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First-principles calculations conducted over a broad range of atomic configurations have been used to
determine the phase diagram and work of separation for Ni/Al2O3 interfaces. Seven interfacial phases have
been identified. The results reveal that the strongest �O-rich� phases derive their strength from ionic Ni-O
bonds across the interface, reminiscent of NiO. The Al-rich phases are also strong, exhibiting a mix of
Ni3Al-like and Al2O3-like interfacial bonds. The stoichiometric interfaces are the weakest since they are
formed from the ground-state Al2O3�0001� surface.
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The Ni/Al2O3 interface has been the subject of consider-
able research because of its importance for hot-section tur-
bine components, such as airfoils for aircraft propulsion and
power generation.1–5 In hot-section components, this inter-
face develops by Al2O3 forming as a thermally grown oxide
between a Ni�Al� alloy bond coat and a ZrO2 thermal barrier.
The Al2O3 acts as an oxygen-diffusion barrier, protecting the
underlying superalloy from oxidation. The durability of these
systems is often dictated by the stability or adhesion of the
Ni/Al2O3 interface. It is therefore important to identify and
quantify the fundamental properties affecting this adhesion.
One objective of this article is to present first-principles com-
putations of the Ni/Al2O3 interfacial phases, expressed as an
interfacial diagram, in a space comprising the temperature
and Al activity. Another is to calculate the interfacial adhe-
sion for each of the phases.

The research to be reported embellishes previous assess-
ments of the work of separation, Wsep,

6 defined as the total
energy of the fully separated solids minus the total energy at
their equilibrium separation, per unit area. It is the appropri-
ate metric for analyzing fracture, where bond separation rates
are sufficiently high that the surfaces cannot relax to the
ground state before they are separated. Another quantity
of interest is the work of adhesion, Wad, obtained by allowing
all the surfaces to relax to the ground state, as in sessile drop
experiments. This prior research6 ascertained the import-
ance of the Al2O3-terminating layer at the interface. Specifi-
cally, oxygen-terminated interfaces provided high Wsep,
while stoichiometric interfaces resulted in low Wsep. The ef-
fects of S segregation and the consequent reduction in
adhesion have also been computed.11 Similar features
calculated for the Cu/Al2O3 interface6 have been substanti-
ated experimentally.7–10 In these assessments, Al2O3�0001�
was used. The Al-rich interface was represented by an
Al2O3�0001� termination of two Al atomic layers �nAl/nO

=1�, the O-rich interface by one O atomic layer�nAl/nO

=1/3�, and the stoichiometric interface by a single Al atomic
layer �nAl/nO=2/3�. These original studies had the defi-
ciency that, because of limited computational capability, they
did not fully characterize the interfacial phases as functions
of temperature and Al activity, nor did they establish the full
phase dependence of Wsep at the atomic level. With the avail-
ability of more advanced computer resources, a broader set
of interfacial configurations can now be tested, allowing for

interfacial atomic mixing, vacancy formation, and corre-
sponding stoichiometry variations. Interfaces that allow these
phenomena could deviate from the model Al2O3�0001� ter-
minations. Ascertaining these phases is the objective of the
present assessment.

The Ni�111� /Al2O3�0001� orientation relationship has
been chosen to be consistent with experimental
observations.12,13 As reference, we use the oxygen-rich phase
formed by termination of the Al2O3�0001� at an oxygen
atomic layer. The Gibbs free energy of formation �G for
interfacial phase x relative to the reference phase is given as

�G = Gx − Gref + �NNi�Ni + �NAl�Al + �NO�O. �1�

Here Gx is the free energy for the Ni/Al2O3 interfacial
phase x and Gref that for the reference phase. The quantities
�NNi, �NAl, and �NO represent differences in the numbers of
Ni, Al, and O atoms, respectively, between the interfacial and
reference phases: while �Ni, �Al, and �O are the chemical
potentials of Ni, Al, and O, respectively. Equation �1� can
also be written as

�G = Gx − Gref + �NNi�Ni + ��NAl−�2/3�NO��Al

+ �1/3��NO�Al2O3
, �2�

where

�Al2O3
= 2�Al + 3�O,

and

Gx − Gref = Ex
total − Eref

total + P�V + �Fs�T� . �3�

Here Ex
total and Eref

total are the total energies of the phase x
and the reference phase, respectively, at 0 K. The volume
difference between the two phases is �V, with P the pressure
and �Fs the free energy difference due to vibrational contri-
butions. The P�V and �Fs terms are small compared with
Ex

total−Eref
total �Refs. 14–18� and are therefore not included.

Connection to the metallurgical variable of choice, the Al
activity, aAl, can be made using

�Al = �Al
0 + kTlnaAl, �4�

where k is the Boltzmann constant.
A Type III interface that matches �2�2� Ni�111� to �1

�1� �-Al2O3�0001�, described elsewhere,6 has been chosen
because it has the lowest strain to commensuration. The mis-
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fit of the interface is about 3%. To ensure accurate calcula-
tions of Wsep, commensuration was obtained by minimizing
the interfacial energy with respect to the Ni and Al2O3 bulk
lattice constants.14 The supercell includes six Ni layers, nine
Al layers, and four oxygen layers. By not enforcing symme-
try, all possible configurations were assessed for each Ni, Al,
and O distribution at the interface. The bulk chemical poten-
tials, �i

0�0�, at absolute zero are determined from total en-
ergy computations. The procedure for determining the tem-
perature dependences of the chemical potential have been
described elsewhere.6 The thermodynamic quantities re-
quired for this determination have been obtained from ex-
perimental measurements.19 An estimation of the accuracy of
these approximations in the context of interfacial phase
diagrams6,14,15 revealed that, while phase transition tempera-
tures are not precise, trends in interfacial stability are reli-
able. For total-energy and force calculations, the exchange-
correlation potential follows the generalized gradient
approximation �GGA�.20 The plane wave method21 with ul-
trasoft pseudopotentials22 is employed to solve the Kohn-
Sham equations. The energy cutoff for the plane-wave basis
set is taken to be Ecut=400 eV. A 5�5�1 uniform k-point
sampling is taken over the Brillouin zone. At equilibrium, the
total energy is minimized until the forces on all atoms fall
below 20 meV/Å.

The calculated phase diagram for the interface is pre-
sented in Fig. 1 at temperatures relevant to applications of
the Ni/Al2O3 interface �1100−1700 K�. A total of seven
phases have been found and denoted: A, A0, A*, B, B0, C, and
C0. The phases occupy two temperature domains and three
ranges of Al activity. Note that these are not phase diagrams
in the usual materials science connotation, because actual
phases and interfacial phases have been combined. Neverthe-
less, the representation provides a convenient visualization.
In practice, the thermodynamic parameters are sufficiently
accurate to enable the phase boundaries to be precisely lo-
cated. Estimates of the uncertainty are used to incorporate a
transition region between the high and low temperature
phases �hatched area of Fig. 1�. This region occurs at about
1300 K, independent of the activity. The corresponding in-
terfacial structures for six of the phases are shown on Fig. 2

�the A* phase is not included because it occupies such a
small domain�. As reported previously,6 the phases at lowest
Al activity �A, A0, and A*� have oxygen-terminated interfaces
�nAl/nO�2/3�, the phases at largest aAl �C and C0� are Al-
terminated �nAl/nO�2/3�, and those at intermediate aAl �B
and B0� have stoichiometric interfaces �nAl/nO=2/3�. The
structures are generally consistent with the model
terminations,6 except that vacancies and corrugations are
now in evidence, especially for the high temperature phases.
The differences in the interfacial energies, �I, from that for
the B phases, denoted ��I, are plotted on Fig. 3. The plots
are for two representative temperatures, 1200 K and 1600 K,
as a function of the Al activity. The two different temperature
ranges, above and below �1300 K, are evident in Fig. 3.
Evidently, the �I for the stoichiometric interfaces are larger
than for the oxygen-rich or Al-rich interfaces. The relation
between Wsep, �I, and the surface energies �Al2O3

and �Ni is
given by

Wsep = �Al2O3
+ �Ni − �I. �5�

The surface energies of O-terminated and 2Al-terminated
Al2O3�0001� surfaces are larger than that for the stoichio-
metric Al2O3�0001� surface over the range of Al activities of
interest.24,25 These trends in both interfacial and surface en-
ergies yield smaller Wsep for the stoichiometric interfaces
than for the O-rich and Al-rich interfaces, consistent with the
results shown in Fig. 4.

To gain insight into these trends, we apply the electron
localization function �ELF�,26 even though the characteriza-
tion of atomic bonds in terms of ionic, covalent, or metallic

FIG. 1. Ni�111� /Al2O3�0001� interface phase diagram. Phases
are as described in the text. The regions of NiAl2O4 and NiO are
determined from the data of Ref. 23. The width of the cross-hatched
region is based on a rough estimate of the error in phase transition
temperatures �Ref. 27�.
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FIG. 2. �Color online� Atomic model for configuration A, A0, B,
B0, C, and C0: The gray �green� spheres represent the O, the small
�red� Al, and the black Ni. The dashed line indicates the plane of
minimum Wsep.

WANG, SMITH, AND EVANS PHYSICAL REVIEW B 74, 081403�R� �2006�

RAPID COMMUNICATIONS

081403-2



is qualitative because of electron sharing between atoms.
ELF suggests primarily ionic bonding between the Ni and O
atoms. Accordingly, the O-rich interfaces are the strongest
because of the bonding between Ni and O atoms across the
interface. For phase A as shown in Fig. 2, this bonding is
manifest as a small interfacial spacing of only 1.35 Å, with
the outermost Ni atoms occupying the sites between the O
atoms in the layer closest to the interface �outermost oxygen
layer�. This is consistent with stronger bonds typically im-
plying smaller equilibrium interatomic spacings. The average
bond length between Ni and O atoms is about 2.11 Å, close
to the 2.09 Å found in bulk NiO. For phase A0 as shown in
Fig. 2, the Ni atoms of the outermost Ni layer occupy the Al
sites of bulk Al2O3, and are close to the oxygen atomic
plane. The bond length between the O and Ni atoms is
1.97 Å. The Ni atoms of the second Ni layer are located
above the O atoms of the outermost oxygen layer, and the
bond length between the O and Ni atoms is 1.98 Å.

For the Al-rich C-phases as shown in Fig. 2, the lowest
Wsep entails separation between the outermost Al layers �de-
noted by the location of the dashed line in Fig. 2�, because
the resultant Al2O3�0001� surface is at the ground-state �Al
terminated, no dangling bond�. This is reminiscent of bulk
Al2O3�0001�, where the lowest Wsep also occurs between two
Al layers. But in this case, the Ni/Al2O3 bonding has both
similarities and differences with bulk Al2O3. Note that for
separation between two Al layers, the bonds across the inter-
face are broken between Al atoms and Ni atoms, between Al
atoms and O atoms, and between Al atoms. The ELF analysis
reveals primarily metallic bonding between Al and Ni at the
interface, consistent with Ni3Al-like bonding. Indeed, for
phase C, the bond length between the Al atoms and the near-
est Ni atoms �2.55 Å� is close to the 2.53 Å for bulk Ni3Al.
This is of course quite different from bulk Al2O3bonds. ELF
indicates that the Al-O bonds across the interface are prima-
rily ionic, similar to bulk Al2O3. The higher temperature
phase C has a lower Wsep, perhaps because the two Ni layers
closest to the interface exhibit considerable rumpling and

more vacancies �less interfacial bonds per cross-sectional
area�.

The stoichiometric B phases are formed between the Al-
terminated surface of Al2O3�0001� and Ni�111�. The plane
of lowest Wsep �dashed line in Fig. 2� is between the outer-
most Al layer and the outermost Ni layer. The relatively low
Wsep found in this case is likely due to the Al-terminated
Al2O3�0001� surface being the ground state, i.e., least reac-
tive of the surface stoichiometries.

Experimental techniques capable of probing these high
temperature phases include high resolution transmission
electron microscopy. These studies require meticulous speci-
men preparation and specialized imaging capability. They are
in progress, but not yet complete.30 Should misfit disloca-
tions be found, such features will be included in future ex-
tensions of the method.

An interfacial phase diagram has been computed for
Ni/Al2O3 as a function of temperature and Al activity. The
present computations embellish those reported6 earlier, yield-
ing a broader set of interfacial phases by allowing for va-
cancy formation as well as atomic mixing across the inter-
face. Seven interfacial phases are identified, occupying two
temperature domains �above and below about 1300 K�, and
three ranges of Al activity. The results corroborate the earlier
finding that the interfacial stoichiometry is key to the mag-
nitude of the work of separation, Wsep, with Al-rich and
O-rich interfaces being stronger than stoichiometric inter-
faces. These results provide insight into the associated bond-
ing mechanisms. The high strength of the O-rich phases
�highest Wsep� derives from a primarily ionic bond between
Ni and O atoms across the interface, reminiscent of NiO. The
Al-rich phases are next in strength, arising from an interfa-
cial mix of Ni3Al-like and Al2O3-like bonding. The relative
weakness of the stoichiometric interface is attributed to its
dependence on the bond between Ni and the ground state
Al2O3 surface.

The authors gratefully acknowledge AFOSR support from
Grant No. FA9550-05-C-0039 and a grant from the DOD
HPC resources from the Arctic Region Supercomputing Cen-
ter, University of Alaska.

FIG. 3. Interfacial energies �I at 1200 K and 1600 K relative to
the stoichiometric phases B0 and B, respectively. The interfacial
phases are denoted as in Figs. 1 and 2.

FIG. 4. �Color online� Works of separation Wsep for each inter-
facial phase as denoted in Figs. 1 and 2 and in the text.
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