of CrOs; or Cr,O3 slab E,x was calculated
by removing the Al slab from the interface model. It is im-
portant to note that the three bottommost atomic layers in
the Al slab were fixed to ensure the Ey, energies were cal-
culated correctly, consistent with the setup of the interface
model. Following the DFT calculation procedure described in
Section II B, the total energy of the relaxed interface model
Ennjoxs the total energy of the relaxed strained Al slab Ep,
and the total energy of the relaxed CrOsz or Cr,O3 slab Eyx
were calculated, as reported in Table II. The cross-sectional
area of the interface A; was determined using the interface
lattice constant @ and b listed in Table 1. Employing these
data and eq. (2), the adhesion work for the six different in-
terface models is calculated and presented in Table II. For the
Al/CrO3 interface models, the adhesion work exhibits signif-
icant variations across different crystallographic orientations.
In particular, there is a significant difference of 0.121 eV-A2
(65.8%) between Al(100)/CrO3(100) and Al(110)/CrO3(100),
and a slightly larger difference of 0.033 eV-A~2 (17.9%) be-
tween Al(100)/CrO3(100) and Al(111)/CrO3(100). In con-
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trast, the adhesion work for the Al and Cr,Os interface
displays a smaller difference trend across different crys-
tallographic orientations.  Specifically, a relatively small
difference of 0.021 eV-A~2 (8.3%) is observed between
Al(100)/Cr,0O3(100) and Al(110)/Cr,O3(100) models, and
an even smaller difference of 0.003 eV-A~2 (1.2 %) is de-
tected between Al(100)/Cr,O3(100) and Al(111)/Cr,03(100)
models. When comparing the adhesion work W,q between
Al/CrO3 and Al/Cr,O3 with identical Al slab orientation,
Al/Cr, 03 exhibits higher values than Al/CrO3 for the Al (100)
and (111) planes, while for the Al (110) plane, Al/Cr,O3 dis-
plays lower values compared to Al/CrO3;. Both Al/CrO3 and
Al/Cr,03 exhibit the highest adhesion work W,q with the Al
(110) plane.

2. Al surface energies

To calculate the interface energy %;; between Al and CrOs;
or Cr,03 following the eq. (4), it is necessary first to deter-
mine the surface energy of the Al plane, 7i", in contact with
the CrO3 or Cr,03 slab, as well as the surface energy of the
CrO3 or Cry O3 plane, 7%, in contact with the Al plane using
eq. (5). Following eq. (5) to calculate the surface energy of the
Al plane, 7", the bulk energy per atom for Al, E},, were deter-
mined using the optimized Al unit cell structure with (100),
(110), and (111) orientations, as illustrated in Fig. 1(a)-(c).
The number of atoms in the Al slab N was counted from the
atomic model employed in the construction of each interface
model. The unrelaxed total energy of the unstrained Al slab,
Ey.,» was calculated using the single-point energy calculation
method without performing any relaxation. The relaxed total
energy of the unstrained Al slab, E7, ,, was determined by al-
lowing the unstrained Al slab to be relaxed. Consistent with
the interface model setup, the three bottommost atomic layers
in the Al slab were kept fixed during the energy minimization
to ensure an accurate representation of a metallic substrate.
All the relevant variables, including the Al slab surface lattice
parameters required in eq. (5), are listed in Table III. By ex-
amining the surface energy of unstrained Al slab y;" listed in
Table III, it is observed that the energy differences between
the AI(100)/CrO3(100) and Al(100)/Cr,O3(100) models, the
Al(110)/CrO3(100) and Al(110)/Cr,03(100) models, and the
Al(111)/CrO3(100) and Al(111)/Cr,O3(100) models are rela-
tively small, with values of 0.001 eV-A~2 (1.2%), 0 eV-A~2
(0%), and 0.001 eV-A2 (1.3%), respectively. These small
energy differences reinforce the robustness of the calculation
method.

3. Comparison of Al slab energies to published results

Before proceeding with the analysis of the results, it is help-
ful to compare our calculated values with existing published
works in the literature. To this end, we compare the surface
energies of unstrained Al slabs, ", with previously reported
values with the same crystallographic orientations. The values
from the last column in Table TIT are converted to J-m~2 and
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TABLE I. Three leftmost columns: interface dimensions along the a and b directions for six interface models. Four rightmost columns: lattice

mismatch between the interface models and the Al, CrOs3, or Cr, O3 slabs.

Lattice constant ~ Lattice constant

Mismatch (—: compressed, +: stretched)

Interface structure al /°\) b /°\) Al slab Oxide slab

a (%) b (%) a (%) b (%)

Al(100)/CrO3(100) 8.42 11.48 +5.51 —4.02 0.00 0.00

Al(100)/Cry03(100) 7.86 14.67 —1.42 —8.05 0.00 0.00

Al(110)/CrO3(100) 8.42 11.48 +5.51 +1.80 0.00 0.00

Al(110)/Cry03(100) 7.86 14.67 —7.06 —8.05 0.00 0.00

Al(111)/CrO3(100) 25.25 5.74 +3.38 +1.80 0.00 0.00

Al(111)/Cr,03(100) 14.67 7.86 +0.11 —7.06 0.00 0.00
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FIG. 2. Constructed interface models of Al/CrOsz or Al/Cr,O3. (a) Al(100)/CrO3(100) interface model. (b) Al(100)/Cr,O3(100) inter-
face model. (c) Al(110)/CrO3(100) interface model. (d) Al(110)/Cr,O3(100) interface model. (e) Al(111)/CrO3(100) interface model. (f)
Al(111)/Cr;03(100) interface model. Gray-blue, red, and dark blue colored atoms are aluminum, oxygen, and chromium atoms, respectively.
The orientations of the Al, CrO3, and Cr,Os3 slabs are indicated within each interface model. The structures of each interface model are
delineated with dashed lines and annotated vertically on the right side.

shown in Table IV. It has been reported that the Full Charge
Density (FCD) method can achieve comparable accuracy to
the Local Density Approximation (LDA) method [57]. Patra
et al. [58] has reported that the PBE method tends to under-
estimate surface energies by approximately 25%, while the
PBE for solid (PBEsol) and strongly constrained and appro-
priately normed (SCAN) methods provide more accurate re-
sults compared to PBE, but are not as precise as the LDA
method. Additionally, they highlighted that the SCAN +
revised Vydrov—van Voorhis 2010 (rVV10) method stands
as the most sophisticated non-empirical semi-local function

available presently [58]. Consequently, for the theoretical ref-
erence data, we have excluded surface energy values calcu-
lated using the PBE, PBEsol, and SCAN methods and primar-
ily focused on comparing our results with those obtained from
the LDA, SCAN+rVV10, and FCD methods, which are con-
sidered more reliable. In terms of experimental data, these
surface energies can be extrapolated from polycrystalline sur-
face tension measurements, which are also shown in Table I'V.
Overall, good agreement with both calculated and experimen-
tal data is seen, which adds confidence to the values calculated
in this work.
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TABLE II. Calculated adhesion work of six Al/CrO3 or Al/Cr,O3 interface models using the relaxed interface model energy, single strained
Al slab energy, single CrO3 or Cr,05 slab energy, and interface size (in Table I).

Combined energy Energy of Al slab Energy of oxide slab Adhesion work
Interface structure V) V) eV) (eV-A72)
Al1(100)/CrO3(100) —845.123 —326.548 —500.752 0.184
Al1(100)/Cr,03(100) —1208.511 —433.166 —746.273 0.252
Al(110)/CrO3(100) —741.385 —211.156 —500.749 0.305
Al(110)/Cr,03(100) —1093.387 —315.633 —746.226 0.273
Al(111)/CrO3(100) —1331.264 —548.669 —751.141 0.217
Al(111)/Cr,03(100) —1267.676 —492.655 —745.628 0.255

TABLE III. Surface energies of (100), (110), and (111) Al surfaces were calculated from six unstrained Al slabs, which were utilized in
constructing the Al/CrO3 or Al/Cr,O3 interface models. The surface energy calculation involves determining the (i) per atom energy from
bulk Al, (ii) the number of atoms in each unstrained Al slab, (iii) unrelaxed Al slab energy, (iv) relaxed Al slab energy, and (v) surface area.

Cohesive Number of Energy of Energy of Lattice Lattice Surface energy

energy of Al atoms in Al unrelaxed Al relaxed Al slab  constant a constant b of Al slab
Interface structure (eV/atom) slab slab (eV) eV) A) A) (eV-A=2)
Al(100)/CrO3(100) —4.094 84 —327.758 —327.799 7.98 11.96 0.084
Al1(100)/Cr,03(100) —4.094 112 —436.432 —436.652 7.98 15.95 0.085
Al(110)/CrO3(100) —4.076 56 —212.703 —212.851 7.98 11.28 0.085
Al(110)/Cr,03(100) —4.076 84 —319.056 —319.280 8.46 15.95 0.085
Al(111)/CrO3(100) —4.097 140 —551.716 —551.735 24.42 5.64 0.079
Al(111)/Cr,03(100) —4.097 126 —496.736 —496.794 14.65 8.46 0.078

TABLE IV. Comparison between the calculated aluminum surface
energy from each unstrained Al slab computed in this work and in
published computational and experimental studies. For each Al slab
surface orientation, our work includes results for the two oxide sub-
structures. All energies are given in J-m~2,

Interface structure This work Calculated |Experimental
AI(100)/CrO5(100) 1.348 1.347%,
1.18%, 1.15¢,
Al(100)/Cr,05(100)  1.363 1.375d
€
Al(110)/CrO5(100) 1.356 1.271%, 1.28%
b o | 1144020,
AI(110)/Cr,03(100)  1.356 1.19°,1.09 1278
AI(111)/CrO3(100) 1273 1.199%,
1.11°,0.99¢,
Al(111)/Cr,05(100)  1.256 | o7

2 Full Charge Density Linear Muffin-Tin Orbitals (FCD-LMTO),
Generalized Gradient Approximation (GGA) [57]

b Strongly Constrained and Appropriately Normed (SCAN) + revised
Vydrov—van Voorhis 2010 (rVV10), meta-GGA [58]

¢ Local Density Approximation (LDA) [58]

4 Mie-Lennard-Jones potential with analytical model [59]

¢ Extrapolation from surface tension measurements [60]

f Extrapolation from surface tension measurements [61]
& Extrapolation from surface tension measurements [62]

" Tight-Binding LMTO (TB-LMTO), LDA [63]

4. Oxide surface energies

To calculate the surface energy of the CrO3; or Cr;O3
planes, ¥, using eq. (5), a procedure similar to that employed
for determining the surface energy of the Al slab was utilized.
We calculate the per molecule cohesive (bulk) energies of each
oxide structure using the unit cells of the corresponding crys-
tal structures, as shown in Fig. 1(d) and 1(e). Table V lists
all the required variables, including the lattice parameters of
the CrO3 and Cr,0O3 structures used to calculate y>* with eq.
(5). As shown in the last column of Table V, the surface ener-
gies of the same oxide surface are the same regardless of the
metal substrate crystal orientation (0.009 eV-A2 for CrO;
and 0.039 eV-A~2 for Cry03). This consistency across differ-
ent interface configurations confirms the robustness and accu-
racy of the calculated results.

5. Metal/oxide interface energies

With all the calculations needed to obtain ¥;; in eq. (4)
compiled in Tables II, III, and V, we list the resulting val-
ues in Table VI (to facilitate a direct comparison between
Waq and ¥;;, the values of W, originally presented in Ta-
ble II are also included in Table VI). For the Al/CrOj3 inter-
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TABLE V. Surface energies of (100) CrO3 and Cr,Os3 surfaces calculated from six unstrained CrO3 and Cr,Os3 slabs, which were used to
construct the interface models of Al/CrO3 or Al/Cr,O3. The surface energy calculation depends on (i) the bulk energy of the CrO3 or Cr, O3
structures (expressed per molecule), (ii) the number of molecules in each unstrained slab, (iii) the unrelaxed oxide slab energies, (iv) the relaxed
oxide slab energies, and (v) the surface area.

Cohesive energy ~ Number of Energy of Energy of Lattice Lattice Surface energy
of oxide slab molecules in unrelaxed oxide relaxed oxide constant a constant b of oxide slab
Interface structures (eV/molecule) oxide slab slab (eV) slab (eV) (A) (10\) (eVA*Z)
Al(100)/CrO3(100) —31.408 16 —500.620 —500.734 8.42 11.48 0.009
Al1(100)/Cr,03(100) —43.110 18 —719.891 —T743.478 7.86 14.67 0.039
Al(110)/CrO3(100) —31.408 16 —500.620 —500.735 8.42 11.48 0.009
Al(110)/Cr,03(100) —43.110 18 —719.892 —743.479 7.86 14.67 0.039
Al(111)/CrO3(100) —31.408 24 —750.932 —751.102 25.25 5.74 0.009
Al(111)/Cr,03(100) —43.110 18 —719.892 —743.478 14.67 7.86 0.039

face structures, the interface energy shows a substantial dif-
ference between the three Al substrate surface orientations,
(100), (110), and (111). Namely, interface energy differences
of 0.12 eV-A~2 (130.4%) between the Al(100)/CrO3(100) and
Al(110)/CrO3(100) interface structures, and 0.037 eV-A—2
(40.2%) between Al(100)/CrO3(100) and Al(111)/CrO3(100)

TABLE VI. Calculated adhesion energies and interface energies of
six Al/CrO3 or Al/CryO3 structures. The interface energies are de-
rived from the adhesion work, Al slab surface energy, and CrO3 or
Cr293 2slab surface energies for each configuration. All values in
eV-A™-.

can be observed. Interface structure Waa Yij
Conversely, the Al/Cr,Os interface exhibits smaller en- Al(100)/CrO3(100) 0.184 —0.092
ergy variations across the different Al surface orientations. B
More specifically, a relatively small interface energy dif- Al(100)/Cr205(100) 0.252 0-128
ference of 0.022 eV-A~2 (17.2%) is found between the Al(110)/CrO3(100) 0.305 —0.212
Al(100)/Cr,03(100) and Al(110)/Cr,03(100) interface struc- Al(110)/Cr,05(100) 0.273 —0.150
tures, and an even smaller difference of 0.01 eV-A~2 (7.8%)
exists between Al(100)/Cr,03(100) and Al(111)/Cr,03(100).  AlITD/CrO3(100) 0.217 —0.129
When comparing ¥;; for Al/CrO3 and Al/Cr,O3 for the same Al(111)/Cr,03(100) 0.255 —0.138

Al crystal orientation, the Al/Cr,Os3 interface exhibits lower
values than Al/CrOs3 for the Al(100) and (111) planes. How-
ever, for the Al(110) plane, Al/Cr,O3 displays a higher in-
terface energy compared to Al/CrOs. Both Al/CrO3 and
Al/Cr;03 yield the lowest interface energies when the Al sur-
face orientation is along (110). Remarkably, the interface en-
ergies of these six interface structures display an inverse rela-
tionship with the adhesion work Wpq.

B. Analysis of interface atomic structures

To better understand the causes behind the quantitative vari-
ations observed in the adhesion work and the interface ener-
gies, Wyq and 7;, here we provide a detailed analysis of the
configurations of the six relaxed interface atomic structures
considered (their unrelaxed counterparts are shown in Fig. 2).
Fig. 3(a)-(f) includes snapshots of the final interface atomic
structures of all six AI/CrO3 and Al/Cr, O3 interface models.

Several dissimilarities can be observed in all Al/CrOj3 in-
terface models, which makes them distinct from the Al/Cr, O3
ones. In Al(100)/CrO3(100), Fig. 3(a), oxygen atoms form
bridges between Cr and Al atoms exactly at the interface
through Al-O-Cr bonds. However, in Al(110)/CrO3(100), Fig.

3(c), four oxygen atoms prefer to dissociate from the Cr ox-
ide and penetrate the Al slab to bond with metal atoms. This
results in the formation of two molecules of Al,O3 (circled in
Fig. 3(c)). Finally, in the Al(111)/CrO3(100) interface struc-
ture, shown in Fig. 3(e), two oxygen atoms break their bonds
with chromium atoms and bond with aluminum atoms at the
interface, forming Al,O3; molecules in the interfacial region
(also circled). In the Al/Cr,O3 interface models shown in
Figs. 3(b), 3(d), and 3(f), standard interfacial bonding is ob-
served (Al-O-Cr) without any oxygen dissociation or forma-
tion of Al oxide.

Our results can then be construed in two different ways.
First, it may appear that in metal(100)/oxide(100) configura-
tions (regardless of the Cr oxide type), the metal and the oxide
remain segregated. This could be due to the formation of a co-
herent interface characterized by a (100) || (100) orientation
relation. However, it can also be argued that the atomic den-
sity mismatch between the Al substrate and the CrO3 layer
leads to epitaxial stresses [64] that may destabilize the inter-
face, favoring the formation of aluminum oxide substructures.

To shed light on the operating mechanism behind the pen-
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FIG. 3. Final atomic structures of the six Al/CrO3(100) and Al/Cr,O3(100) interface models, along with two additional Al/Cr oxide (010) in-
terface models. Gray-blue, red, and dark blue colored atoms represent aluminum, oxygen, and chromium atoms, respectively. The orientations
of the Al, CrO3, and Cr,Oj3 slabs are indicated within each interface model. In (c) and (e), the black circled portion highlights oxygen atoms
breaking bonds with chromium atoms and bonding with aluminum atoms to form aluminum oxide bonds.

etration of oxygen atoms into the aluminum substrate and the
formation of Al,O3 elements, a shifted Al(110)/CrO3z(100)
model was created to change the contact site between the
Cr oxide and the Al slab by displacing the oxide layer
along the b (in-plane) direction by 1.1 A. The initial and
final interface atomic structures of the original and shifted
Al(110)/CrO3(100) interface models are illustrated in Fig. 4.
Comparing the shifted and non-shifted Al(110)/CrO3(100) in-
terface models reveals a notable difference in the extent of
oxygen penetration through the interface. The shifted model
does not exhibit the penetration of oxygen atoms into the
metallic layer to the extent that the non-shifted one does.
As well, the two rows of Cr atoms immediately atop the Al
atom row become highly distorted spatially, possibly due to
Coulombic repulsion. This suggests that oxygen penetration
may occur to compensate for the gap in charge density left
by these atomic displacements. As such, the relative shift be-
tween the initial oxide and substrate slab positions may lead
to atomic alignments that do not necessitate large Cr and O
atom displacements in the direction normal to the surface.

These results invite the question of whether the formation
of the interpenetrating Al-Cr oxide substructures or the for-
mation of the AI-O-Al bond at the interface region improves
adhesion and results in more stable interfaces. To that end, we
list all four Al/CrOj3 interface models in Table VII and their
values of Wyq, %, and the number of oxygen atoms that end
up embedded in the Al slab (expressed as an areal concen-
tration of atoms per nm?). The values between shifted and
non-shifted Al(110)/CrO3(100) interface models in the table
unequivocally indicate that the oxygen traversing the interface
from the Cr oxide to the Al substrate is behind the larger ad-
hesion work (16.3%) and lower interface energies (32.6%) of
the formed structures.

Aside from the non-shifted AI(110)/CrO3(100) interface
configuration, which exhibits oxygen penetration into the alu-

minum layer, all other Al/CrO3 cases show only oxygen dis-
sociation from Cr oxide to form the Al-O-Al bond at the in-
terface region. From the data presented in Table VII, a linear
relationship is observed between the areal density of oxygen
atoms participating in the Al-O-Al bond formation at the in-
terface region and the increase of W,q and ¥;;. The fitted coef-
ficients suggest that for every extra oxygen atom dissociated
from the Cr oxide to form the Al-O-Al bond at the interface
region, an increase of 11.9% in W,q and a reduction of 23.2%
in 7 are observed. This finding indicates that the variations in
adhesion work W,q and interface energy ¥;; of Al/CrOs3 inter-
face models may be attributable to both the interpenetrating
Al-Cr oxide substructures and the formation of the Al-O-Al
bond at the interface region.

IV. DISCUSSION
A. Trivalent vs. hexavalent Cr oxide considerations

One of the key questions that we aim to answer with
the calculations presented in this paper is whether trivalent
chromium oxide can adhere to aluminum metal substrates
more strongly than their hexavalent Cr oxide counterparts. In-
spection of the results in Table VI reveals average adhesion
works of 0.260 eV-A~2 for Cr,O3 (trivalent) versus 0.235
eV-A~2 for CrO;z (hexavalent). This amounts to a differ-
ence of approximately 10% in favor of the trivalent Cr ox-
ide. While the difference is small, our calculations suggest
that there might exist a slight advantage in bonding strength
when replacing CrS+ with Cr+ in the protective oxide layers
coating aluminum surfaces. This is corresponded by a similar
trend in the interface energies. It is important to note that our
simulations represent ideal surfaces at 0 K, with no consider-
ation of realistic features such as the presence of oxygen in-
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TABLE VII. Adhesion work, interface energy, and areal density of transferred oxygen atoms for four Al/CrOj3 interface models. The increments
in adhesion work and interface energy (in percentages) are listed for each structure, using the Al(100)/CrO3(100) interface case as the reference.

O-atom areal

concentration
Interface structure Wad (eVA_z) Yij (eV-A‘z) (nm_z)
Al(100)/CrO3(100) 0.184 (+0.00%) —0.092 (4+0.00%) 0.00
Al(111)/CrO3(100) 0.217 (+17.9%) —0.129 (+40.2%) 1.38
Shifted Al(110)/CrO3(100) 0.275 (+49.5%) —0.182 (+97.8%) 4.14
Al(110)/CrO3(100) 0.305 (+65.8%) —0.212 (+130.4%) 4.14

terstitials, vacancies, grain boundaries, or surface roughness.

CrOs3 layers bonded to Al(110) and Al(111) slabs experi-
ence a transfer of oxygen atoms to the metal substrate. This
results in more stable interfaces and higher adhesion works
compared with Al(100) surface and is likely related to the
more open structure of (110) and (111) surfaces, which fa-
cilitates O-atom penetration. As well, we do not discount the
possibility that this may be driven by epitaxial stresses caused
by the large atomic density difference between CrOs; and
Al. These stresses are generally represented by the Pillings-
Bedforth parameter, which will be discussed below. However,
this variability leads to larger differences in energy and work
for the different interface orientations. Additionally, the open
crystal structure of CrOs is likely to enhance oxygen transport
through it, increasing its oxidizing power.

A distinctive feature separating Al/Cr,O3; from Al/CrOj
structures is the homogeneous bonding configuration ob-
served in Al/CryO3. This results in unmixed metal/oxide lay-
ers, with all the oxygen retained on the oxide side simply act-
ing as the bridge between Al and Cr atoms. This results in
relatively small differences across the different interface ori-
entations, both in the calculated adhesion works, W,q4, and in-
terface energies, ¥;;. The coherent interface bonding and rigid-
ity of the CryO3 crystal structure significantly reduces mass
transport within it, making Cr,O3 chemically inert under most
conditions. Consequently, we conjecture that Cr,O3 will dis-
play superior performance as a protective layer on aluminum
surfaces.

While the calculations presented in this paper pertain only
to static oxide/metal interface properties, recent experimental
evidence in Ni-Cr alloys indicates that there exists a connec-
tion between the stability of the interface (quantified by a low
interface energy and/or a high adhesion work) and the asso-
ciated initial oxidation rate (i.e., prior to the onset of steady-
state oxidation, which is controlled primarily by oxygen dif-
fusion), which tends to be slower the more stable the inter-
face is [65]. Following this logic, our results in Table VI for
the Al/CrO3 interface suggest that the Al(110) substrate ori-
entation would lead to slower initial oxidation rates than the
Al(100) and AI(111) orientations.

B. Effect of chemical arrangement of oxygen atoms

Given that we employed both O-terminal CrO3; and Cr-
terminal Cr, O3 slabs for model construction and simulations,
it is essential to evaluate the influence of the terminating atom
on interface stability. To this end, we generated and analyzed
a new Al(100)/ Cr,O3(100) model with an O-terminal sur-
face. Using the parameters specific to this configuration, we
calculated the adhesion work following eq. (2), with results
and parameters summarized in Table VIII. When compared to
the Cr-terminal Al(100)/ Cr,O3(100) model (adhesion work
listed in Table II), the O-terminal model exhibits a slightly
higher adhesion work, suggesting a minor improvement in in-
terface stability. However, given the minimal difference, the
effect of the terminating atom on overall interface stability can
be considered negligible.

The influence of different terminal atoms raises another in-
teresting question: do varying crystallographic orientations of
Cr oxides affect interface stability? To investigate this, we
generated and calculated two new models of CrO3z and Cr,O3
with the (010) orientation, paired with Al(110) substrates.
The adhesion work for these two models was computed using
eq. (2) and the results listed in Table VIII. When compared
with the Cr oxide models with (100) orientations in Table II,
the CrO3(010) model exhibits a slightly lower adhesion work,
whereas the Cr,03(010) model shows a significantly reduced
value (~0.1 eV-A~2 lower). The final interface atomic struc-
tures of the two new models are shown in Figs. 3(g) and 3(h).
In Fig. 3(g), the CrO3(010) model exhibits oxygen dissoci-
ation from the Cr oxide layer, followed by oxygen transport
into the metallic layer to form Al,Os at the interface. In con-
trast, Fig. 3(h) shows the Cr,03(010) model with a coherent
interface structure. Both CrO3(010) and Cr,03(010) models
demonstrate interface atomic structures similar to their respec-
tive (100) Cr oxide models when paired with the Al(110) sub-
strate. To further understand the mechanism behind how dif-
ferent Cr oxide orientations influence interface stability, we
resort to calculating the Pilling-Bedworth (P-B) ratio (Rp.p),
a parameter commonly used to quantify oxide-metal misfit
stresses [66, 67]:

(6)

Rpp= o Pm_
Pp 1My - Pox

where M,z and M, are the molar masses of Cr oxide and
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TABLE VIII. Calculated adhesion work of three Al/CrO3 or Al/Cr,O3 interface models using the relaxed interface model energy, single
strained Al slab energy, single CrO3 or Cr,Oj3 slab energy, and interface dimensions along the a and b directions.

Lattice Lattice
Combined energy  Energy of Al slab  Energy of oxide slab constanta  constant b Adhesiqn work
Interface structure eV) eV) eV) (A) (A) (eV-A_z)
O-terminal Al(100)/Cr,03(100) —1356.9 —433.2 —890.7 7.86 14.67 0.287
Al(110)/CrO3(010) —1194.0 —398.5 —750.5 11.48 14.27 0.275
Al(110)/Cr,03(010) —1527.8 —315.8 —1189.6 9.08 14.67 0.168

Al, respectively, pox and pp, are the densities of Cr oxide and
Al, respectively, and n is the number of surface Al atoms re-
quired to balance the formation of each Cr oxide molecule.
In calculating the P-B ratio, we used the bulk densities of Cr
oxide and Al obtained from separate supercell calculations.
This approach is consistent with the conventional definition
of the P-B ratio in oxidation studies, which uses bulk prop-
erties to broadly characterize oxide-metal misfit stresses and
avoids complexities from local interfacial distortions. Follow-
ing eq. (6), the P-B ratio of the six Cr oxide models with
(100) surface orientation and the two Cr oxide models with
(010) surface orientation were calculated for different Al ori-
entations, as listed in Table IX. Notably, the P-B ratio for the
Cr0O3(010) model is slightly lower than that of the CrO3(100)
model. In contrast, the P-B ratio for the Cr,O3(010) model is
significantly lower than that for the Cr,O3(100) model. These
P-B ratio trends align with the adhesion work trends listed in
Table IX, suggesting that the P-B ratio is a satisfactory met-
ric to predict the stability of different Cr oxide orientations.
To further investigate the influence of the P-B ratio on Al/Cr
oxide stability, we plot all the P-B ratio values versus adhe-
sion work data listed in Table IX in Fig. 5. With the same
AI(110) substrate (orange-colored), the P-B ratio correlates
with interface stability regardless of Cr oxide type and ori-
entation. However, for Al(100) (blue-colored) and Al(111)
(green-colored) substrates, the P-B ratio correlates inversely
with interface stability. For the same CrO3(100) models (solid
dots), the relationship between the P-B ratio and adhesion
work for different Al orientation substrates is unclear. In con-
trast, for the same Cr,O3(100) models (solid triangle), the ad-
hesion work for different Al orientation substrates is similar,
which is independent of the P-B ratio. Therefore, we conclude
that the crystallographic orientations of the Cr oxide signifi-
cantly influence interface stability, in addition to the depen-
dence due to the metal substrate orientation.

V.  SUMMARY AND CONCLUSIONS

We finalize with our most important conclusions:

* We have used DFT calculations to calculate the ad-
hesion work and interface energies between trivalent
(Cr03) and hexavalent (CrOsz) chromium oxide and
aluminum metal substrates with different crystallo-
graphic orientations.

10

TABLE IX. Calculated Pilling-Bedworth (P-B) ratios and corre-
sponding adhesion work for six Cr oxide models with (100) plane
and two Cr oxide models with (010) plane, interfacing with Al sub-
strates of varying crystallographic orientations. P-B ratios are com-
puted based on eq. (6).

Interface structure Rp_p Wad (eVu&’z)
Al(100)/CrO3(100) 1.235 0.184
Al(100)/Cr,03(100) 1.092 0.252
Al(110)/CrO3(100) 1.852 0.305
Al(110)/Cr,03(100) 1.456 0.273
Al(111)/CrO3(100) 1.111 0.217
Al(111)/Cr,03(100) 0.971 0.255
Al(110)/CrO3(010) 1.482 0.275
Al(110)/Cr,03(010) 0.971 0.168

* We find that Al/Cr,Oj3 interface energies display a rela-
tively weak dependence on metal substrate orientation.
All the configurations considered here were character-
ized by clearly demarcated oxide and metallic layers
with no dissociation of oxygen atoms to the metal sub-
strate.

The relaxed Al/CrO; interfaces show instead propen-
sity for oxygen transport to the metallic layer, with the
local formation of Al,O3 molecules observed. This re-
sults in wider differences in the interface energies and
adhesion work across the different crystal orientations
considered.

On average, trivalent Cr oxide interfaces possess lower
interface energies and higher adhesion works than those
formed by hexavalent Cr oxide with the metal.

These findings provide valuable insights into the poten-
tial of CrpO3 coatings as a viable alternative to CrO3
in environmental applications, offering improved cor-
rosion protection while mitigating environmental con-
cerns associated with CrO3. Our study contributes to
the ongoing efforts to develop sustainable corrosion
protection solutions in the aerospace and marine indus-
tries and paves the way for further exploration of envi-


https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.8.113603

Phys. Rev. Mater., Volume 8, page 113603, 2024

Initial Interface Microstructure

..........

o o
(a) AI(110)/CrO,(100)

O

(b) Al(110)/Cr
shift

Final Interface Microstructure

,(100)

(c) AI(110)/CrO,(100)  (d) Al(110)/CrO,(100)

shift

The initial and final interface atomic structures of
Al(110)/CrO3(100) and shifted Al(110)/CrO3(100) models. (a)
Al(110)/CrO3(100) model initial interface atomic structure. (b)
Shifted Al(110)/CrO3(100) model initial interface atomic structure.
(c) Al(110)/CrO3(100) model final interface atomic structure. (d)
Shifted Al(110)/CrO3(100) model final interface atomic structure.
In (b), the shift vector is indicated. In (c) and (d), the black circled
portion highlights oxygen atoms breaking bonds with chromium and
forming aluminum oxide.

FIG. 4.

DOI: 10.1103/PhysRevMaterials.8.113603

ronmentally friendly materials and processes.

0.35
. @ CrO4(100)
L Q CrOz(010) ]
0.30F A  Cr,04(100) ]
- A Cr,04(010) ]
S - M AI(100) ]
*<0.25 A0 4\4
E LW A “
~0.20 ]
5 | ®
2 r
5015} b
S .
2
©0.10 ]
<
0.05} b
0: R B R B ]
0 0.5 1.0 1.5 2.0
P-B ratio

FIG. 5. Relationship between the Pilling-Bedworth (P-B) ratio and
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