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The properties of an interface between a metallic alloy and an oxide are computed by combining ab initio
quantum mechanics with thermodynamics. Results for the stability, structures, and chemical compositions of
the �-Ni1−xAlx /�-Al2O3 interface are presented. We found that there are two types of stable structures for the
interface. Type I is characterized by joining an Al-rich Ni-Al alloy with an Al-rich Al2O3 surface �terminated
by two Al atomic layers�. Type II is a junction of a Ni-rich Ni-Al alloy with an Al2O3 surface terminated by
an oxygen atomic layer and with atomic migrations and interchanges within the interfacial region. Both types
of interfaces exhibit Al accumulation on top of the oxide scale while an adjacent Ni-rich layer is found at the
type-II interfaces. The atomic geometries, electronic structures, and chemical bonds of the two types of
interfacial systems were analyzed. The calculated interfacial works of separation Wsep agree reasonably well
with experimental data and earlier calculations.
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I. INTRODUCTION

The adhesion of metal/ceramic interfaces1–3 is well
known to be important in industry for such applications as
electronic packaging, heterogeneous catalysis, and high-
temperature composite materials. The high-temperature
structural intermetallic compound Ni-Al �Ref. 4� has been
widely applied as a bond coat on gas turbine components in
order to provide a thermally grown Al2O3 layer between the
bond coat and the ZrO2-based thermal barrier coatings
�TBC�.5 The Al2O3 layer acts as an oxygen diffusion barrier,
inhibiting oxidation of the Ni-Al superalloy, and thus stabi-
lizing the performance of the whole TBC system. As is well
known, the failure of those Ni-Al-based integrated TBC sys-
tems stems from the spallation of the substrate/Al2O3 inter-
face, i.e., the �-Ni1−xAlx /�-Al2O3 interface. A considerable
number of studies6–16 focused on oxidation and corrosion
protection of the Ni-Al alloy, the structures of the ultrathin
Al2O3 scale on the Ni-Al substrate, and the interfacial micro-
structures between the Ni-Al-based alloy and the Al2O3.
However, experimental investigations of Ni-Al alloys and
related interfaces often fail to provide definitive answers to
many issues,14–17 owing to the fact that even a slight devia-
tion from stoichiometry may affect the defect structures in
Ni-Al alloys,17 which can in turn change the structure of the
interfaces. Using advanced x-ray diffraction analysis, Stierle
et al.14,15 claimed the existence of Al antisite atoms at the
Al2O3 /NiAl-alloy interface. However, Kresse et al.16 in-
ferred the opposite conclusion, i.e., that no Ni or Al antisite
atoms were observed at a similar interface. Here we provide
a systematic and fundamental theoretical study combining ab
initio quantum-mechanical calculations with thermodynam-
ics to disclose the microstructure of the �-Ni1−xAlx /�-Al2O3
interface.

Ab initio thermodynamic methods18,19 have been consid-
ered to be an important strategy for structure stability analy-

ses of complex interfaces. In this approach, the Gibbs energy
Gs of an ensemble such as an interface system can be ex-
pressed as

Gs = Gtotal − �
i

Niui. �1�

Here Gtotal is the free energy of the ensemble that may con-
tain various structures such as a surface or an interface. �i
�i=1,2 ,3 , . . .� are the chemical potentials of the constituents
i and Ni are the corresponding numbers of atom i in the
ensemble. Links can be established between variables of ab
initio calculations and standard thermodynamic variables
such as the partial pressure, activity, and chemical
potential.18 In recent years, the desire to improve advanced
materials for various technological applications has stimu-
lated considerable ab initio thermodynamic researches. For
example, Wang et al.20 computed the environmental depen-
dence of �-Al2O3 �0001� surface structures. Zhang et al. and
Finnis et al. studied the dependence of the stable Nb /Al2O3
interfacial structure on oxygen partial pressure19,21 and the
initial stages of oxidation of the Ni-Al �110� surfaces.22

In this paper, the ab initio thermodynamic method is em-
ployed to investigate the structural stability of the
�-Ni1−xAlx /�-Al2O3 interface �x�0.5�, as well as its depen-
dence on alloy composition x and oxygen partial pressure
pO2

at a given temperature. Results of interfacial energies,
atomic relaxations, electron-density distributions, and works
of separation based on a supercell approach to the
�-Ni1−xAlx /�-Al2O3 interface are presented.

II. BASIC RELATIONSHIPS

To express a few basic relationships in a general way, we
start from a model interface formed between a binary alloy
A1−xBx and an oxide phase BOy. This type of interface could

PHYSICAL REVIEW B 80, 205422 �2009�

1098-0121/2009/80�20�/205422�12� ©2009 The American Physical Society205422-1

http://dx.doi.org/10.1103/PhysRevB.80.205422


be easily obtained through the oxidation of Ni1−xAlx, given
that the element Al is more active than Ni. It is well known
that the most stable interfacial structure has the lowest inter-
facial energy. To search for stable interfacial structures, the
following equation is applied to estimate the interfacial en-
ergy �I:

�I = �Gtotal�T,p� − NA�A − NB�B − NO�O�/S

=
1

S
�Gtotal −

1

1 − x
NA�A1−xBx

−
1

y
NO�BOy

− �NB −
x

1 − x
NA −

1

y
NO	�B
 . �2�

Thermodynamic equilibrium has been reasonably assumed
between the interface and the surrounding bulk A1−xBx and
BOy having the chemical potentials �A1−xBx

and �BOy
, respec-

tively. In other words, equations �1−x��A+x�B=�A1−xBx
and

�B+y�O=�BOy
have been applied in the derivation of Eq.

�2�. NA, NB, and NO are the number of the elements A, B, and
O �oxygen� in the interface ensemble, and the �A, �B, and
�O are the corresponding chemical potentials in the system
that is in equilibrium with surrounding environment. Gtotal is
the total free energy of the representative interfacial layers,
which have a cross-sectional area S. Based on the Gibbs
phase rule, there exists only one free variable, either the oxy-
gen partial pressure pO2

or the elemental activity aB at a
given temperature, which determines �B in Eq. �2� and the
interfacial energy �I. For the �-Ni1−xAlx /�-Al2O3 interface,
�I can be expressed as

�I = �Gtotal −
NNi

1 − x
�Ni1−xAlx

−
NO

3
�Al2O3

− �NAl −
2NO

3
− NNi

x

1 − x
	���Al + �Al

0 �0 K���/S

�3�

in which �Al
0 �0 K� is the total energy per Al atom in the bulk

fcc state at 0 K, and the effective chemical-potential differ-
ence ��Al=�Al−�Al

0 �0 K� can be used to describe the envi-
ronmental dependence of interface stability.18,19,21 The rela-
tionship to the oxygen partial pressure as well as to the Al
activity or Al composition in �-Ni1−xAlx alloy can also be
built through expressing ��Al in terms of other thermody-
namic variables, which will be discussed in the following
sections. Furthermore, in order to avoid the divergence of the
calculated interface energies due to slab model used and the
error in the calculated bulk energies of Al2O3 and Ni-Al,23–25

we calculate the total energies of the relaxed Al2O3 and
Ni-Al slabs of different layers �4, 6, 8, 10, and 12 layers for
Al2O3 and 5, 7, 9, and 11 layers for Ni-Al slabs�, and then
adopt a fitting procedure23–25 to determine the total energies
of bulk Al2O3 and Ni-Al, that is,

Total energy of a slab

= �layer number� � �energy of bulk formula�

+ 2 � �energy from surface� .

In addition, large supercells of Al2O3 �0001� �3�
3� and
Ni-Al �110� �5�2� cells, similar to the cells in the interface
model, are used for the above calculations, which are also
helpful to get reliable bulk energies for interface calcula-
tions.

III. AB INITIO THERMODYNAMIC METHODS

A. Computational details

The density-functional plane-wave method, as imple-
mented in the Vienna ab initio simulation package
�VASP�,26,27 is utilized in this study. The ultrasoft
pseudopotentials28,29 are used for the expansion of the single-
particle Kohn-Sham wave functions. Exchange-correlation
potentials are treated with the generalized gradient
approximation.30 To ensure the convergence of results, a
plane-wave cutoff energy of 400 eV and an energy conver-
gence criterion of 10−4 eV for self-consistency are adopted
throughout all the calculations.

Test calculations are performed for the surface and bulk
properties of �-NiAl and �-Al2O3 at first to assess the accu-
racy of the pseudopotentials used for interface systems. The
equilibrium lattice constants are obtained to be 2.89 Å for
�-NiAl and 4.77 Å for �-Al2O3. The surface energies are
obtained to be 1.63 J /m2 for Ni-Al �110� and 1.69 J /m2 for
stoichiometric Al2O3 �0001� by following the fitting method
as recommended in Refs. 23–25 �see the detail in Sec. II�.
The good convergence of surface energies shows that using
four layers has been sufficient for Al2O3 while five layers for
Ni-Al. We also test the convergence of interface energy for a
stoichiometric interface, the change in interface energies is
�0.01 J /m2 when the Al2O3 layers is increased to six for
the stoichiometric interface. All our calculated values agree
well with previous ab initio computations and experimental
data.4,21,22,31–34 The structure relaxations for the Al2O3 sur-
face in our work also agree well with those using VASP-
projector-augmented-wave �PAW�-Perdew-Burke-Ernzerhof
�PBE� calculations on Fe /Al2O3.33

For interface calculations, because the interface supercell
�see below� contains more than 220 atoms with a dimension
as large as 14.29 Å�8.25 Å�29.95 Å, only a single �
point is used for the integrals over the Brillouin zone to save
computational time. Convergence tests using 2�2�1 k
points are carried out to compare with the results using only
the � point. The total-energy difference is �1 meV /atom
but the surface/interface energy difference is �10−2 J /m2

for the �Al2O3�Al surface and the Al2-terminated
Al2O3 /Ni1−xAlx-alloy interface. Here the subscript Al refers
to a surface terminated by a single Al atomic layer, and Al2
terminated means a surface terminated by two Al atomic lay-
ers. Calculations using 3�3�1 and 4�4�1 k points have
also been carried out for the �Al2O3�Al surface and the
Al2-terminated interface with the large supercell approach,
and the change in the total energy was found to be less than
0.5 meV for the whole supercell in comparison with the re-
sult using 2�2�1 k points. Those tests imply that the
�-point calculations are sufficiently reliable for our purposes.

The ions are relaxed toward equilibrium until the
Hellmann-Feynman forces are less than 5�10−2 eV /Å. For
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a reliable comparison of calculations for different interfaces,
all calculations were performed using the same supercell di-
mensions. Similar to our earlier work,34 the interfacial en-
ergy is defined by subtracting from the total energy of an
interface ensemble the contributions of two bulk materials
subject to the same imposed strain.

B. Models of the �-Ni1−xAlx Õ�-Al2O3 interface

Our model of the �-Ni1−xAlx /�-Al2O3 interface uses the
following supercell geometry. The supercell contains a
vacuum area of �10 Å thickness and a five-layer Ni-Al
�110� slab placed on a four O-layer �-Al2O3 �0001� slab.
Periodicity is invoked parallel to the interface plane, a virtual
plane separating the Ni-Al alloy from the oxide. The inter-
face orientation of Ni-Al �110� matching Al2O3 �0001� has
been investigated quite often in experiments.35–39 However,
within those interfacial mismatches, there are a few potential
models of the interface with different planar matching or
orientation. Traditionally, the model interface for ab initio
studies is constructed seeking the configuration with mini-
mum interfacial mismatch,19,21,32–34,40,41 and usually the ma-
terial with the smaller modulus is deformed into commensu-
ration with the stiffer material.19,21,33,40,41 It has been
demonstrated that the model interface built in this way re-
produces well the chemical-bonding characteristics, stability,
and mechanical properties of the experimental interface.42

This is the approach we followed to build the model 1 inter-
face �see Fig. 1�. However, there are a few other models of
the interface with different planar mismatches. Among them,
models 2 and 3 �see Fig. 2 below� are the most likely candi-
dates considering the fact that configurations similar to mod-
els 2 and 3 were adopted in the study of the interfaces be-
tween �-NiAl and Al2O3 film.

Model 1. The Ni-Al and Al2O3 slabs are in commensura-
tion as NiAl�11̄0��110� ��-Al2O3 �101̄0� �0001� and Ni-Al
�001� �110� ��-Al2O3 �1̄21̄0� �0001�. This results in an inter-
face unit cell in which Ni-Al �110� �5�2� matches Al2O3
�0001� �3�
3� cells, as shown in Fig. 1. Of the three pos-
sible models, this interface possesses relatively low interface
mismatch and thus low strains for the two bulk slabs. By
taking the lattice constant of Ni-Al to be 2.887 Å,4 and that
of �-Al2O3 to be 4.7628 Å,31 the interface could be built by
compressing Ni-Al �110� 1.02% in �001� direction and
stretching 1.03% in �11̄0� direction to match Al2O3 �0001�.
Earlier work on metal/Al2O3 interfaces by a number of re-
searchers showed that such a low mismatch is helpful in
obtaining reliable interface stability trends as well as for ana-
lyzing chemical bonds.19,21,40–42

Model 2. Considering the so-called Kurdjumov-Sachs
�KS� orientation relationship between fcc �111� and bcc
�110� meshes,43–45 model 2 �quasi-KS orientation� is con-
structed by aligning the close-packed Ni-Al line of the Ni-Al
�110� with the closed-packed oxygen line of the �-Al2O3
�0001�, as shown in Figs. 2�a� and 2�c�. There are 11 Ni-Al
primitive cells and a 3�
3Al2O3 cell in the in-plane inter-
face unit cell. The two sides of the Ni-Al rectangle are com-
pressed by 4.75% to match the �-Al2O3 �0001� at this con-
figuration. There is an angular deformation of 3.7° as shown
in Figs. 2�a� and 2�c�.

Model 3. This model is similar to the so-called “row-
matching” orientation,35 with which a model interface could
be built through deforming and removing a Ni-Al cell from
Ni-Al slab, as shown in Figs. 2�b� and 2�c�. Based on that,
Kresse et al.16 had built an interface between �-NiAl and
ultrathin Al2O3 through displacing a Ni-Al primitive cell
into the fixed substrate mode. For testing purposes in the
current work, a quasirow-matching interface is also built
through displacing a Ni-Al primitive cell from the Ni-Al slab
to match the fixed Al2O3. There are 15 Ni-Al primitive cells
and an 2�2
3Al2O3 cell in the in-plane interface unit cell,
as shown in Figs. 2�b� and 2�c�. The two sides of the Ni-Al
rectangle are compressed 10.75% and 0.51%, respectively,
together with an angular deformation of 2.7° as shown in
Fig. 2.

Generally speaking, the model 2 and model 3 configura-
tions are not expected to exist for the interface between thick
Al2O3 and Ni1−xAlx alloy due to the relatively high internal
strains. This seems to be consistent with the recent experi-
mental observation of the stable existence of the model 1
interface between Ni-Al and thick �-Al2O3 by Stierle and
co-workers.46 To further check the relative stability, a typical
model interface between a stoichiometric five-layer Ni-Al
slab and an Al-terminated Al2O3 slab �labeled as �Al2O3�Al�
at each specific orientations �models 1, 2, and 3� is built. The
interfacial energies for the three prototype interfaces are cal-
culated and presented in Table I. It is clear that the model 1
interface has the lowest interfacial energy value, which is
consistent with the aforementioned principle of minimum
mismatch and leads us to conclude that model 1 is the best
choice among the three models when considering the effects
of both the lattice mismatch and the magnitude of the inter-
face energy. Therefore, the orientation of model 1 is em-
ployed for all following calculations.

FIG. 1. �Color online� Top view of the model 1 interface super-
cell. Only half of the Ni-Al overlayer �small balls� is shown. Al1
and Al2 indicate the sites for top Al layer nearest to or next nearest
to the oxygen layer and Al3 for the Al layer just beneath the oxygen
�O1� layer. The O1 and O2 label the two sequential close-packed
oxygen layers following an A-B-A-B pattern in Al2O3 while Al1,
Al2, and Al3 are for the three sequential Al layers following an
A-B-C pattern. The small rectangle indicates the Ni-Al �110�
1�1 primitive cell and the rhombus the �-Al2O3 �0001� 1�1
primitive cell. Al atoms in Al2O3 is green, O is red, Al in Ni-Al is
pink, and Ni is blue.
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Starting from the model 1 interface with Ni-Al �110�
�5�2� matching �-Al2O3 �0001� �3�
3�, various interfaces
at different chemical compositions are built for detailed in-
vestigations. The Al2O3 surface can have Al2, Al, or O ter-
mination. While the different surfaces are labeled as
�Al2O3�Al2, �Al2O3�Al, or �Al2O3�O, the corresponding inter-
faces with the Al2, Al, or O termination of the Al2O3 scale
are labeled as Al2term, Alterm, or Oterm, respectively. The
Al2 termination is characterized by an �-Al2O3 �0001� sur-
face terminated by two layers of Al atoms occupying the Al1

and Al2 sites �see Fig. 1�. The Al termination and O termi-
nation pertain, respectively, to an �-Al2O3�0001� terminated
by a single layer of Al atoms at Al1 sites, and by a single
layer of oxygen atoms. In order to avoid obtaining meta-
stable states of complex interfaces, ten initial configurations
are built by sliding the Ni-Al overlayer on the Al2O3 surface
and matching a specified Ni �or Al� atom to Al1, Al2, Al3,
O1, or O2 positions �see Fig. 1�, respectively. After full re-
laxation of the initial configurations, three as-relaxed stable
interface structures with lowest total energies for the three

FIG. 2. �Color online� �a� and �b� show the top view of the models 2 and 3 on Ni-Al �110� surface; �c� exhibits models 2 and 3 on
�-Al2O3 �0001�. The small rectangle indicates the Ni-Al�110� 1�1 primitive cell and the rhombus the �-Al2O3 �0001� 1�1 primitive cell.
The grey line in �a� and that in �c� indicates the close-packed Ni-Al line of Ni-Al �110� and the closed-packed oxygen line of �-Al2O3

�0001�, respectively. Al atoms in Al2O3 is green, O is red, Al in Ni-Al is pink, and Ni is blue.
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terminations are obtained. Based on the three as-relaxed con-
figurations, additional operations are also performed to
search for other possible stable interfaces. One operation is
to remove Al atoms in interface layers one by one to change
the interfacial chemical composition; the other is to ex-
change interfacial Al �Ni� atoms with Ni �Al� atoms in both
atomic layers close to interface plane and bulk Ni-Al.
Change in the Ni stoichiometry by removing/adding 1–2 Ni
atoms from/to each configuration is also considered, al-
though the normal process to grow an Al2O3 scale through
oxidization of the Ni-Al alloy can be expected not to change
the number of Ni atoms. By searching over the terminations
and compositions in a systematic way, the aforementioned
manipulations could help us to figure out the most important
interfacial configurations of various chemical compositions.
An example which may help to explain our notation is
Oterm-8Al that represents the most stable, optimized
O-terminated structure with eight Al atoms removed from
the as-relaxed initial configuration of O termination.
Al2term-1Al indicates a stable configuration from the
Al2-terminated oxide scale with one Al atom removed from
the as-relaxed structure.

C. Total energy employing interface representative layers

Our intention is to deal with the interface between the
�-Ni1−xAlx alloy and the thick �-Al2O3 around x�0.5. Un-
like, e.g., the Ni /Al2O3 interface for which the ab initio
Gibbs energy of the interface ensemble is well defined from
a supercell calculation, the �-Ni1−xAlx /�-Al2O3 interface re-
quires an approximation because the total energy Gtotal of the
interface, i.e., the first term of the right side of Eq. �3�, also
depends on the alloy composition x. To deal with the
alloy/Al2O3 interface, we need to introduce the concept of
interface representative layers that describe some atomic
layers close to the virtual interface plane separating alloy
from oxide. The important point is that the interface repre-
sentative layers are considered to be similar and stable at a
local equilibrium when x deviates slightly from stoichiom-
etry �x=0.5� in the �-Ni1−xAlx. A few points make this ap-
proach reasonable. On the one hand, only alloys with com-
positions close to x=0.5 are considered in this work.
Chemical bonding in the stable Ni1−xAlx alloy with a limited

composition deviation changes slightly in comparison with
that in the strictly stoichiometric �-NiAl. On the other hand,
the local structure of an interface is mostly determined by the
local bonding in the interface representative layers which
retain the most important information of chemical bonding
of the interface. This is especially true when the interfacial
energy is estimated by subtracting the contributions of the
strained bulks from the energy of interface ensemble in our
calculations.

Based on the approximation of the interface representa-
tive layers for alloy/Al2O3 interface, a supercell �see Fig. 3�
is built for ab initio calculations. The supercell contains four
regions. Region 1 is 	�10 Å vacuum layer. Regions 2 and
4 are the bulk �-Ni1−xAlx alloy and the bulk Al2O3, respec-
tively. Region 3 indicates the interface representative layers
designed to simulate various interfacial compositions ob-
tained through operations as discussed in above Sec. III B.
Usually, the interface representative layers are composed of
3–4 Ni-Al layers and 2-oxygen-layer Al2O3 slab. Region 2 is
used to represent the bulk Ni-Al alloy with a fixed composi-
tion and its contribution will be subtracted from the self-
consistent total energy of the supercell for interfacial stability
analysis. With this, the Gtotal for Eq. �3� can be obtained by

TABLE I. Three possible models of the NiAl /Al2O3 interfaces with different orientations and mismatch
are shown. The interfacial energy of an interface between a stoichiometric Ni-Al layer and an Al-terminated
�Al2O3�Al1 slab at each of the three orientations is calculated and listed. The “+” and “−” represent the status
of lattice stretching �+� or compressing �−�, respectively.

Model Orientation relationship Mismatch by Ni-Al �110�
Interfacial energy

�J /m2�

1 NiAl�11̄0� �Al2O3�101̄0� +1.03% in �11̄0�

NiAl�001� �Al2O3�1̄21̄0� −1.02% in �001� degree 0° 2.37

2 Quasi-KS orientation −4.75% in long side

−4.75% in short side degree 3.7° 3.22

3 Quasirow-matching orientation −10.75% in long side

−0.51% in short side degree 2.7° 16.95

FIG. 3. Schematic supercell of a model interface for ab initio
calculations. Regions 1, 2, 3, and 4 represent vacuum, �-Ni1−xAlx,
interface representative layers, and bulk �-Al2O3, respectively. By
introducing the interface representative layers for simulating alloy-
oxide interface, region 2 could be replaced by a stoichiometric
�-NiAl layer as a reference substrate in practical calculations.
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Gtotal = Etotal − E1 − E2�x = 0.5� − E4. �4�

Here Etotal is the total energy of the supercell. E1, E2, and E4
refer to the total energies of regions 1, 2, and 4, respectively.
Because we focus on those interfaces between �-Al2O3 and a
stable �-Ni1−xAlx phase with a limited composition deviation
from the strictly stoichiometric case, region 2 for all interface
configurations is represented by a slab of stoichiometric
�-NiAl �x=0.5� subject to the same imposed strain as the
interface. This slab is defined as the reference substrate. The
other reference substrate is the bulk Al2O3 �region 4�. There-
fore, E1, E2, and E4 in Eq. �4� are just the sum of two surface
energies, total energy of the strained bulk �-NiAl �x=0.5�,
and that of the bulk �-Al2O3. A few test calculations show
that replacing the stoichiometric reference substrate in re-
gion 2 by alloys with slight deviations of x from 0.5 shows
no effects on the final interfacial relaxation in the fully re-
laxed supercell. After subtracting the contributions of the re-
gions 1, 2, and 4 �E1, E2, and E4� from the total energy of the
supercell, the remainder is the energy of the central layers,
i.e., the interface representative layers, retaining the most
important information of chemical bonding of the interface.
This energy term is retained in the Gtotal, which is used for
composition-dependent stability analysis.

D. Chemical potential �Ni1−xAlx

In our approach, the chemical potential �Ni1−xAlx
in Eq. �3�

is given by

�Ni1−xAlx
= �1 − x��Ni

0 + x�Al
0 + �HNi1−xAlx

�0 K� , �5�

where �Ni
0 and �Al

0 are the chemical potentials of bulk Ni and
Al at 0 K. �HNi1−xAlx

is the formation enthalpy of �-Ni1−xAlx
at 0 K. Because there exists a linear relationship between
�HNi1−xAlx

and the bulk composition x,47 the �HNi1−xAlx
is

interrelated by

�HNi1−xAlx
= �HNi1−xAlx

�x = 0.5� + c1�x − 0.5� �x 
 0.5� ,

�HNi1−xAlx
= �HNi1−xAlx

�x = 0.5� + c2�x − 0.5� �x 	 0.5� .

�6�

The measured formation enthalpy of �-Ni1−xAlx alloy at dif-
ferent temperatures showed that temperature has a minor
effect on the functional relationship, and the coefficients c1
and c2 are estimated to be −1.13 and 0.72 eV by fitting
to the experimental data �see Fig. 1 of Ref. 47�. The forma-
tion enthalpy �HNi1−xAlx

�x=0.5� is calculated to be
−0.64 eV /atom �−61.72 kJ /mol�, in good agreement with
experimental data of −62�2 kJ /mol.47 Figure 4 shows the
relationship between the estimated �Ni1−xAlx

and the alloy
composition x based on Eqs. �5� and �6�. Ab initio calcula-
tions of the formation enthalpies are also carried out for
Ni1−xAlx alloys at the two compositions of x=0.468 and
0.517, and the results are also labeled in Fig. 4. For that, a
5�5�5 supercell approach to Ni-Al is used. The composi-
tion deviation from 0.5 is realized by introducing Ni vacan-
cies for the Al-rich and Ni antisite atoms for the Ni-rich
Ni-Al alloys.48 These calculated formation enthalpies agree
well with available experimental data.47

E. Ab initio effective chemical-potential difference ��Al

In ab initio computations combining thermodynamics,18

the effective chemical-potential difference ��Al of Al in Eq.
�3� is related to the Al activity aAl by

��Al = kBT ln aAl + �Al
0 �T� , �7�

�Al
0 �T� = �Al

0 �T� − �Al
0 �0 K� , �8�

where kB is the Boltzmann’s constant. �Al
0 �T� corresponds to

the chemical potential of a thermodynamic standard state of
solid Al at temperature T. �Al

0 �0 K� is the total energy of per
Al atom of solid Al at 0 K. Here, the connection energy
�Al

0 �T� can be calculated by the approach as suggested in
Ref. 18 or by using the data from the JANAF Thermochemi-
cal Tables.49 Linking aAl and x, Meyer et al.17 have put for-
ward a relationship between them as

ln
aAl�xAl�

aAl�xAl = 0.5�

= �−
1

6
G0/kBT −

1

3
ln 2 +

1

2
ln

4xAl
2

1 − 2xAl
�xAl 
 0.5�

1

3
G0/kBT −

1

3
ln 2 + ln

2xAl − 1

xAl
�xAl 	 0.5� �

�9�

in which G0 is a constant. ln aAl�xAl=0.5� can be taken to be
−6.88 from Ref. 50. By substituting Eqs. �8� and �9� into Eq.
�7�, the relationship between ��Al and x can be established.
Finnis et al.51 also derived a similar function linking ��Al
with the alloy composition x. Although a complex triple de-
fect system or defect clustering effect is considered in Mey-
er’s approach but not in Finnis’s model, both approaches
agree with each other well for the estimated trend of ��Al vs
x and only manifest slight differences, as plotted in Fig. 5.
Considering the fact that Meyer’s model reproduces well the
experimentally measured x dependence of the Al activity in

FIG. 4. Relationship between �Ni1−xAlx
and x. The solid line is

from Eqs. �5� and �6�. The coefficients in Eq. �6� are obtained by
fitting to the available experimental data �filled triangles� from Ref.
47. The half-filled circles label the calculated values by a 5�5
�5 supercell approach to �-Ni1−xAlx alloy at x=0.468 and 0.517,
and details are described in the text.
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Ni-Al alloy, the approach is chosen for our simulations. Be-
cause the experimental data measured at 1273 K were used
to validate the relationship between the Al activity and alloy
composition x,17 we chose the same temperature for our dis-
cussions �see Fig. 5�.

IV. RESULTS AND DISCUSSIONS

A. Interface stability

Interfacial energies �I of several typical configurations are
calculated for different terminations of the
�-Al2O3 /�-Ni1−xAlx-alloy interfaces. In a practical environ-
ment, equilibrium between an ambient gas species and solid
interface implies that the chemical potentials of species in
the gas and the corresponding species at the interface are the
same. So the ambient gas O2 partial pressure pO2

can be
given by

ln pO2
=

2

3
� 1

kBT
�GAl2O3

�T� − 2 ln aAl
 . �10�

Here, �GAl2O3
�T� is the Gibbs formation energy of �-Al2O3

at given temperature, which can be estimated from JANAF
tables49 or other handbooks. By combining Eqs. �9� and �10�,
the oxygen partial pressure pO2

can be linked to alloy com-
position x. The Ni1−xAlx alloy exists as a well-ordered �
phase in the range of x from 0.369 to 0.571 at 1273 K ac-
cording to phase diagram analysis.52 The interfacial energies
�I of different configurations as a function of x or pO2

are
presented in Fig. 6. This plot clearly demonstrates that the
interface energies �I may change drastically around the com-
position x=0.5. From Fig. 6, it can be concluded that there
may exist two types of stable configurations for the
�-Ni1−xAlx /�-Al2O3 interfaces. One type is obtained by join-
ing the Al-rich Ni-Al alloy with the Al2-terminated Al2O3
surface, possibly with some interfacial Al atoms removed.
Among all possible configurations investigated, the
Al2term-1Al shows the lowest interface energy �type I�. The
other type of the interface could be speculated to be obtained
through the combination of a Ni-rich Ni-Al alloy with the

O-terminated Al2O3 surface. In the process of forming a
stable interface, our simulations show that Al atoms located
in the Ni-Al bulk region have a strong tendency to migrate to
get into contact with oxygen atoms at the interface, which
leads to the formation of a Ni-rich layer at the interface.
Meanwhile, our calculations also show that removing a few
Al atoms from the Ni-rich layer could release the strain
within it and help to stabilize the layer. Among many con-
figurations calculated, the Oterm-8Al interface, with eight Al
atoms removed, shows the lowest interfacial energy �type II�.
There is no guarantee that all possible interfacial configura-
tions have been considered, due to the complexity of such an
alloy/oxide interface. The general tendency of the interfacial
stability is believed to be correctly revealed because so many
configurations of different chemical compositions have been
tested in a systematic way, however. For x	0.503, the
Al2term-1Al is the most stable interface, and the Oterm-8Al
is the most stable configuration when x
0.503. Compared
with the Al2term-1Al and Oterm-8Al interfaces, the inter-
faces with initially a single Al-layer termination of the Al2O3
scale are unstable in terms of the calculated interfacial ener-
gies �see Fig. 6�.

Figure 6 also shows the relationship between the calcu-
lated interfacial energy and the oxygen partial pressure. In
principle, this implies that a global thermodynamic equilib-
rium has been reached and that the thermodynamic state
variables are time independent and that the chemical poten-
tial �i of each species is position independent. This may not
be true for an entire system in practice but nevertheless a
local equilibrium may be assumed in some cases. For ex-
ample, for an interface it is reasonable to assume that there is
a local thermodynamic equilibrium on the atomic scale be-
tween the interface region and a region of the bulk materials
in the vicinity of the interface.53 This assumed equilibrium
region might be broadened to include the ambient gas so that
the ambient gas partial pressures as well as the activities of
material components could be included as useful thermody-
namic variables. In some cases, the measured chemical-

FIG. 5. The effective chemical-potential difference ��Al versus
bulk alloy composition x.

FIG. 6. Interfacial energies �I of several typical configurations
of the �-Ni1−xAlx /�-Al2O3 interface as a function of bulk compo-
sition x and oxygen partial pressure PO2

at 1273 K.
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potential gradient may even be applied to determine the local
partial pressure of material components. From this point of
view, those results �Fig. 6� are also helpful for understanding
the structural stability of an interface in local equilibrium
with the bulk regions on either side of the interface.

B. Interfacial structure and chemical bonding

1. Al2term-1Al interface

The fully relaxed atomic structure of the type-I
Al2term-1Al interface is shown in Fig. 7�a�. Because of the
rumpling of the first Ni-Al layer �−1 layer� in the Ni-Al slab,
three typical sublayers in the layer are labeled as −1a, −1b,
and −1c, respectively. The spacing between the highest and
lowest Ni atoms �degree of rumpling� is 0.44 Å �see Table
II�. Notice that the interplanar distance between the −1c and
−1a sites is only �0.46 Å, implying that the roughness of
the first Ni-Al layer is relatively small. Although the first
Ni-Al layer buckles, as a whole, the other layers in the Ni-Al
slab, even in the vicinity of interface plane, are weakly in-
fluenced by the formation of an interface with the oxide
scale. This is a feature of the type-I interface, most likely due
to the fact that the Al2O3 surface is covered well by Al atoms
in order to saturate the oxygen dangling bonds on the sur-
face. Similar to the Al-rich cases in �Ni,Cu� /Al2O3 inter-
faces as we studied before,34 Al atoms continue epitaxially
occupying the Al1 and Al2 sites of the Al2O3 surface at the
type-I interface but with changed interlayer spacings �see
Table II�. The second �−2� and third �−3� Ni-Al layers in the
Ni-Al slab exhibit a displacement of �0.20 Å along the

Ni-Al �11̄0� direction with no obvious change in the intra-

planar and interplanar atomic positions after relaxation, as-
suming that the bulk spacing from the strained Ni-Al is used
in the initial configuration. This rapid decay of relaxation
with distance from the interface demonstrates the validity of
taking only a few Ni-Al �110� and Al2O3�0001� layers as the
interface representative layers for our calculations. Table II
displays the spacing between the atomic planes as indicated
in Fig. 7�a�. The spacing between layer 1 and layer 2 �in
Al2O3� is compressed 18.37% in comparison with the bulk
value in Al2O3 while the distances between other planes

TABLE II. Interfacial spacings �in Å� for a type-I Al2term-1Al
interface and a comparison with bulk values. The interfacial layers
are labeled as shown in Fig. 7�a�.

Al2term-1Al interface

Atomic layer Interface spacing Bulk spacing
Bulk differential

�%�

�−3,−2� 2.05 2.05 +0.00

�−2,−1c� 1.92 2.05 −6.34

�−1c,−1b� 0.02 0.00

�−1b,−1a� 0.44 0.00

�−1a,1� 1.69

�1,2� 0.40 0.49 −18.37

�2,3� 0.87 0.84 +3.57

�3,4� 0.87 0.84 +3.57

�4,5� 0.48 0.49 −2.04

�5,6� 0.85 0.84 +1.19

�6,7� 0.85 0.84 +1.19

(b)(a)

FIG. 7. The optimized structure of the two stable interfaces. �a� Type-I Al2term-1Al interface. The −1a and −1b denote the lowest and
highest Ni atoms in the first Ni-Al layer, respectively, and the −1c indicates the highest Al atom in the first Ni-Al layer; �b� Type-II
Oterm-8Al interface. The 1a and 1b denote the highest and lowest Al2 sites, respectively, and the 2a and 2b are used to label Al1 sites
similarly. Other types of atoms are indicated in the figures.
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change little. As for the positions of atoms in the Ni-Al slab
relative to the oxide, it seems that Ni atoms prefer to locate
on top of Al atoms �Al1 and Al2� of the oxide layer for all
configurations studied, which indicates that Ni atoms at the
interface tend to form chemical bonds with Al atoms from
the Al2O3 layer. A similar conclusion was also obtained by
others through combining scanning tunneling microscopy
observations with ab initio calculations.16 Our results prove
that the Ni-Al alloy may form a sharp interface with �-Al2O3
at an appropriate condition. Indeed, the ultimate stable and
thick �-Al2O3 phase was detected in a recent experiment
during the oxidation of Ni-Al �110� with well-defined inter-
face matching.46 This is consistent with our theoretical pre-
diction. Finally, it is noted that there is no requirement for
antisite atoms to exist at the Al2term-1Al interface, consis-
tent with the earlier investigation of Kresse et al. for a simi-
lar interface.16

Insight into the chemical bonding nature at an interface
can be obtained by examining the valence electron-density
difference �VEDD�, and the result for the Al2term-1Al inter-
face is shown in Fig. 8�a�. The valence electron-density dif-
ference is calculated by subtracting the superposition of va-
lence electron densities of neutral atoms from the self-
consistent charge-density distribution of the fully relaxed
interface. Figure 8�a� shows a result for a plane across the
Ni1st, Al1st, Al2, and O atoms �see Fig. 7�a��. The Ni1st and
Al1st atoms are from the first Ni-Al layer, and the Al2 atom
�at the highest Al2 site� and the O atom from the Al2O3
surface. This is a typical configuration for the Al2term-1Al
interface. Here, the Ni1st-Al2 distance is 2.34 Å and that for
Al1st-Al2 is 2.66 Å, a little shorter than the nearest Ni-Al
�2.50 Å� and Al-Al �2.89 Å� distances in bulk Ni-Al. In
addition, there is obvious charge transfer from the Al atoms
at interface to oxygen atoms in Al2O3, indicating the strong
ionic characteristic of chemical bonding in the type-I inter-
face. However, the slightly changed Al1-O distances in
Al2O3 �see Table II�, in comparing with those interlayer

spacings in bulk Al2O3,34 indicate that the adhered Ni-Al
slab does affect the bonding in the Al2O3 slab to some ex-
tent, mainly in the area close to the interface. It can also be
observed that there is charge accumulation between Ni1st

�Al1st� in Ni-Al and Al2 in Al2O3, relatively close to Ni
atoms, indicating the existence of direct chemical interaction
between the Ni1st �Al1st� from the Ni-Al slab and the Al2
from Al2O3. The charge redistribution between Ni1st �Al1st�
and Al2 atoms shows a quite extended spatial distribution,
implying the characteristic of metallic bonding at the inter-
face. The interaction between Ni1st and Al2 probably also
includes a small amount of covalent bonding, as indicated by
the charge-density redistribution pattern. Overall, the metal-
lic interaction is still dominant. VEDD for other pairs
of atoms at the interface, such as Ni1st-Al1�Al2O3� and
Al1st-Al1�Al2O3�, also exhibits a pattern similar to the above-
discussed picture about the typical Ni1st �Al1st�-Al2�Al2O3� in-
teraction. Generally speaking, the chemical bonding at the
type-I Al2term-1Al interface is clearly ionic close to the
Al2O3 and then metallic between the Ni-Al slab and the Al-
covered Al2O3 surface.

2. Oterm-8Al interface

The most striking characteristics of the stable type-II
Oterm-8Al interface have two aspects, as shown by the ball
model of the fully optimized atomic structure of the interface
�see Fig. 7�b��. First there are plenty of Al atoms on top of
the originally O-terminated Al2O3 surface, which makes the
interface also Al rich. Secondly, there exists a Ni-rich layer
close to the interface. Those interfacial Al atoms, as labeled
also by Al1 and Al2 in Fig. 7�b�, are initially located inside
the Ni-Al slab, and some of them are actually not even in
close contact with Al2O3 surface. During the interface struc-
ture optimization, those Al atoms show a strong tendency to
exchange their positions with Ni atoms that are in close con-
tact with Al2O3, tending to occupy the specific epitaxial Al1,

FIG. 8. Contour plots of valence electron-density difference for the type-I and type-II interfaces. �a� Type-I Al2term-1Al interface: the
plane across Ni1st, Al1st, Al2, and O atoms as labeled in Fig. 7�a�; �b� type-II Oterm-8Al interface: the plane across Nirich, Al1, Al2, and O
atoms as indicated in Fig. 7�b�. The dark gray areas with solid lines indicate electron accumulation and the light gray areas with short dot
lines indicate electron depletion. The distances d �short-dashed lines� denote the distance �in Angstroms� between the atoms linked. The unit
of charge density is e /Å3.
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Al2 or nearby sites on the Al2O3 surface, and saturating the
dangling oxygen bonds of the O-terminated Al2O3 surface.
Most of the site exchange of atoms is realized through the
use of different initial interfacial configurations, which
makes the search for stable type-II interface tedious. How-
ever, after the Al atoms from the first Ni-Al layer closely
interacting with Al2O3 in the initial configuration are used
up, the tendency of the Al atoms to migrate from a deep
Ni-Al layer to the O-terminated Al2O3 surface is also very
strong, until all the dangling oxygen bonds are saturated in
order to lower the interfacial energy. The atomic relaxation
leads to a spontaneous formation of the Ni-rich layer through
exchanging of atoms and merging of atomic layers in the
initially O-terminated Al2O3 /NiAl-alloy interface. Two
points need clarification. First, those Al atoms at the type-II
Oterm-8Al interface do not perfectly occupy the regular Al1
and Al2 sites �epitaxial sites� of the Al2O3 surface, as long as
the Al-rich layer could form a stable configuration to become
compatible with the nearby Ni-rich layer. By counting the
site occupancy of the Al atoms in the type-II interfacial layer
in a statistical way, nearly two third of the Al atoms occupy
the epitaxial Al1 and Al2 sites of the �-Al2O3 surface while
the remaining one third of them locate atop sublayer O2
atoms. Secondly, the Ni-rich layer comes from the merging
of two adjacent layers in the initial Ni-Al slab with some Al
atoms migrating away to release interfacial strain. As a mat-
ter of fact, those interface configurations with chemical com-
positions close to the Oterm-8Al, such as the Oterm-8Al-1Ni
and Oterm-7Al configurations, all have interfacial energies
close to each other based on our calculations. For the stable
type-II interface, which we know is an Al-rich layer covering
the O-terminated Al2O3 surface followed by a Ni-rich layer.
Our calculations show the Oterm-8Al interface with an ide-
ally clean Ni-rich layer as a typical example. In reality, the
Ni-rich transition region may contain more than one atomic
layer and may also contain some Al atoms. Indeed, weak
double diffraction spots were observed by Libuda et al.54 and
were said to support the existence of an additional metallic
interlayer between Ni-Al �110� and the oxide film. Further-
more, the appearance of the Ni-rich layers makes it natural
for the presence of Ni antisite atoms at the interface, which
seems to be consistent with the selective Al oxidation experi-
ments of Ni-Al, in which the �-Al2O3 grows predominantly
by oxygen inward transport together with Al outward
diffusion.55 The existence of antisite atoms at the
Al2O3 /NiAl interface was also inferred by Stierle et al.14,15

in their early experimental observations.
Considering the obvious rumpling of the Al-rich layers,

the sublayers are labeled as 1a, 1b, 2a, and 2b �see Fig. 7�b��,
respectively. Compared with the Al2term-1Al interface, the
spacings between atomic planes in Al2O3 show a substantial
change, as exhibited in Table III. The spacing between layers
3 and 4 is expanded by 7.14% in comparison with the cor-
responding bulk value. The spacing between layers 4 and 5 is
compressed by 12.24%.

The nature of chemical bonding at the Oterm-8Al inter-
face can also be extracted from the analysis of the VEDD as
plotted in Fig. 8�b�. There the VEDD is plotted on a plane
through the Nirich, Al1, Al2, and O atoms. The Nirich atom is
from the Ni-rich layer, and the Al1 and Al2 atoms are from

the interfacial Al-rich layer, roughly occupying the specific
Al1 and Al2 sites of the oxide surface. Generally speaking,
the bonding characteristics in the Al2term-1Al and Oterm-
8Al interfaces are quite similar to each other. The
Nirich-Al1�Al2O3� or Nirich-Al2�Al2O3� interaction is similar to
that of the Ni1st-Al2�Al2O3� in type-I Al2term-1Al interface,
and could also be regarded as partially covalent and partially
metallic, with the metallic component dominant. The domi-
nant metallic characteristics can be observed from the wide
spatial distribution of charge-density difference that is lo-
cated in the area between the Ni-rich and Al-rich layers �see
Fig. 8�b��.

C. Work of separation Wsep

The ideal work of separation Wsep is an important funda-
mental quantity to characterize the mechanical properties of
an interface. In principle, it indicates the work to break an
interface at a sufficiently high bond-separation rate so that
the two resultant surfaces cannot relax to their ground states
prior to interfacial bond breaking. The Wsep can be given by
the difference in total energies between the interface and its
separated surfaces as

Wsep = �EC + ED − EC/D�/S , �11�

where EC/D is the total energy of the interface. EC and ED
are the total energies of the isolated C or D surfaces after
separation, and S is the cross-sectional interfacial area.
Table IV lists the typical cleavage modes and the corre-
sponding values of the calculated Wsep. �Al2O3�Al1 /Al2-NiAl
means that the type-I interface is broken between the Al-
terminated surface �Al2O3�Al1, i.e., Al2O3 surface with Al
atoms sticking to Al1 sites, and Ni-Al slab with some Al
atoms at Al2 sites sticking to it �labeled as Al2-Ni-Al�.
�Al2O3�Al1 /Al2-Nirich-NiAl means that the type-II interface
is broken between �Al2O3�Al1 surface and the other part that
includes the Ni-rich layer as well as part of the central Al-

TABLE III. Interfacial spacings �in Å� for type-II Oterm-8Al
interface and a comparison with bulk values. The interfacial layers
are labeled as shown in Fig. 7�b�.

Oterm-8Al interface

Atomic layer Interface spacing Bulk spacing
Bulk differential

�%�

�−2,−1� 2.03 2.05 −0.98

�−1a,Nirich� 1.99 2.05 −2.93

�Nirich, 1a� 1.66

�1a, 1b� 0.20 0.00

�1b,2a� 0.04 0.49

�2a,2b� 0.38 0.00

�2b,3� 0.82 0.84 −2.38

�3,4� 0.90 0.84 +7.14

�4,5� 0.43 0.49 −12.24

�5,6� 0.86 0.84 +2.38

�6,7� 0.85 0.84 +1.19
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rich layer. �Al2O3�Al2-Nirich /NiAl indicates a rupture mode
such that the Ni-rich layer remains with the oxide. The other
labels in the table are also quite clear and self-explanatory.
Among all the cleavage modes, it is always the mode with
the �Al2O3�Al1 surface, the most stable Al-terminated Al2O3
surface, that shows the lowest Wsep for both type-I
�2.23 J /m2 for �Al2O3�Al1 /Al2-NiAl� and type-II interfaces
�2.20 J /m2 for �Al2O3�Al1 /Al2-Nirich-NiAl�. It implies that
the stability of the �-Ni1−xAlx /�-Al2O3 interface is mainly
correlated with the mechanical strength of �Al2O3�Al1 /X ad-
hesion in practice, in which X contains mainly Ni and Al
atoms for both the type-I and type-II interfaces. After fully
relaxation, the X parts for the two types of interfaces become
similar to each other, and therefore the two interfaces show
nearly equal values of Wsep. This picture is also consistent
with the interface chemical-bonding analysis in Sec. IV B,
which say that both the type-I and type-II interfaces show
dominant metallic-bonding features. This is quite different
from the interfaces between Al2O3 and single element met-
als, such as Ni or Cu. In that case, the interfaces of Al and
Al2 termination, i.e. Ni / �Al2O3�Al1 and Ni / �Al2O3�Al2 inter-
faces, manifest metallic bonding while the O-terminated con-
figuration, i.e. the Ni / �Al2O3�O interface, shows relatively
strong ionic-covalent bonding.34 Experimentally, it would be
very hard to get reliable Wsep data because the exact interface
chemical composition is difficult to be characterized. In
Table IV, an experimental Wsep result �1.70 J /m2� �Ref. 56�
for the Al2O3 /NiAl-alloy interface is listed to compare with
the calculated results for both the type-I and type-II inter-
faces. Considering the uncertainty in both measurements
and calculations, the consistency could be considered to be
satisfactory. From the calculated Wsep data, it is speculated
that the interfacial adhesion is relatively weaker than but
still comparable to the strength of the Ni-Al alloy and
the Al2O3 bulk. Therefore, it is possible to break the
�-Ni1−xAlx /�-Al2O3 adhesion at the interface. When an in-
terface fracture occurs, one part of the resultant surface is the

Al2O3 surface with Al termination, and the other part should
also be partially covered by Al atoms. In addition, the Ni-
rich or Al-rich stoichiometries in the Ni-Al alloy should not
affect the adhesion of the interface significantly according to
our computations while such stoichiometries might affect
impurity segregation behavior. Such impurity effects warrant
further investigation.

V. SUMMARY

We have carried out an ab initio thermodynamics study of
the �-Ni1−xAlx /�-Al2O3 interfaces with various terminations
and chemical compositions. The interfacial energies as well
as their dependence on alloy composition, or oxygen partial
pressure, reveal that there exist two types of stable interfacial
structures. Based on our calculations, they are type-I
Al2term-1Al and type-II Oterm-8Al interfaces, although
stable configurations may deviate slightly from the theoreti-
cally predicted compositions. Both types of interfaces exhibit
a common feature of an Al-rich layer on top of the oxide
scale while a Ni-rich layer adjacent to the Al-rich layer may
be found at the Oterm-8Al interface. The nature of chemical
bonding for the two interfaces is thoroughly analyzed via the
atomic geometry and electronic structure. It is concluded that
the interactions between Ni �and Al� atoms from the Ni-Al
slab and Al atoms from oxide, specifically the Ni-Al�Al2O3�
and Al-Al�Al2O3� interactions at the interfaces, are dominantly
metallic with slight covalent characteristics. Our theoretical
results for works of separation Wsep are reasonable in com-
parison with available measured and calculated results. A
comparison among all possible cleavage modes of the inter-
face suggests that the most likely spallation occurs between
an oxide with Al termination and a Ni-Al slab with some
extra Al atoms sticking to its surface. Works of separation for
possible fractured interfaces are relatively close to each
other. Our results could provide a reasonable framework for
understanding the interfacial structures and adhesion of the
�-Ni1−xAlx /�-Al2O3 interface as well as for providing some
qualitative guidance for the design of effective Ni-Al-based
oxygen diffusion barrier and thermal barrier coatings. One of
the interesting results is that the works of separation for the
potentially stable interfaces are quite close to each other and
show no strong dependence on environmental oxygen partial
pressures. However, we suspect that the impurity segregation
behavior is quite different for them, and impurity segregation
is expected to play more important role in determining the
adhesion properties than what is usually expected.
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TABLE IV. Works of separation Wsep �J /m2� for type-I and
type-II Ni1−xAlx /�-Al2O3 interfaces are shown. The results for a
Ni-Al alloy and Al2O3 are calculated for the two bulk regions
strained identically as the interface. The work of separation
�3.78 J /m2� for the pure Ni / �Al2O3�Al2 interface �Ref. 34� is given
to compare with that for the interface �Al2O3�Al2 /Nirich-Ni-Al. Dif-
ferent symbols indicating cleavage planes correspond to the atoms
as labeled in Fig. 7.

Interface
type Cleavage plane

Wsep

�J /m2�

Al2term-1Al �Al2O3�Al2 /NiAl 2.85

�Al2O3�Al1 /Al2-NiAl 2.23 �1.70a�
Oterm-8Al �Al2O3�Al2-Nirich /NiAl 3.26

�Al2O3�Al2 /Nirich-NiAl 3.43 �3.78b�
�Al2O3�Al1 /Al2-Nirich-NiAl 2.20 �1.70a�

Bulk �Al2O3�Al1 / �Al2O3�Al1 3.34 �3.60b, 3.78b,3.90b�
Ni-Al/Ni-Al 3.38

aReference 56.
bReference 34.
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