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Utilizing a combination of ab initio density-functional theory and thermodynamics formalism, we
have established the microscopic mechanisms for oxidation of the binary and ternary alloy surfaces
and provided a clear explanation for the experimental results of the oxidation. We construct three-
dimensional surface phase diagrams (SPDs) for oxygen adsorption on three different Nb-X(110)
(X = Ti, Al or Si) binary alloy surfaces. On the basis of the obtained SPDs, we conclude a general
microscopic mechanism for the thermodynamic oxidation, that is, under O-rich conditions, a uniform
single-phase SPD (type I) and a nonuniform double-phase SPD (type II) correspond to the sustained
complete selective oxidation and the non-sustained partial selective oxidation by adding the X
element, respectively. Furthermore, by revealing the framework of thermodynamics for the oxidation
mechanism of ternary alloys through the comparison of the surface energies of two separated binary
alloys, we provide an understanding for the selective oxidation behavior of the Nb ternary alloy
surfaces. Using these general microscopic mechanisms, one could predict the oxidation behavior of
any binary and multi-component alloy surfaces based on thermodynamics considerations. C 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4907718]

I. INTRODUCTION

An understanding of surface oxidation of metals,
intermetallic compounds, and alloys is of considerable
fundamental interest and importance for a variety of different
fields such as corrosion, passivation, catalysis, and film
growth.1–7 In particular, alloys contain two or more metallic
elements with the structure and elemental concentration of
these alloys optimized, making them superior materials in
practical applications. It is also well known that the protection
offered by an alloy against oxidation and corrosion at elevated
temperatures relies on the ability of the alloy to produce and
maintain a stable, adherent, slow-growing oxide layer on its
surface. In an oxidizing environment, the excellent oxidation
resistance of alloys induced by the selective growth of a dense
protective oxide layer on their surfaces mainly depends on the
local activities of the metallic elements and the oxides. The
formation of a self-protective oxide layer remains, therefore,
a key challenge to the successful implementation of alloys for
structural applications in high-temperature environments.

Refractory metallic niobium (Nb) and its alloys have a
very high melting temperature (2467 ◦C) and a low density,
making them an attractive candidate for high-temperature
applications and for the replacement of nickel (Ni). However,
a major barrier to the use of Nb alloys for high-temperature
applications is their catastrophic behavior under oxidizing

a)Electronic address: buaasyliu@gmail.com
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c)Electronic address: meshen@cityu.edu.hk

environments due to the poor oxidation resistance.8 One of the
greatest challenges in successful design of the Nb alloys for
application at high temperatures (∼1300 ◦C) is how to improve
their intrinsic oxidation resistance. Alloy studies were initiated
on the model metallic Nb system in an effort toward obtaining
material systems with improved environmental resistance
while retaining the structural properties achieved to date.
Recent studies have indicated that titanium (Ti) enhances
both tensile ductility and fracture toughness of the Nb solid
solution.9 In addition, the Nb-Ti binary alloys have slightly
better oxidation resistance than pure Nb, but Ti alloying
additions can form less protective external TiO2 oxide rather
than a dense protective oxide layer.10,11 For the Nb-Si binary
alloys, the formed oxides are composed of Nb oxides only,
without the formation of a protective silicon oxide layer.11

It is also known that the oxidation resistance of Nb can be
improved by adding aluminum (Al). The so formed Nb-Al
binary alloys exhibit increased resistance to oxidation due to
the formation of an alumina scale although the oxide scale
comprises a mixture of Al2O3 and NbAlO4.12,13 In addition, the
formation of fast-growing, transient Ti- and Nb- rich oxides
in the Nb-Ti-Al ternary alloys has been locally cut-off by the
growth of a continuous Al2O3 layer during oxidation of a
Nb-Ti-Al alloy at 1400 ◦C in air.14

Different from the most pure metal surface, which have
been extensively studied from first-principles,15–23 oxidation
behaviors of alloys have rarely been investigated with first-
principles theory due, partially, to the associated complexities
including different oxygen affinities of the composed metal
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elements, redistribution and segregation of the composed metal
elements, and the formation of multiple oxide phases. The clas-
sical Wagner’s oxidation theory24 gives a general description
of oxidation behavior of binary alloys from the macroscopic
point of view. While the theory indicates that the formation of
either a single oxide layer–by selective oxidation—or a mixed
oxide layer depends on the composition, content, and activity
of the metals, and other factors, it is difficult to predict selective
oxidation of alloys in detail based on this classic theory. The
general microscopic mechanism for selective oxidation of
alloys still remains elusive.

In this paper, we present new results of oxidation of the
Nb-X(110) (X = Ti, Al or Si) alloy surfaces, which have been
obtained from ab initio atomistic thermodynamics and surface
phase diagrams (SPDs). We attempt to put forward some
thoughts on how alloy composition, content, and activity can
be manipulated to influence the oxidation response of alloys.
Emphasis is placed on phenomenological patterns of behavior
showing alloy design opportunities to modify the ways in
which alloys oxidize to form protective scales. Moreover, we
establish a generic guiding rule, that is, the uniform occupation
of the surface phase diagram under O-rich conditions governs
sustained selective oxidation of alloys, which may also help to
understand the classical Wagner’s oxidation theory from the
atomic-scale point of view.

II. THEORETICAL FORMALISM, COMPUTATIONAL
METHOD, AND MODELS

All the calculations presented in this paper were based
on the density-functional theory (DFT) and were performed
with the use of Vienna ab-initio simulation package.25–29 For
the exchange-correlation energy functionals, the generalized
gradient approximation (GGA) provided by Perdew et al.
(PBE) was employed.30 The Kohn-Sham one-particle wave
functions were expanded in a plane wave basis with projector
augmented wave potentials (PAW) as implemented by Kresse
and Joubert.31,32 The outmost cutoff radius, the partial core
radius, and the radius of the PAW sphere for the PAW potential
of Nb were 2.400 Å, 1.800 Å, and 2.451 Å, respectively. The
corresponding radii for Ti (Al, Si, and O) were 2.800 Å
(1.900 Å, 1.900 Å, and 1.520 Å), 2.200 Å (1.500 Å, 1.500 Å,
and 1.200 Å), and 2.885 Å (1.966 Å, 1.993 Å, and 1.550 Å),
respectively. The electronic configurations of Nb, Ti, Al, Si,
and O were [Ar][3d10]4s24p64d45s1, [Ar]3d24s2, [Ne]3s23p1,

[Ne]2s22p2, and [He]2s22p4, respectively. As a result of the
convergence tests, we used a kinetic energy cutoff of 400 eV for
all calculations. For bulk Nb, which has a body-centered-cubic
structure, the 18 × 18 × 18 k-point meshes for the primitive
unit cell were used. The total-energy convergence with respect
to the k-point meshes from 18 × 18 × 18 to 25 × 25 × 25 was
shown to be within only a few tenths of 1 meV. The calculated
lattice constant of Nb is 3.322 Å, in good agreement with
experimental and previous DFT-GGA results.33,34 For the
study of the Nb-X(110) (the energetically favorable low-index
surface of the alloy Nb-X) and O/Nb-X(110) systems, we used
an asymmetric supercell of seven metal slab layers separated
by a vacuum region equivalent to nine bulk metal layers. The
surface calculations were done for the p(2 × 2) surface unit
cells with 9 × 9 × 1 Monkhorst-Pack k-points in the Brillouin
zone. There are four metal atoms in each layer in the p(2 × 2)
surface cell. Oxygen was placed on one side of the slab, where
the induced dipole moment was taken into account by applying
a dipole correction.35,36 We define the oxygen coverage, Θ,
as the ratio of the number of the oxygen atoms to that of the
metal atoms in an ideal substrate layer. In the calculations,
all the atoms of the bottom three metal layers were fixed at
their bulk positions. The other atoms were relaxed until the
forces on each of them were less than 0.01 eV/Å. To view the
atomic structures, schematics of the Nb-X(110) alloy surfaces
with four oxygen atoms at the most stable sites are shown
in Fig. 1. We emphasize that the supercell models employed
in this work represent the Nb-X(110) alloy surfaces, and we
assume that the amount of the X element added to Nb is small
so that the associated crystallographic structures with the X
element keep the same as that of bulk Nb.

The binding and stability of various O/Nb-X(110) alloy
systems were analyzed by the oxygen binding energies and
surface energies.37 The average binding energy per oxygen
atom as a function of Θ is defined as

Eb(Θ) = 1
Natom
O

[Eslab
O/Nb−X (110)(Θ)

− (Eslab
Nb−X (110) + Natom

O

1
2

EO2)], (1)

where Natom
O is the number of oxygen atoms in the unit cell.

Eslab
O/Nb−X (110), Eslab

Nb−X (110), and EO2 represent the total energies
per unit cell of the Nb-X(110) alloy slab with oxygen atoms,
the clean Nb-X(110) alloy slab, and a free O2 molecule,
respectively.

FIG. 1. Schematic top view of the Nb-X(110)-(2×2) (X = Ti, Al, and Si) alloy surface with four oxygen atoms at the most stable site for five cases: (a) the pure
surface, (b) the surface with one segregated X atom [denoted by Nb(110)-1X], (c) the surface with two segregated X atoms [Nb(110)-2X], (d) the surface with
three segregated X atoms [Nb(110)-3X], and (e) the surface with four segregated X atoms [Nb(110)-4X]. The blue and gray balls represent the Nb and X atoms,
respectively, while the large and medium balls denote the atoms in the first and second surface layer, respectively. The small red balls represent the most stable
sites for four oxygen atoms.
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The thermodynamic stability of a given surface is
determined by its surface energy. The thermodynamics
formalism follows the scheme of previous works.38–46 The
surface energy (γ) can be defined as

γ =
1
S0
(Eslab −


i
Niµi), (2)

where S0 is the surface area. Eslab is the total energy of the
whole slab. Ni and µi are the number and chemical potential
of atoms of species i. Here, we neglect the contributions
from the TS term and pressure term for the corresponding
surface. While configurational entropy should be considered
at phase transition boundaries,47 we neglect the contribution
due to configurational entropy because the relative stability of
different surfaces is the focus in this work.48

As a special case, for the clean pure Nb(110)-(2 × 2)
surface [shown in Fig. 1(a)], we denote the surface energy
(γS) as

γS =
1
S0

�
ES

slab − NS
Nbµ

bulk
Nb

�
, (3)

where ES
slab denotes the total energy of the pure Nb(110)

surface, NS
Nb are the number of Nb atoms in the supercell, and

µbulk
Nb are the chemical potential of metal Nb bulk.

For the O/Nb-X(110) alloy (X = Ti, Al, or Si) surfaces
[any of the configurations shown in Figs. 1(b)-1(e)], we denote
the corresponding surface energy (γa) as

γa =
1
S0

�
Ea

slab − Na
Nbµ

bulk
Nb − NXµX − NOµO

�
, (4)

where Ea
slab is the total energy of the O/Nb-X(110) alloy

surface; Na
Nb, NX, and NO denote, respectively, the number of

Nb, X (X = Ti, Al, or Si), and O atoms in the supercell; µX
and µO represent the chemical potential of X (X = Ti, Al, or
Si) and O, respectively.

From Eqs. (3) and (4), we define the relative surface
energy γRS of the O/Nb- X(110) surface relative to that of the
clean pure Nb(110) surface,41,43

γRS = (γa − γS)S0 = Ea
slab − ES

slab − (Na
Nb − NS

Nb)µbulk
Nb

− NXµX − NOµO. (5)

At equilibrium, the chemical potential of a given species
is equal in all contact phases, i.e., Nb-X alloys and molecular
O2. Note that the chemical potentials are not simply the
total energies of the pertinent atoms or molecules. In order
to avoid the formation of metal X phase, the chemical
potentials must follow µX ≤ µbulk

X . The upper limit of the
chemical potential of oxygen is determined by O2 molecule,
µO ≤ 1

2 Etot
O2

. Thus, using the ab initio computed total energies
of the bulk X (X = Ti, Al, or Si) and molecular O2,
we can obtain the chemical potential range of O and X,
namely, µO ≤ −4.89 eV, µTi ≤ −7.74 eV, µAl ≤ −3.69 eV, and
µSi ≤ −5.43 eV.

In addition, the chemical potential of oxygen as a function
of the temperature (T) and the oxygen partial pressure (P) can
be determined with40

µO(T,P) = 1
2

Etot
O2
+ µO

�
T,P0� + 1

2
kBT ln

(
P
P0

)
, (6)

where Etot
O2

is the total energy of an isolated oxygen molecule;
kB is the Boltzmann constant; and µO(T,P0) is the chemical
potential of oxygen at temperatureT and pressure P0. µO(T,P0)
can be obtained from experimental data (available in the
standard thermodynamic tables49). Eq. (6) provides a general
way to determine the oxygen chemical potential under any
experimental conditions (T and P). For example, the chemical
potential of oxygen under the condition of T = 650 ◦C and
P = 1.0 × 10−7 mbar can be determined to be µO = −6.81eV.

III. RESULTS AND DISCUSSIONS

A. Clean binary alloy surfaces

For the investigation of oxygen adsorption on the Nb-
X(110) alloy (X = Ti, Al, or Si) surfaces, we need the
properties of their clean surfaces, that is, the surfaces without
any oxygen. We thus study the relative surface energy of the
Nb-X(110) alloy surface with different contents of X in the
Nb(110) surface. From the energetics point of view, the lower
the surface energy is, the more stable the system is.

Figure 2 shows the relative surface energies of the
Nb-Ti(110), Nb-Al(110), and Nb-Si(110) alloy surfaces as
functions of the chemical potential of X (X = Ti, Al, or Si).
In order to facilitate the discussions, the X-alloyed Nb(110)-
(2 × 2) surfaces with one, two, three, and four segregated X
atoms are denoted by Nb(110)-1X, Nb(110)-2X, Nb(110)-3X,
and Nb(110)-4X, respectively. It should be noted that there is
a full layer of X atoms in the first top surface layer for the
Nb(110)-4X surface.

As seen from Fig. 2(a), which shows the relative surface
energies of the clean Nb(110) and Nb(110)-1Ti, Nb(110)-2Ti,
Nb(110)-3Ti, and Nb(110)-4Ti surfaces as functions of µTi,
the Ti-segregated Nb(110) surfaces become more stable than
the pure Nb(110) surface at high µTi, with the Nb(110)-4Ti
surface the most stable. Similarly, Figs. 2(b) and 2(c) show
that the Al-segregated and Si-segregated Nb(110) surfaces
become more stable than the pure Nb(110) surface at high µAl
and µSi, with Nb(110)-4Al and Nb(110)-3Si the most stable
at extremely high chemical potentials of Al and Si.

Table I shows the surface segregation energy Eseg of X
(Ti, Al, Si) in the topmost layer or in the subsurface layers of
Nb-X(110). Eseg is defined as the energy cost of transferring
an alloyed X atom from bulk to surface. Such energy cost is
calculated as the total-energy difference of the configurations
with a single X atom in a surface layer and with the X atom in
bulk (in the central layer of the model slab employed in this
work). We observe that the configuration with alloyed X (Al,
Si, Ti) in the topmost layer has slightly lower total energy than
those with X in subsurface and in bulk, indicating that alloyed
X (Al, Si, Ti) energetically prefers to stay in the topmost layer
of the Nb-X(110) surface.

B. Binding energies

Following the investigation of the clean surfaces of the
Nb-X(110) alloys, we have examined oxygen adsorption on
all the possible Nb-X(110) alloy (X = Ti, Al, or Si) surfaces.
As shown in Fig. 2, while the X atoms prefer segregation at
the Nb-X(110) surface under the X-rich conditions, all of the
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FIG. 2. The calculated relative surface energies as functions of the chem-
ical potential of X for the clean (a) Nb-Ti(110), (b) Nb-Al(110), and (c)
Nb-Si(110) alloy surfaces.

pure Nb(110), Nb(110)-1X, Nb(110)-2X, Nb(110)-3X, and
Nb(110)-4X surfaces could exist, depending on the chemical
potentials. Hence, we examine the oxygen adsorption on all
of these surfaces for a range of oxygen coverage, 0 ≤ Θ ≤ 1,
[1 ML is defined as the coverage with four oxygen adatoms
per Nb(110)-(2 × 2) surface cell]. As a comparison, we have
also studied oxygen adsorption on the Ti(0001), Al(111), and
Si(111) surfaces.

Figure 3 shows the average binding energies per oxygen
atom at the most stable sites, which are near the fourfold hollow
sites on the Nb-Ti(110), Nb-Al(110), and Nb-Si(110) alloy

TABLE I. The surface segregation energy, Eseg (eV), of X (Ti, Al, Si) in the
topmost or subsurface layers of Nb-X(110).

X-site ETi
seg (eV) EAl

seg (eV) ESi
seg (eV)

Topmost layer −0.14 −0.28 −0.53
2nd layer −0.04 0.08 0.06
3rd layer −0.03 −0.11 −0.26

surfaces (shown in Fig. 1), as functions of Θ. It is known that
the oxygen binding energies may be overestimated with the use
of the PBE functional. In this work, however, we investigate
the relative stability and the relative values of oxygen binding
energies play a more significant role. We therefore believe
that the errors due to the PBE functional do not affect our
conclusions. For the O/Nb-Ti(110) systems, we can observe
that oxygen on the Ti(0001) surface binds much stronger than
on the Nb(110) surface at all oxygen coverages [Fig. 3(a)].
The trend shown in Fig. 3(a) is that the binding energy curve
is gradually getting closer to that of O adsorption on Ti(0001)
when the Ti content in the Nb-Ti(110) surface increases. The
average binding energy of oxygen on Nb(110)-4Ti, which
has a negative value, is considerably lower that of oxygen on
Nb(110), Nb(110)-1Ti, Nb(110)-2Ti, and Nb(110)-3Ti—at all
oxygen coverages. As a result, the O/Nb(110)-4Ti system is

FIG. 3. Binding energies of oxygen on the clean (a) Nb-Ti(110), (b) Nb-
Al(110), and (c) Nb-Si(110) alloy surfaces at the most stable adsorption site
as functions of the oxygen coverage in a range of 0 <Θ ≤ 1.
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the most stable, indicating that oxygen can promote the surface
segregation of Ti further on the clean Ti-segregated Nb(110)
surface. A similar case was reported for hydrogen adsorption
on Si(111)-B. Si(111)-B is a silicon-terminated surface with
boron at the subsurface layer,50 but hydrogen adsorption was
found to promote surface segregation of boron.51,52 In the case
of O/Nb-Ti(110), the O-induced Ti surface segregation results
in the selective oxidation of Ti as the topmost layer of the
surface contains Ti only. This result provides an explanation
for the growth of external layer of titanium oxide on the Nb-
Ti(110) alloy surface, which was observed experimentally.11

For the O/Nb-Al(110) systems, similarly, Figure 3(b)
shows that the binding of oxygen on Al(111) is much stronger
than on Nb(110) at all oxygen coverages. The absolute value of
the oxygen binding energy of the O/Nb(110) system decreases
when the oxygen coverage increases. This is due to the
repulsive interaction between oxygen atoms.37 In contrast, the
binding of oxygen on Al(111) increases dramatically with
increased oxygen coverages. This is due to the formation of
aluminum oxide.17 The trend of the binding energy curve for
oxygen adsorption on the Al-alloyed Nb(110) surface at the
high Al content [O/Nb(110)-4Al] becomes similar to that on
Al(111). Furthermore, the binding of oxygen on Nb(110)-4Al
at the high coverages of oxygen (Θ ≥ 0.75 ML) is significantly
stronger than on the other Al-segregated Nb(110) surfaces
and the pure Nb(110) surface, suggesting that high oxygen
coverages promote further surface segregation of Al on the
Al-segregated Nb(110) surface. Similar to the case of the
O/Nb-Ti(110) systems, the O-induced surface segregation of
Al results in the selective oxidation of aluminum on the
Nb-Al(110) surface, thus providing an explanation for the
experimental observation that Al alloying can improve the
oxidation resistance of Nb.12,13

For the O/Nb-Si(110) systems, Figure 3(c) shows that
oxygen on pure Nb(110) binds much stronger than those on
the Si-alloyed Nb(110) and Si(111) surfaces forΘ ≥ 0.50 ML,
indicating that oxygen does not induce selective oxidation of
Si and silicon oxide would not be formed. Thus, the oxide
scales of the Nb-Si binary alloy are composed of Nb oxides
only, as observed experimentally.11

C. Phase diagrams of oxidation on binary
alloy surfaces

In order to further understand the oxidation characteristics
of the Nb-X(110) alloys from the thermodynamics point of
view, we construct three-dimensional (3D) SPD of relative
surface energies as functions of µX (X = Ti, Al, or Si)
and µO for O/Nb-Ti(110), O/Nb-Al(110), and O/Nb-Si(110)
systems, as shown in Figs. 4(a)–4(c), respectively. Projecting
the lowest surface free energies of the O/Nb-X(110) (X = Ti,
Al or Si) systems in the 3D SPD onto the two-dimensional
(µO-µX) plane, we are able to obtain the corresponding 2D
SPDs, which are shown in Figs. 4(d)–4(f), respectively. Under
O-poor (low µO) conditions, the clean alloy surface without
oxygen adsorption is the most stable configuration (see Fig. 4),
consistent with the results shown in Fig. 2, whereas the
oxidation of Nb-X(110) alloys corresponds to the case of
O-rich (high µO) conditions.

For the O/Nb-Ti(110) system, the calculated SPDs (Fig. 4)
show that, under O-rich conditions, O/Nb(110)-4Ti at Θ
= 1.0 ML is the most stable, indicating that O promotes
the surface segregation of Ti. This is consistent with the
results shown in Sec. III B. Similarly, Figure 4(b) shows that,
under O-rich conditions with high µAl (Al-rich conditions),
the 4O/Nb(110)-4Al surface is the most stable configuration,
which also suggests that O promotes the surface segregation of
Al. At low µAl (Al-poor conditions), however, the 4O/Nb(110)
surface is the most stable configuration. Therefore, under O-
rich conditions, both 4O/Nb(110)-4Al and 4O/Nb(110) can be
the most stable configurations, depending on the Al chemical
potential. This means that both Al and Nb could be oxidized
under their advantageous conditions. Thus, together with the
formation of the clean Al-rich Nb-Al(110) surface due to the Al
self-segregation effect shown in Fig. 2(b), the thermodynamic
stabilization of 4O/Nb(110)-4Al under Al-rich conditions can
induce the growth of an alumina layer resulting from the
selective oxidation of Al. This result can explain the exper-
imental observation that the oxidation resistance of the Nb-
Al alloy increases with the increased amount of Al content
in the Nb-Al alloy.12,13 Note that larger content of Al in the
Nb-Al alloy generates a higher µAl. As the alloying addition
of Al is gradually consumed by the selective oxidation, the
other element, Nb, will become enriched, and µAl turns from
high to low. Assuming the O-rich conditions are kept, with low
µAl (Al-poor or Nb-rich conditions), the 4O/Nb(110) system
now becomes the most stable configuration. In other words,
consumption of Al by its selective oxidation generates a Nb-
rich condition, leading to the oxidation of Nb in turn. As
a result, the experimental observation that oxide scales of
the Nb-Al alloys comprise a mixture of Al2O3 and NbAlO4
(NbAlO4 = NbO + Al2O3) can be well understood.12,13

For the O/Nb-Si(110) systems, however, under O-rich
conditions, the most stable systems are still those with oxygen
on pure Nb(110) (Θ = 1.0 ML), suggesting that the selective
oxidation of Si does not occur. This is consistent with the result
shown in Sec. III B.

When a binary alloy is oxidized, does the selective oxida-
tion occur sustained? The initial oxidation of a binary (A-B)
alloy surface can consume one element, supposed to be A, with
the formation of its oxide, which results in the richness of the
other element, B, and a reduced µA. The SPDs of the O/Nb-
Ti(110) system [Fig. 4(a)] show that, under O-rich conditions,
the formation of the titanium oxide layer is energetically favor-
able under both Ti-rich and Ti-poor conditions, indicating that
oxygen can always oxidize Ti selectively for a long time,
meaning a sustained complete selective oxidation of Ti. This
result explains why TiO2 can be easily formed on the corre-
sponding Nb-Ti alloy surface.11 On the other hand, the SPDs
of the O/Nb-Al(110) system [Fig. 4(b)] show that, under O-rich
conditions, it is impossible to form a single oxide layer under
both Al-rich and Al-poor conditions for a long time because of
the competition behavior between the two elements of this bi-
nary alloy, meaning a non-sustained partial selective oxidation
behavior of the alloy surface. This result explains the formation
of the mixed oxides on the corresponding alloy surface through
long-term oxidation.12,13 We define sustained selective oxida-
tion of an alloy surface as a process in which one element of the
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FIG. 4. The calculated three-dimensional SPDs of the relative surface energies and the corresponding two-dimensional SPDs as functions of µX (X = Ti,
Al, or Si) and µO for ((a),(d)) O/Nb-Ti(110), ((b),(e)) O/Nb-Al(110), and ((c),(f)) O/Nb-Si(110) systems. Each plane corresponds to one of the tested surface
configurations, and only the most stable configurations under O-rich conditions are marked. 1O, 2O, 3O, and 4O represent one, two, three, and four oxygen
atoms on the 2×2 surface, corresponding to coverages of 0.25, 0.5, 0.75, and 1.0 ML, respectively.

alloy is always selectively oxidized over the entire range of its
chemical potential in the corresponding surface phase diagram.
Therefore, from the thermodynamics point of view, we can
conclude a general microscopic mechanism for oxidation of bi-
nary alloys, that is, under O-rich conditions, a uniform single-
phase SPD (type I) and a non-uniform double-phase SPD (type
II) correspond to the sustained complete selective oxidation
and the non-sustained partial selective oxidation, respectively.
Accordingly, using this microscopic mechanism, one can pre-
dict the oxidation behavior of any binary alloy surfaces.

D. Thermodynamics framework for oxidation
of ternary alloys

We now turn to a discussion about oxidation of ternary
alloys. When a ternary alloy is oxidized, what is the order of

the oxidation for the component elements? Furthermore, what
are the differences and relationships of the oxidation between
a ternary alloy (A-B-C, with A the dominate component)
and the two separate binary alloys (A-B and A-C)? To
answer these questions, it is evident that the content ratio
CA : CB : CC (determined by the composition of the ternary
alloy) can affect the length of the oxidation time for the
corresponding component elements. To make the approach
more convenient and applicable, we assume that the oxidation
of the ternary alloy (A-B-C) surface is considered as the
oxidation of two corresponding binary alloy (A-B and A-C)
surfaces. We then suggest that the thermodynamic stability of
a ternary alloy surface may be approximately determined by
the surface energies of the two separate binary alloys. As a
result, the order of the oxidation of the component elements
depends not only on the composition of the ternary alloy
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but also on the surface energies of the two separate binary
alloys.

Taking the Nb-Ti-Al ternary alloy (with Nb the dominant
component) as an example, the thermodynamic stability of
the surface may be approximately determined by the surface
energies of the Nb-Ti(110) and Nb-Al(110) systems. In order
to determine the possibility of surface segregation of an
alloying element, Ti or Al, we compare the surface energies
of the Nb-Ti(110) and Nb-Al(110) systems. Shown in Fig. 2,
Nb-Ti(110) and Nb-Al(110) become more stable than Nb(110)
when µTi ≥ −7.83 eV (Ti-rich conditions) and µAl ≥ −4.5 eV
(Al-rich conditions). However, as long as µAl ≥ −4.4 eV (Al-
rich conditions), the surface energies of the Nb-Al(110) system
are lower than those of the Nb-Ti(110) system, regardless of
the µTi value, indicating that Nb-Al(110) is more stable than
Nb-Ti(110) under both Ti-rich and Al-rich conditions. As a
result, surface segregation of Al is energetically more favorable
than that of Ti.

Similarly, the thermodynamic stability of an oxidized
ternary alloy surface may be approximately determined by the
surface energies of the oxidized surfaces of the two separate
binary alloys. For example, to determine the order of selective
oxidation of the component elements of the Nb-Ti-Al ternary
alloy, we compare the surface energies of the O/Nb-Ti(110)
and O/Nb-Al(110) systems. The surface energies of the most
stable oxidized Nb-Ti(110) and Nb-Al(110) surfaces under
O-rich conditions as functions of µX and µO are shown
in Figs. 4(a) and 4(b). We observe that surface energy of
4O/Nb(110)-4Ti is lower than that of 4O/Nb(110)-4Al in
the whole range of µX, suggesting that the Ti element of
Nb(110)-4Ti is under selective oxidation first, that is, oxygen
promotes surface segregation of Ti, which results in the
selective oxidation of Ti. The very initial stage of oxidation of
the Nb-Ti-Al ternary alloy can then lead to the formation of
TiO2. As the Ti element is selectively oxidized, the other two
metal elements, Nb and Al, may become enriched locally. The
SPDs of O/Nb-Al(110) [Fig. 4(b)] show that, under O-rich
conditions, 4O/Nb(110) and 4O/Nb(110)-4Al are the most
stable configurations under Nb-rich and Al-rich conditions,
respectively. Therefore, the second step of the oxidation of
the Nb-Ti-Al ternary alloy involves the formation of both Nb
oxide and Al2O3. When a continuous Al2O3 layer is formed,
oxidation of the Nb-Ti-Al ternary alloy stops. Because a
continuous Al2O3 layer has a dense structure, it can inhibit the
diffusion of oxygen atoms into ternary alloy and thus hamper
further oxidation. This analysis provides an explanation for the
experimental observation that the formation of fast-growing,
transient Ti- and Nb-rich oxides has been locally cut-off by
the growth of a continuous Al2O3 layer during oxidation of
a Nb-Ti-Al alloy at 1400 ◦C.14 Thus, based on ab initio
atomistic thermodynamics calculations and similar analysis
shown above, we believe that the oxidation behavior of any
ternary and multi-component alloys can be predicted.

IV. CONCLUSION

Based on ab initio DFT calculations and thermodynamics
formalism, we have investigated the oxidation behaviors of
the Nb binary and ternary alloy surfaces. In particular, we

have constructed the SPDs for oxygen adsorption on the
Nb-X(110) binary alloy (X = Ti, Al, and Si) surfaces,
which are used to provide an atomic-scale understanding
for the selective oxidation behavior of the Nb binary
alloys and for the pertinent experiments. More importantly,
we have proposed a general microscopic mechanism for
thermodynamic oxidation, namely, a uniform single-phase
SPD (type I) and a non-uniform double-phase SPD (type II)
under O-rich conditions correspond to the sustained complete
selective oxidation and the non-sustained partial selective
oxidation, respectively. In addition, we have established the
framework of thermodynamics for the oxidation mechanism
of ternary alloys. Comparisons of the surface energies of
two separated binary alloys provide an understanding for the
selective oxidation behavior of the Nb-Ti-Al ternary alloy
and an interpretation for the experimental result about the
formation of multiple oxides. We believe that, using the
framework and the general microscopic mechanism developed
in this work, one can predict the oxidation behavior of any
binary and ternary alloys, potentially impacting the design
of alloys for excellent oxidation resistance. In addition, the
physics concept and the approach on the oxidation of binary
and ternary alloys shown in this work may be also applicable
to other reactions such as nitridation and sulfidation of alloy
surfaces.
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