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Oxidation kinetics of Ni-Al �100� alloy surface is investigated at low temperatures �300–600 K� and at
different gas pressures using molecular dynamics �MD� simulations with dynamic charge transfer between
atoms. Monte Carlo simulations employing the bond order simulation model are used to generate the surface
segregated minimum energy initial alloy configurations for use in the MD simulations. In the simulated
temperature-pressure-composition regime for Ni-Al alloys, we find that the oxide growth curves follow a
logarithmic law beyond an initial transient regime. The oxidation rates for Ni-Al alloys were found to decrease
with increasing Ni composition. Structure and dynamical correlations in the metal/oxide/gas environments are
used to gain insights into the evolution and morphology of the growing oxide film. Oxidation of Ni-Al alloys
is characterized by the absence of Ni-O bond formation. Oxide films formed on the various simulated metal
surfaces are amorphous in nature and have a limiting thickness ranging from �1.7 nm for pure Al to 1.1 nm
for 15% Ni-Al surfaces. Oxide scale analysis indicates significant charge transfer as well as variation in the
morphology and structure of the oxide film formed on pure Al and 5% Ni-Al alloy. For oxide scales thicker
than 1 nm, the oxide structure in case of pure Al exhibits a mixed tetrahedral �AlO4�37%� and octahedral
�AlO6�19%� environment, whereas the oxide scale on Ni-Al alloy surface is almost entirely composed of
tetrahedral environment �AlO4�60%� with very little AlO6 ��1%�. The oxide growth kinetic curves are fitted
to Arrhenius-type plots to get an estimate of the activation energy barriers for metal oxidation. The activation
energy barrier for oxidation on pure Al was found to be 0.3 eV lower than that on 5% Ni-Al surface. Atomistic
observations as well as calculated dynamical correlation functions indicate a layer by layer growth on pure Al,
whereas a transition from an initial island growth mode ��75 ps� to a layer by layer mode ��100 ps� occurs
in case of 5% Ni-Al alloy. The oxide growth on both pure Al and Ni-Al alloy surfaces occurs by inward anion
and outward cation diffusions. The cation diffusion in both the cases is similar, whereas the anion diffusion in
case of 5% Ni-Al is 25% lower than pure Al, thereby resulting in reduced self-limiting thickness of oxide scale
on the alloy surface. The simulation findings agree well with previously reported experimental observations of
oxidation on Ni-Al alloy surface.

DOI: 10.1103/PhysRevB.78.085420 PACS number�s�: 81.65.Mq, 81.16.Pr, 82.20.Wt, 81.05.Bx

I. INTRODUCTION

Oxidation of metal and metal alloy surfaces are of con-
siderable technological interest and are important for numer-
ous applications ranging from heterogeneous catalysis and
microelectronics to protection against wear and corrosion.1–5

Passive oxide films formed on aluminum and aluminum al-
loys in air offer protection against further oxidation and
corrosion.6–8 This passivation effect has been responsible for
their successful use as engineering materials.9 In particular,
oxide films formed from metal alloys such as Ni-Al are
known to offer enhanced corrosion resistance as compared to
those formed from their single metal constituents.10 Although
many experimental studies have characterized the formation
mechanism and microstructure of these oxide films, very
little is known about the oxidation growth kinetics as well as
atomistic details of the composition, microstructure, and the
limiting thickness of the oxide films at the nanoscale, espe-
cially for alloys.11–17

The oxidation mechanism, as well as the structure of the
metal oxide formed, and its evolution during growth on the
metal surface can be studied using several different ap-
proaches. Theoretical approaches based on ab initio and
density-functional theories �DFTs� have been primarily em-
ployed to study the initial stages of O2 reaction with metal

surfaces, the dissociation processes involved in oxidation,
and the stability of the various adsorption sites �top, bridge,
and hollow sites on fcc or hcp lattice�.18–25 However, these
approaches are confined to very small system sizes and do
not include the effect of thermal vibrations. Hence the dy-
namics associated with the oxide growth on metal surfaces
may not be adequately modeled by these approaches. One of
the alternatives to density-functional approach is ab initio
molecular dynamics �MD�. However, although ab initio mo-
lecular dynamics simulations have existed for over a decade,
they have been mainly used to predict the complex structures
of the oxide film resulting from oxidation on metal
surfaces.25,26 The kinetics of oxidation on metal surfaces,
which involves several thousands of atoms has not been
studied using ab initio molecular dynamics owing to its com-
putationally intensive nature.27 Atomistic simulations such as
classical MD have proven to be a complementary tool for
investigating the atomistic details of the growth mechanism
as well as the evolution of the morphology and structure of
the oxides formed on metal surfaces.28–32 Additionally, clas-
sical MD simulations with semiempirical potential models
make it possible to simulate much larger systems containing
several thousands or even millions of atoms.

Most of the previous theoretical studies utilizing classical
MD simulations have focused on understanding the oxida-

PHYSICAL REVIEW B 78, 085420 �2008�

1098-0121/2008/78�8�/085420�17� ©2008 The American Physical Society085420-1

http://dx.doi.org/10.1103/PhysRevB.78.085420


tion processes of pure metals mainly aluminum.28–33 Gutier-
rez and Johansson34 have investigated the structural proper-
ties of amorphous Al2O3 utilizing fixed atomic charges. They
found the coordination number of the elementary oxide unit
that was formed, increased with the oxide density. Although
the fixed charge potential model allows for easy implemen-
tation in efficient MD algorithms, it has several
shortcomings.35 The fixed charge model does not allow the
introduction of multiple oxidation states. Aluminum however
can form different oxide compounds such as Al2O3 and
AlOx, where the charge on the ions is a function of the
oxygen/aluminum ratio.31 During the oxidation of metals,
significant positive charges are induced on the metal atoms
and significant negative charges are induced on the oxygen
atoms. Hence, the charges induced on these atoms are envi-
ronment dependent. For instance, the charges on metal atoms
change continuously from a zero value in a fully metallic
region to their valency determined maximum value in the
stoichiometric oxide. Additionally, the fixed charge models
cannot be used to study the structure of the interface between
a metal and its oxide. Hence, a potential model, which can
switch between one dominated by ionic interactions in the
oxide regions and metallic interactions in the metal region, is
required.35,36

The charge-transfer ionic potential �CTIP� approach was
proposed by Rappe and Goddard37 and later by Streitz and
Mintmire38 to allow environment dependent charges on the
atoms to be dynamically deduced. This was utilized by
Campbell and co-workers30,31 in their molecular dynamics
simulations of 800 nm diameter aluminum nanoclusters
where the thickness of the oxide formed was found to satu-
rate at 3–4 nm thickness. Hasnaoui et al.28 investigated the
oxidation of low index aluminum surfaces at low tempera-
tures. The growth kinetics was found to follow a direct loga-
rithmic law and the oxide structure was found to exhibit a
tetrahedral environment �AlO4� in the oxide interior and
mixed tetrahedral and octahedral �AlO6� environment in the
outer oxide regions for oxide thickness �2 nm. In another
investigation by Hasnaoui et al.,29 the growth kinetics was
found to be independent of the crystallographic orientation.

Although there have been several theoretical studies on
the oxidation kinetics based on pure metal surfaces such as
Al,28–30 Pt,39,40 and Cu,41,42 the oxidation kinetics on alloy
surfaces have been much less explored. The complex nature
of the interatomic interactions makes it difficult to simulate
oxidation of metal alloys and metal-oxide heterophase inter-
faces. Additionally, complex phenomena such as surface seg-
regation and micromixing are known to occur in alloy sys-
tems and can significantly influence the morphology and
composition of the alloy metal surface. The oxidation
mechanism as well as oxide growth on such surfaces is then
expected to be very different from those on elemental metal
surfaces. In this work, we utilize molecular simulations to
obtain insights into the oxidation kinetics and growth of pas-
sive oxide films on one such alloy surface i.e., Ni-Al. Al-
though there have been several experimental studies on the
high temperature as well as low-temperature oxidation of
Ni-Al surfaces, very little is known about the oxidation
mechanism and initial stages of oxide growth on Ni-Al
surfaces.43,44 In particular, there still exist doubts over the

possibility of Ni-O bond formation in oxides formed on
Ni-Al alloy.45–47 The presence of metallic Ni at the oxidized
surface has not been ruled out in low-temperature oxidation,
whereas Ni atoms are suggested to be expelled from the sur-
face of the ordering oxide overlayers at high temperatures.48

This represents one of the first theoretical work, which
focuses on the oxidation mechanism and nanoscale oxide
growth kinetics on alloy metal surfaces. In particular, the
atomistic mechanism associated with the nanoscale oxide
growth on Ni-Al alloy surface is explored in detail. The oxi-
dation kinetics on Ni-Al alloy metal surfaces is studied using
MD simulations. The modified CTIP �Ref. 49� model
coupled with embedded atom method �EAM� �Ref. 50� is
used for modeling the metal/metal oxide systems. This po-
tential model allows for variable and dynamic charge transfer
between atoms and overcomes the limitations imposed by
Streitz-Mintmire potential function and is suitable to study
oxidation process on alloy systems involving thousands of
atoms. Our simulation of Ni-Al surfaces indicates that the
oxidation kinetics and oxide growth are strongly dependent
on the composition of the alloy. The rate of oxide growth and
the self-limiting thickness of the oxide film are found to
decrease with increasing composition of Ni in the Ni-Al al-
loys. Furthermore, the effects of temperature and gas pres-
sure on the oxidation kinetics are also discussed. The activa-
tion energy barriers for oxidation on the metal surfaces are
derived from the simulated oxidation kinetic curves. The
atomic trajectories generated using MD simulations are also
used to identify the diffusion mechanisms associated with the
oxide growth. Structure and dynamical correlations in the
metal/oxide/gas environments are used to gain insights into
the evolution and morphology of the growing oxide film.
Comparison of the oxidation kinetics and oxide growth on
Ni-Al alloy surfaces to that on pure Al and Ni is also carried
out.

II. INITIAL CONFIGURATION SETUP

For the range of alloy compositions �0%, 5%, 10%, 15%,
and 100% Ni� simulated, transition elements such as Al and
Ni exhibit an fcc structure in the bulk alloy solid phase.51,52

A slab of fcc was formed from a fcc unit cell by replicating
it in ABC directions. The surfaces were generated by artifi-
cially increasing the x direction and introducing two vacuum
slabs on each side of the metal substrate. This unit cell
shown in Fig. 1 was repeated infinitely though three-
dimensional �3D� space by applying periodic boundary con-
ditions. This configuration allows for accurate computation
of the Coulomb interaction by the Ewald summation
technique.53

In order to identify the initial atomic positions of the con-
stituent atoms for a given bimetallic alloy composition, these
surface structures were subjected to a Metropolis Monte
Carlo �MC� simulation employing a bond order simulation
�BOS� model,54,55 to generate the minimum free-energy ini-
tial configuration, which was subsequently used for studying
the oxidation process. The system energy ��E� is given in
terms of the site energies ��� of the atoms, which is a func-
tion of their coordination numbers.
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�E��Ai�� = �
i=1

N

EZi

Ai,Mi of B, �2.1�

where Ai is either A-type or B-type atom and � is the site
energy for an A-type atom surrounded by M of B type and
total of Z neighbors. The site energies for the various differ-
ent alloy systems including Al-Ni have been given by De-
Pristo et al.54–57 Thus, the state of the system is characterized
by the energy of the system as given by Eq. �2.1�. The sys-
tem energy change was computed by swapping pairs of at-
oms of different types in the constructed fcc lattice and the
standard Metropolis MC method was used to generate the
minimum energy configuration at 300 K. Convergence was
obtained when the minimum energy obtained during the
simulation steps becomes constant ��E�0.0001� and the
state of the system corresponding to that minimum energy
was retained. Large number of simulations �99�, with random
initial configurations, each having �100 times the total num-
ber of atoms� steps were performed to ensure convergence.
This was done to overcome any significant variations be-
tween different MC realizations and avoid any bias produced
by a particular initial configuration.

The BOS mixing model developed by DePristo et al.56

has been found to be very comprehensive in predicting the
equilibrium structure of bimetallics. Developed from non-
self-consistent electron-density-functional theory, the BOS
model has been tested rigorously over a wide range of
bimetallics.54–57 Comparisons with experimental data reveal
close agreements with the BOS model predicted
microstructure.54–56 This is the main motivation for using
BOS in the present study to generate initial configurations.
Qualitatively, similar segregation �as seen from the ratio of
surface atoms to bulk for each metal� is predicted by the MC
simulations using the EAM potential and the BOS model.
However, based on previous investigations it was found that
the equilibrium structure predicted by BOS-MC is slightly
more stable than the one predicted by EAM-MC �energy
comparisons�.58 Furthermore, the initial configuration gener-
ated by the BOS-MC model has been used previously in MD

simulations employing EAM model to successfully predict
the thermodynamic and mechanical properties of alloy sys-
tems. The details can be found in Refs. 58–63. Hence, the
BOS model is consistent with the potential model used sub-
sequently in the MD simulations. The BOS model was modi-
fied to have periodic boundary conditions along the y and z
directions. The stable configurations generated in the above
simulations consisted of surface segregated structures with
Ni atoms segregating and preferentially locating themselves
at the exposed faces �Fig. 1�. The extent of segregation at
any given temperature and alloy composition is dependent
on the relative values of surface energies, mixing energy, and
entropic factors. For increasing compositions of Ni, the sur-
face composition of Ni atoms also showed an increase. A
tendency for Ni-Al mixing at higher Ni compositions was
also observed, which is consistent with the strong exothermic
mixing in the alloys. These minimum energy configurations
were utilized in the MD simulations to study the oxide
growth kinetics.

III. COMPUTATIONAL DETAILS

The details of the potential function utilized in this work
as well as the MD simulation details of the oxidation process
are discussed in this section.

A. CTIP-EAM potential function

The MD simulation technique utilized in the present work
is based on the modified charge-transfer potential model de-
veloped by Zhou and co-workers.35,49 The interaction poten-
tial is divided into an electrostatic contribution �Ees� for ionic
interactions and a nonelectrostatic energy �Em� based on the
alloy embedded atom method to model metal interactions.

Et = Ees + Em. �3.1�

The modified charge-transfer potential model imposes
charge bounds on the metal and gas atoms and prevents the
atoms from exceeding their valence charges, thereby over-
coming the limitations of the original Streitz-Mintmire
potential.38 The electrostatic energy used in the modified
CTIP model is given below:35

Ees = E0 + �
i=1

N

qiXi +
1

2�
i=1

N

�
j=1

N

qiqjVij + �
i=1

N

��1 −
qi − qmin,i

�qi − qmin,i�
	

��qi − qmin,i�2 + �
i=1

N

��1 −
qmax,i − qi

�qi − qmax,i�
	�qi − qmax,i�2,

�3.2�

where qmin,i and qmax,i are the charge bounds of atom i,
qmin,i�qi�qmax,i. The coefficient � corresponds to the en-
ergy penalty for the metal atoms to gain electrons or lose
inner shell electrons or for the oxygen atoms to lose elec-
trons or receive more than two electrons. Xi and Vij are terms
representing the self-energy and Coulomb interaction,
respectively.38 The charge parameters �i, Ji, �, and Zi, as well
as the charge bounds for the various elements, are listed in
Table I.

FIG. 1. �Color online� Sample initial alloy configuration �5%
Ni-Al� generated by bond order simulation model.
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The nonelectrostatic interactions, which occur between
the metal atoms can be modeled using the EAM. The non-
electrostatic energy is expressed as:50

Em =
1

2�
i=1

N

�
j=i1

iN

	ij�rij� + �
i=1

N

Fi�
i� , �3.3�

where �ij �rij� represents the pairwise interaction energy be-
tween atoms i and j separated by distance rij. The general-
ized elemental pair potentials for the alloy systems are writ-
ten as:35,49

	�r� =

A exp
− �� r

re
− 1	�

1 + � r

re
− 
	20 −

B exp
− �� r

re
− 1	�

1 + � r

re
− �	20 .

�3.4�

Fi represents the embedding energy to embed an atom i
into a local site with electron density 
i, which can be cal-
culated using:50


i = �
i=1

N

fi�rij� . �3.5�

In the above expression, f j�rij� represents the electron
density at the site of atom i arising from atom j at a distance
rij away. The functional form of the electron density is taken
similar to the attractive term in the pair potential expression
with same values of � and �:35

f�r� =

fe exp
− �� r

re
− 1	�

1 + � r

re
− �	20 �3.6�

The embedding energy functions F are chosen to work
well over a wide range of electron density. For a smooth
variation of the embedding energy, they are fitted to spline
functions across different density ranges. The fitted param-
eters used in the embedded atom model are listed in Table II.
For the oxygen-metal interactions, the potential parameters
were fitted to reproduce the bulk properties of the respective
oxides.49

B. MD simulation of metal oxidation

The minimum energy configurations obtained using the
Monte Carlo simulations are first thermalized in the 0–300 K
temperature range by cooling and heating in steps of 20 K.
Each MD simulation comprised of 1000 equilibration steps
ignoring the dynamic charge transfer between the metal at-
oms. The temperature was maintained constant at 300 K us-
ing a Nose-Hoover thermostat.65 The surfaces are allowed to
freely relax during these equilibration runs. The equilibrated
samples are then simulated in a canonical, i.e., constant NVT
ensemble �constant number of atoms, volume, and tempera-
ture� for 1 ps with dynamic charge transfer using the modi-
fied CTIP potential model to generate the final 300 K relaxed
configuration. The atomic charges in the alloy metal samples
were found to fluctuate around zero with a magnitude of
�0.06e at the outermost layers and �0.02e in the bulk alloy.
Similar charge fluctuation was observed in equilibrated pure
Al samples by Hasnaoui et al.29

The oxidation of the metal substrates is initiated by intro-
ducing O2 molecules in the vacuum slab at x=1.5rc with
their y and z positions chosen randomly �Fig. 2�. The veloci-
ties of the O2 molecules are chosen randomly from a
Maxwell-Boltzmann distribution corresponding to the re-
quired temperature. Hence, the introduction of oxygen mol-
ecules does not bias the dynamics of oxidation. The initial
component of the velocity along the x direction is chosen to

TABLE I. CTIP parameters for the simulated elements �based on Zhou et al. Ref. 64�.

Element qmin qmax

�
�eV�

J
�eV�

�
�Å−1�

Z
�e�

O −2 0 2.00000 14.99523 0.00000 02.144

Al 0 3 1.47914 9.07222 0.968 1.07514

Ni 0 2 −1.70804 9.10954 1.087 1.44450

TABLE II. EAM parameters for metal-metal interaction �based on Zhou et al. Ref. 49�.

Metal
re

�Å� Fe 
e 
s � �
A

�eV�

Al 2.86392 1.20378 17.51747 19.90041 6.61317 3.52702 0.31487

Ni 2.48875 2.21149 30.37003 30.37137 8.38345 4.47117 0.42905

Metal B�eV� K � Fn0�eV� Fn1�eV� Fn2�eV� Fn3�eV�

Al 0.36555 0.37985 0.75969 −2.80760 −0.30144 1.25856 −1.24760

Ni 0.63353 0.44360 0.82066 −2.69351 −0.07644 0.24144 −2.37563
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have motion toward the metal substrate. Additionally, reflect-
ing boundary conditions are imposed to the molecules that
might reach the simulation box limit. The gas pressure is
maintained constant during the simulation by introducing an
O2 molecule only when the previous molecule dissociates
and forms bonds with the metal atoms. The equations of
motion are integrated using a leapfrog scheme with time
steps of 1 fs.66 The charge relaxation procedure used to mini-
mize the electrostatic energy subject to the electroneutrality
principle is very time consuming. Hence, the atomic charges
were updated every tenth MD step. The influence of a more
frequent charge update was found to have no influence on the
observed simulation results. The MD simulations were
stopped when fragments of oxide species �AlO4� are ejected
into the gas phase owing to localized melting of the surfaces.

IV. RESULTS

A. Oxide growth kinetics

The kinetics of oxide growth on Ni-Al alloys of various
compositions is presented in this section. Dynamic properties
through the oxidation process and the effect of varying com-
positions of alloy substrate, as well as temperature and pres-
sure, on the oxide growth characteristics are studied and dis-
cussed. Comparisons with oxide growth kinetics on pure Al
and Ni substrate are also carried out.

1. Effect of alloy composition

Simulation of metal oxidation was performed for different
compositions �0%, 5%, 10%, 15%, and 100% Ni� of Ni-Al
alloy. The temperature during the entire oxidation process
was maintained constant at 300 K. Figure 3 shows the total
oxygen uptake as a function of the simulation time up to the
limiting value of oxide thickness. For exposure times less
than 75 ps, the kinetic curves obtained across different alloy
compositions is similar. At longer simulation times beyond
75 ps, significant differences between the various substrate
surfaces begin to show up. The total uptake of oxygen is
found to decrease with increasing composition of Ni for the
composition range simulated in this work. The oxide film
thickness shown in Fig. 3�b� is defined as the distance be-
tween the x positions of the outermost aluminum atoms and
the innermost oxygen atom in the simulated substrates. The
oxidation of the surfaces reaches a limiting thickness, which
corresponds to �1.7, 1.4, 1.2, and 1.1 nm for 0%, 5%, 10%,
and 15% Ni, respectively. For the range of temperature and
gas pressures simulated in this work, we did not observe any
noticeable nickel oxide formation and much longer simula-
tion times are needed for the same, which are not amenable
to the current MD simulations. Hence, the remaining sec-
tions mainly focus on the comparisons of Ni-Al oxidation
kinetics and oxide growth on pure Al.

The oxidation kinetics on all the simulated surfaces obeys
direct logarithmic growth kinetics except for the initial tran-
sient regime. This growth mode corresponds to the micro-
scopic mechanism of oxide growth when ion movement re-
sults from extended defects. This is indeed the case for
oxidation on Al surfaces.29 The snapshots shown in Fig. 4
illustrate the oxidation process and the growth of oxide film
on pure Al and 5% Ni alloy surfaces. It can be seen that the
thickness of the oxide scale formed initially in the two cases
is almost the same as seen from Figs. 4�a� and 4�b�. How-
ever, at longer exposure times, the oxide scale formed on Al
surface appears thicker than that observed in case of 5% Ni
alloy surface. It is also interesting to note that while the
growth process on Al surface appears to occur by a layer by
layer mode, the growth front in the alloy surface reaches

FIG. 2. Schematic showing the unit cell of alloy substrate and
the vacuum slabs surrounding it. The box length along the z direc-
tion �Lz� is taken to be the same as that of the y direction �Ly�. O2

molecules are inserted at a distance equaling 1.5 times the cut-off
radius of the potential function from the oxide layer.
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FIG. 3. �Color online� �a� Oxidation kinetics curves of Ni-Al alloy surfaces with varying composition of Ni. The curves represent the total
uptake of oxygen as a function of the exposure time. �b� Variation of oxide film thickness with the exposure time for various compositions
of Ni-Al surfaces.
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second and third atomic layers before the first is completely
oxidized �Figs. 4�a�–4�c�
. This result indicates that oxida-
tion of alloy surfaces does not progress by the strict layer by
layer process. The extent of deviation was found to increase
with increasing Ni composition in Ni-Al alloy. Despite the
differences in growth mode, the oxide structure formed on
both the metal surfaces is amorphous in nature. The growth
of the oxide film in the studied metal surfaces appears to

result from the formation and movement of voids, which can
be seen more clearly at the metal/metal oxide interface. This
is in accordance with the theory of oxidation, which suggests
the direct logarithmic growth to be associated with a growth
mechanism where oxide film develops by ion migration via
mobile voids in the amorphous oxide structure.67

2. Temperature effect

The effect of temperature on the oxidation kinetics was
investigated by simulating pure Al and 5% Ni alloy surfaces
at temperatures ranging from 300 to 500 K. The gas pressure
was maintained constant at P0. The rate of oxygen atom
intake for the two surfaces is shown in Fig. 5. As expected,
the kinetics of oxide growth becomes faster at higher tem-
peratures. The oxidation kinetics at any given temperature
exhibits an initial stage of fast oxide growth followed by low
growth rate. Comparing Figs. 5�a� and 5�b�, it can be seen
that the oxygen uptake and therefore the oxide growth kinet-
ics on pure Al surfaces is higher than those on 5% Ni alloy
surface for the range of simulated temperatures. The differ-
ence in the rate of oxide growth between the two surfaces is
found to increase with increasing temperature.

The theory of oxidation kinetics in ultrathin films can be
utilized in conjunction with the simulation data derived from
the oxidation kinetic curves shown in Fig. 5 to get an esti-
mate of the activation energy barrier for oxidation on the two
surfaces. The general expression for the potential �W� to be
overcome in case of a field assisted migration of an ion be-
tween two adjacent sites is given as:67

W = W0 −
1

2
qaE + �L . �4.1�

In the above equation, W0 represents the intrinsic barrier
for ionic jumps between two positions in the oxide film, q
represents the charge on the ion, 2a represents the jump
length, L is the oxide film thickness, and � is a term that
depends on the oxide structure. The second term on the right-
hand side represents the lowering of the energy barrier by an
electric field E across the oxide film, and the structure term
��� represents structural changes in the oxide film associated
with the film growth. One of the possible mechanisms for

FIG. 4. �Color online� Snapshots showing the oxide growth on
Al surface �shown on left-hand side� and 5% Ni-Al surface �shown
on right-hand side� at various time instants �a� 15, �b� 50, �c� 75,
and �d� 150 ps. Aluminum atoms are shown in pink, nickel atoms in
blue, and oxygen atoms are shown in red.
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FIG. 5. �Color online� Oxidation kinetics curves of �a� Al and �b� 5% Ni-Al alloy surfaces at higher temperatures. The curves represent
the total uptake of oxygen as a function of the exposure time.
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oxide growth obeying direct logarithmic growth laws in-
volves ion movement via extended defects or structural
channels in the oxide layer. As the oxide film thickens, ion
entry into the oxide is considered to become more difficult
because of a closing or consolidation of these channels. The
activation energy is therefore larger for thicker oxide films
and the change is proportional to the oxide film thickness.
The resulting rate equation is given by67

dL

dt
= C exp�−

W0 −
1

2
qaE + �L

kBT
� , �4.2�

where kB is the Boltzmann constant and C is a constant. The
solution to the above equation yields a direct logarithmic
growth law and is given by

L�t� = � kBT

�
	ln�1 + ��T�t
 . �4.3�

The term ��T� is a temperature dependent term and is de-
fined by

��T� = � �

kBT
	C exp�−

W0 −
1

2
qaE

kBT
� . �4.4�

For large enough simulation times i.e., ��T�t�1, Eq. �4.3�
corresponds to a linear dependence of oxide thickness L�t�
on ln�t� as shown below;

L�t� = � kBT

�
	ln���T�
 + � kBT

�
	ln�t� . �4.5�

Although it is possible to compute the average thickness
of the oxide film at any given time instant as shown in Fig.
3�b�, the statistical errors associated with such a computation
make it more convenient to relate the total intake of oxygen
atoms into the metal substrate to the oxide film thickness.
For a homogeneous oxide, as is the case in the present study,
the ratio of the oxygen intake N�t� to the oxide film thickness
is given by

N�t�
L�t�

= A
 , �4.6�

where A represents the exposed surface area of the oxide film
and 
 represents the density of the oxygen atoms in the oxide
film. Equations �4.5� and �4.6� can be rewritten as

N�t� = � ln�t� + � . �4.7�

Parameters � and � are defined by �= k�T / � and �
= k�T / � ln���T�
, where k�=kBA
. In our simulations, the
density 
 was found to be constant beyond 75 ps and did not
vary with temperature. Hence k� can be considered as con-
stant. After fitting the oxidation kinetic curves in Fig. 5 to
Eq. �4.7�, the estimates of the two parameters � and � can be
obtained. Utilizing these two parameters, it is possible to
estimate the structure term � �in k� units� and ��T�. For
example, the variation in structure term � with temperature T
is shown in Fig. 6 for the two surfaces. The structure term is
a linear function of temperature and can be described by the

following equations for pure Al and 5% Ni alloy surface,
respectively:

� = 9.70 � 10−3 T − 0.92, �4.8�

� = 11.23 � 10−3 T − 1.35. �4.9�

It can be seen from Fig. 6 that the structure term � is
slightly higher for 5% Ni alloy surface in comparison to pure
Al surface. Based on the activation energy defined by Eq.
�4.1�, increase in � results in increasing the energy barrier
required for oxidation. Hence, the increase in structure term
results in reduced oxidation rates for the 5% Ni alloy surface.
Similarly, the term ��T�k�T / � represents the Arrhenius de-
pendence on the temperature as seen in Eq. �4.4�. The fits of
��T�k�T / � term to the inverse of temperature allow us to
deduce the following equation for pure Al and 5% Ni alloy
surface:

C exp�−

W0 −
1

2
qaE

kBT
� = exp�− 165

T
− 7.39	 , �4.10�

C exp�−

W0 −
1

2
qaE

kBT
� = exp�− 176

T
− 7.58	 . �4.11�

Using these Arrhenius fits shown in Eqs. �4.10� and
�4.11�, it is possible to get an estimate of the term W0
− 1 / 2qaE. We find this to be 0.014 and 0.015 eV for pure Al
and 5% Ni alloy surface, respectively. If the value of the
electric field E is known, then it is possible to get the exact
estimate of the energy barrier W0. Although it is not possible
to estimate E using the current MD simulations, it can be
obtained using published values of the electric field �E�7
�106 V /cm�.13,33 In the present simulations, the average
charge q of the oxygen atoms in the oxide film was found to
be approximately −1.86e and −1.75e for Al and 5% Ni alloy
surfaces, respectively. The oxygen jump distance can be ap-
proximated from the first peak distance in the pair distribu-
tion function for O-O ��2.9 and 3.3 Å for Al and 5% Ni-Al
alloy, respectively�. The field term 1 / 2qaE was found to be
0.38 and 0.40 eV, respectively. Thus, the activation energy
barrier for Al and 5% Ni alloy surface is found to be 0.394
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FIG. 6. �Color online� Variation of the structure term ��� ob-
tained by fitting the oxidation kinetic curves in Fig. 5 to Eq. �4.7�.
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and 0.415 eV, respectively. Statistically, the level of confi-
dence used for this linear fit was 95%. The oxide formation
in the alloy surfaces results from the oxidation of Al atoms,
and Ni does not oxidize for the temperature range simulated.
Hence, the small activation energy barrier difference be-
tween the two surfaces. There is no reported data on the
activation energy barrier for oxidation on Ni-Al alloy sur-
faces. However, the activation energy barrier values for Al
oxidation are available for comparison. The estimated acti-
vation energy barrier for pure Al is comparable to that esti-
mated by Hasnaoui et al. ��0.39 eV� for Al oxidation in
MD simulations utilizing Streitz-Mintmire potential func-
tion.

3. Effect of gas pressure

In order to investigate the dependency of oxide growth on
the gas pressure, we simulated oxidation of Al and 5% Ni-Al
surfaces at three P0. The temperature is kept constant at 300
K. The kinetic curves showing the effect of gas pressure on
oxide growth on Al and 5% Ni alloy metal surfaces are
shown in Fig. 7. The oxidation kinetics is found to increase
with increasing gas pressure for the two surfaces. At higher
pressures also, the rate of oxide growth on Al surface is
faster than on 5% Ni alloy surface. This can be explained by
the increased supply of oxygen atoms at the Al/O interface.
As also observed at higher temperatures, the kinetic curves
show an initial fast oxide film growth followed by a slower
oxide growth phase. Comparing Fig. 7 with Fig. 3�a�, we
find the differences in the growth rate kinetics between Al
and 5% Ni alloy surface to increase with increasing oxygen
pressures, especially at higher exposure times. Interestingly,
we find that at these elevated gas pressures and 300 K, Ni
also oxidizes. This was found to be true for higher oxygen
exposure times.

B. Analysis of oxide structure

1. Pair distribution function

The pair distribution function �PDF� of the atoms in the
oxide film as well as partial PDF of each type of atom was

computed for 5% Ni-Al alloy substrate is shown in Fig. 8. In
case of Al-Al pair distribution shown in Fig. 8�a�, we ob-
serve a first peak around 2.9 Å, which corresponds to the
first-nearest-neighbor distance in fcc Al lattice. Similar peak
at 2.9 Å was also observed in case of Ni-Ni pair distribution
as shown in Fig. 8�b�. At early stages of oxide growth, we
observed a second peak at �4 Å in Al-Al PDF, which cor-
responds to the second-nearest-neighbor distance. This peak
subsequently disappears at higher exposure times when the
oxide film is fully developed. The Al-O PDF �Fig. 8�c�

shows a peak at around 1.9 Å for exposure times beyond 25
ps i.e., the early oxide nucleation stage. This distance corre-
sponds to the bond lengths reported in amorphous aluminum
oxide, which ranges from 1.8–1.9 Å. On the other hand, the
calculated Ni-O PDF for 5% Ni-Al alloy indicates an ab-
sence of a sharp peak and shows a distribution, which sug-
gests the absence of formation of nickel oxide at low tem-
peratures and pressure. The experimentally reported bond
lengths of Ni-O by Caputi et al.68 correspond to around
1.94 Å and hence any formation of nickel oxide should have
resulted in a sharp peak in Ni-O PDF at that distance.

2. Analysis of atomic density profiles

The atomic density profiles at various stages of the oxi-
dation process of Al and 5% Ni-Al alloy along the x axis i.e.,
perpendicular to the direction of oxide growth is shown in
Fig. 9. Sharp peaks in the density distributions of both Al/O
and Al/Ni/O systems are evident at lower exposure times i.e.,
less than 15 ps. At lower exposure times, which correspond
to the early oxide nucleation stage, we find that the solidlike
or crystalline lattice features are preserved as indicated by
the distinct peaks shown in Figs. 9�a� and 9�b�. With an
increase in the oxygen exposure time and subsequent growth
of the oxide film up to 75 ps, the peaks corresponding to the
metal and oxide structures show lowering and broadening
indicatives of greater atomic movement. For similar oxygen
exposure times, we find that the lowering of peaks in the
Al/O density profiles is greater than those in Al/Ni/O sys-
tems. The reduced lowering in alloy systems is attributed to
decreased oxidation rates.

With an increase in exposure time, the outermost peaks
exposed to the gas environment merge and become broader.
For exposure times greater then 150 ps, the atomic distribu-
tion in the oxide phase becomes smooth indicative of the
formation of an amorphous oxide structure. However, the
bulk metal located at distance less than 10 Å is still crystal-
line, which is evident from the well defined inner peaks in
the atomic density profile Figs. 9�a� and 9�b�. The peaks at
the oxide-metal interface in case of Al/O systems are lower
and broader than the corresponding peaks in Al/Ni/O system.
It can be clearly seen from the density profiles that the thick-
ness of the oxide film formed in Al substrates in greater than
that formed in 5% Ni-Al alloy system.

3. Charge distribution in alloy metal/metal oxide

The atomic charge distribution in case of Al and 5%
Ni-Al substrate is shown in Fig. 10 as a function of x dis-
tance along the oxidation direction at 150 ps of exposure
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FIG. 7. �Color online� Oxidation kinetics curves of Al and 5%
Ni-Al alloy surfaces at higher gas pressures �3� P0� and 300 K.
The curves represent the total uptake of oxygen as a function of the
exposure time.
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time for �100� surface. It can be clearly seen that the atomic
charges in the bulk metal substrates in both cases present
charges, which fluctuate around zero value. The positive
charges in the oxide film are due to metal atoms i.e., alumi-
num and nickel, whereas the negative charge is attributed to
the oxygen atoms. Upon checking for the zero charge condi-
tion for the charge distributions in both the cases, we find
that the fluctuations around zero value reached a maximum
of 0.25e at the gas/oxide interface and 0.12e in the oxide
interior.

The oxygen atoms are weakly charged close to the oxide-
gas interface and decrease to higher negative values in the

oxide interior. The values reach a maximum negative value
at approximately 0.7 and 0.5 nm, respectively from the
oxide-gas interface for Al/O and Al/Ni/O systems. The
charges on oxygen atoms then decrease to lesser negative
values close to the metal oxide interface. The reduction in
the magnitude of the oxygen charges near the oxide-gas in-
terface is attributed to the insufficient concentrations of cat-
ions to ionize the oxygen in the oxygen rich surface region.
Additionally, the oxygen charge close to the metal-oxide in-
terface is also low since they are ionized by cations, which
are weakly charged. Thus the charge distribution in the metal
oxide film is not homogeneous and is strongly correlated
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FIG. 8. �Color online� Pair distribution function �a� Al-Al, �b� Ni-Ni, �c� Al-O, and �d� Ni-O in Al/Ni/O system taken at 150 ps of
exposure time. The calculated bond lengths are summarized in Table IV.
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with the coordination number �in terms of neighboring oxy-
gen atoms� of the metal atoms. We find that the charges of
the Al atoms increase with an increase in their coordination
numbers. Details about the evolution of the Al coordination
numbers and the mechanism of nanoscale oxide growth are
discussed in the next section.

C. Mechanism of nanoscale oxide growth

The atomistic mechanism of nanoscale oxide growth is
investigated by analyzing the time evolution of Al coordina-
tion in the oxide film as well as monitoring the diffusion of
metal and oxygen atoms at the oxide-metal and gas-metal
interfaces. The progression of the oxide layers at the two
interfaces in case of Al and Al/Ni systems is compared with
gain insights into the differing growth kinetics in the two
systems.

1. Time evolution of Al coordination in oxide structures

The distribution of Al-O coordination numbers in the ox-
ide film can be characterized in terms of the frequencies of
various atomic configurations such as Z=3, 4, 5, and 6.

Based on the calculated bond lengths using PDF, we calcu-
lated the average coordination number of Al-O in the oxide
film as it develops during the oxidation process. The results
shown in Fig. 11 and Table III were determined from atomic
trajectories using a spherical radius R=1.2r0, where r0 rep-
resents the first-nearest-neighbor distance obtained in the
PDF curve for Al-O. The values were obtained by averaging
over time beyond 200 ps of exposure time.

Based on the distribution of coordination numbers �shown
in Fig. 11�a�
, the initial stage of oxide growth is dominated
by the presence of Z�Al−O�=4. For exposure times less than
100 ps, the coordination Z�Al−O�=4 was found to be
present at approximately 70% of the oxide scale. For expo-
sure times greater than 100 ps, we find that Z�Al−O�=6
starts to build up and begins to contribute to the formation of
oxide structure. This suggests that for Al-O system, during
the initial oxide growth phase, AlO4 tetrahedron plays an
important role in building up the amorphous oxide film struc-
ture. As the oxide film develops, it becomes more heteroge-
neous. Our calculations based on Al coordination numbers
and bond angle distribution calculated for various shells
across the oxide film indicate a gradual change from Z=4
near the metal-oxide interface to Z=6 near the gas-oxide
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interface suggestive of a mixed tetrahedral and octahedral
environment. Such a variation in Al coordination numbers
was also observed in the oxidation simulations by Hasnaoui
et al.28 and Campbell et al.31,32 The oxide configurations be-
yond 150 ps of exposure time have average �Al-O� coordi-
nation numbers: Z�Al−O�=3 �14%�, 4 �39%�, 5 �29%�, and
6 �19%�.

In case of Ni-Al alloy systems, our simulation results sug-
gest that the initial growth of oxide film results from the
build up of AlO4 fragments. However, in contrast to Al sys-
tems, we find an absence of AlO6 configuration in 5% Ni-Al
as shown in Fig. 11�b�. Additionally, the fraction of five co-
ordinated Al atoms is also much lower than that observed in
pure Al systems. Thus the structure of the alloy oxide film
presents a dominant tetrahedral environment in the inner and
outer layers for exposure times greater than 150 ps. Similar
behavior was also observed at higher Ni compositions. The
oxide configurations beyond 150 ps of exposure time for 5%
Ni-Al system have an average �Al-O� coordination numbers:
Z�Al−O�=3 �33%�, 4 �57%�, and 5�10%�. Thus, the oxide
structure obtained in case of alloy surfaces is very different
from those observed in single metal constituents. It appears
that the faster kinetics associated with Al oxidation results in
the mixed tetrahedral and octahedral environment, whereas
the relatively slower kinetics associated with alloy surfaces
gives rise to predominantly tetrahedral environment. Thus,
the oxidation kinetics is strongly correlated with the mor-
phology and structure of the oxide film.

2. Mean-square displacement and diffusion coefficients

The oxide growth characteristics of the metal surfaces
were explored using shell based diffusion coefficients. The
shell based diffusion coefficients allow for comparison of
early stages of oxide growth in pure Al substrate with that of
Ni-Al surface. In the case of pure Al and Ni-Al alloy sur-
faces, we find that the oxide growth proceeds via inward
movement of oxygen anions �metal-oxide/gas interface� and
outward movement of metal cations �metal/metal-oxide in-
terface�. Partitioning the metal-oxide structure into different
shells of equal width �dR� allows for estimating the atomic
mobility located at the oxide interior as well as at the two
interfaces. The mean-square displacement �MSD� �Ref. 69�
calculated within each shell was used to obtain the self-
diffusion coefficient using Eq. �4.12� for atoms in that shell.

Di =
1

2d�t
��ri�t + s� − ri�s��2� , �4.12�

where ri�t+s� is the vector position of the ith atom, the av-
erage is over atoms of type i and over choices of time origin
s. The average interatomic distance between atoms was used
as dR. The MSD for each shell was generated by averaging
over a 1 ps trajectory sampling every 1 fs. The one-
dimensional diffusion coefficient is calculated using above
reflects the mobility of the atoms along the x axis, which
corresponds to the direction of oxide growth and character-
izes the out-of-plane movement. Similarly, the in-plane
movement refers to mobility of the atoms in the shells per-
pendicular to the growth direction �z direction� and is the
two-dimensional �2D� �d=2� diffusion coefficient calculated
based on the y and z position vectors of atoms i.e., on the y-z
plane �cross section�. These in-plane and out-of-plane diffu-
sion coefficients calculated based on MSD were assigned to
each shell. To facilitate comparisons between the pure Al and
Ni-Al alloy surfaces, diffusion coefficients calculated for the
same shells and their dependence on x distance has been
plotted.

Our analysis of the density profiles indicates that there is
both an inward and outward growths of the oxide scale in
pure Al as well as alloy surfaces. The inward growth results
from the diffusion of the oxygen atoms, whereas the outward
growth is attributed to the diffusion of metal atoms. The
MSD of oxygen and metal atoms located at the metal-oxide
and oxide-gas interfaces for the two surfaces are shown in
Fig. 12. It can be seen that the inward movement of oxygen
atoms exceeds the outward movement of metal atoms and is
primarily responsible for the growth of the oxide scale in
both the surfaces. This is in agreement with the experimental
observations of oxidation studies conducted on Al surfaces.70

However, the extent of inward to outward diffusion of the
atoms is different in case of pure Al and Ni-Al alloy surfaces
having 5% Ni. In both Al and Ni-Al surfaces, the outward
diffusion of the metal atoms calculated at times greater than
100 ps is similar, whereas the inward diffusion of oxygen
atoms is lower for Ni-Al compared to Al surface. Therefore,
the limiting thickness of the oxide scale formed in case of
Ni-Al alloys is lower compared to that in pure Al. The lim-
iting thickness was found to decrease with increasing com-
position of Ni and resulted from reduced inward growth of
the oxide scale.

The large stress gradients that are associated with the oxi-
dation process give rise to diffusion of atoms in the oxide
region. Additional insights into the same as well as their role
in the growth of the oxide scale can be obtained using the
shell based diffusion coefficients shown in Fig. 13, which are
calculated at various exposure times for the two surfaces.
Typical atomic diffusivities in the oxide film are in the range
of 1.5–2.7�10−6 cm2 /s for Al and 1.1–2.2�10−6 cm2 /s
for 5% Ni-Al surfaces, respectively. It can be seen that initial
oxidation of both the pure Al and 5% Ni-Al alloy surfaces is
associated with increased diffusivities of atoms that are lo-
cated at the outermost shells around 20 Å. Initially for
shorter exposure times less than 15 ps, the diffusivities of
atoms located on the outermost shell i.e., shell seven are

TABLE III. Distribution of Al-O coordination numbers in Al/O
and Al/Ni/O systems. The simulated values represent averages
taken beyond 200 ps of exposure time.

Z
% atoms

�Al-O system�
% atoms

�Al/Ni/O system with 5% Ni�

3 14 33

4 39 57

5 29 10

6 19 �1%
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much higher than the remaining shells. As the oxidation pro-
ceeds to higher times, atoms in the outer shells such as six
also show much higher diffusivity characteristic of amor-
phous oxide phase, whereas those in the first three remain
solidlike as seen in bulk metals. At exposure times greater
than 100 ps, shell four and five also exhibits similar behav-
ior.

Comparison of the shell based diffusion coefficients in
Fig. 13 with the atomic density profiles shown in Fig. 9
indicates that the maximum in shell based diffusion coeffi-
cients corresponds to the metal-oxide interface. The diffu-
sivities of atoms located at the outermost shell, which corre-
sponds to the oxide-gas interface, are lower than those of the
atoms at the metal-oxide interface. Additionally, the calcu-
lated shell based diffusion coefficients, especially at the
metal-oxide interface are higher for Al oxidation than for 5%
Ni-Al alloy surface. In both the cases, we find that with
increasing exposure time, there is a progressive shift in the
maxima toward the substrate interior, which corresponds to
the inward growth of the oxide. Correspondingly, there is
also an outward growth of the oxide as indicated by in-
creased diffusivities of shell seven at 15 ps to shells eight

and 9 nine at longer exposure times. The extent of inward
oxide growth is higher than the outward. Additionally com-
paring Figs. 13�a� and 13�b� indicates that while the outward
growth of the oxide in both Al and Ni-Al surfaces is similar,
inward growth of the oxide in case of Al substrate is larger
than in 5% Ni alloy substrate.

Similarly, we have also analyzed the in-plane diffusivities
of the atoms in the various shells. Across different shells in
the oxide film, we do not observe a significant difference in
the in-plane atomic diffusivities, especially for exposure
times greater than 75 ps. Our analysis of Al and O diffusivi-
ties in the various shells located in the oxide interior for
exposure time less than 100 ps indicates 40%–70% higher
diffusivities of metal atoms in comparison with oxygen at-
oms, which are attributed to the smaller steric size of alumi-
num. For example, in case of pure Al, the O and Al diffu-
sivities at 75 ps were found to be 3.5�10−6 and 5.7
�10−6 cm2 /s, respectively. Similarly, in case of 5% Ni-Al
alloy, the O, Ni, and Al diffusivities at 75 ps were found to
be 4.9�10−6, 4.0�10−6, and 6.9�10−6 cm2 /s, respectively.
At higher exposure times, the diffusivities of metal atoms
decrease, whereas that of oxygen atoms remains somewhat
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constant. For 5% Ni-Al alloy, the O, Ni, and Al diffusivities
at 150 ps were found to be 4.5�10−6, 3.5�10−6, and 5.4
�10−6 cm2 /s, respectively.

Initially for exposure time less than 75 ps in case of 5%
Ni-Al alloy, we observe that the out-of-plane diffusion coef-
ficients is higher than the in-plane diffusion coefficient. Dur-
ing this time, the O atoms are able to penetrate into the
sublayer of the substrate and bond with the Al atoms that are
present in the second and third atomic layer. The oxidation of
alloy surfaces thus creates 2D oxide islands in an atomic
layer, while the metal islands exist in the previous atomic
layer. This suggests that the initial oxidation of alloy surfaces
does not progress by the strict layer by layer process. At
longer exposure times i.e., above 100 ps, the in-plane diffu-
sion coefficients calculated across the shells in the oxide in-
terior are 30%–40% higher than the out-of-plane diffusion.
The higher in-plane diffusion ensures that the 2D oxide
growth in a particular atomic layer is completed before the
growth front can proceed to the next atomic layer. This
marks a transition from the initial island growth mode to a
layer by layer growth mode. In contrast, the in-plane diffu-
sion coefficients calculated for the oxide scale formed on
pure Al is higher than out-of-plane diffusion coefficient
throughout the oxidation process. Thus in case of pure Al,
the growth and development of the oxide film proceeds in a
layer by layer mode at all stages.

V. DISCUSSION

Our simulations of pure Ni surfaces at 300 K and
pressure=9.8�105 Pa indicate that the oxidation kinetics is
significantly slower than those observed for Al and Al alloy
surfaces. For exposure times up to 300 ps, the uptake of
oxygen was less than 20 atoms. This observation is in accor-
dance with previous experimental investigations of oxidation
on Ni surfaces, which suggest that for oxygen coverages be-
low 0.5 monolayers and temperatures below 550 K, oxygen
remains in two-dimensional chemisorbed state without any
detectable formation of nickel oxide or dissolution of oxygen
into the metal lattice.71

Ab initio studies of oxygen adsorption on Ni-Al surfaces
indicate the preference of O atoms to have Al as a neighbor
rather than Ni.47 The presence of O atom on a Ni-Ni bridge
site was found to push the Ni atoms away, while the neigh-
boring Al atoms moved toward it. Previous ab initio, as well
as experimental investigations, doubts the possibility of Ni-O
bond formation in low-temperature oxide and does not rule
out the presence of metallic Ni in the oxide scale.72 In this
work, we find that the oxide structure for various simulated
alloy compositions is predominantly composed of aluminum
oxide. Hence, the oxidation of nickel is significantly reduced
in comparison with aluminum. For increasing composition of
Ni in the Ni-Al alloy, the layers close to the exposed metal
surface have higher compositions of Ni. Hence the surface
sites available for oxidation reduce with increasing Ni com-
position in the Ni-Al alloy. During the initial phase of oxi-
dation, the oxygen molecules for varying alloy compositions
have enough Al surface sites for oxidation. However, with
increasing composition of Ni, especially at longer simulation

times, the oxygen diffusion into the substrate is impeded.
This results in the reduced oxidation rates at higher Ni com-
positions. The onset of the low growth rate regime therefore
occurs at earlier exposure times for increasing Ni composi-
tions. The reduced oxidation rate and hence the oxygen in-
take results in accumulation of oxygen atoms at the substrate
surface leading to surface melting. The simulations of oxide
growth kinetics were stopped once we observe ejection of
oxide fragments from the metal surface.

It should be noted that the ejection of AlO4 fragments is
not dependent on the introduction of oxygen molecules into
the system. The ejection of AlO4 fragments was observed in
case of Al nanocluster oxidation by Campbell et al.31,32 for
simulation times longer than 50 ps in both canonical and
microcanonical ensembles. Hasnaoui et al.28,29 also observed
a similar process in their oxidation study of Al substrates.
While Hasnaoui et al. introduced oxygen molecules one by
one to study the kinetics of oxidation on Al surfaces, Camp-
bell et al. performed their simulations with much higher
number densities of randomly distributed oxygen molecules.
In the present work, despite the use of the Nose-Hoover ther-
mostat to dissipate heat, we observe that beyond 200–300 ps
of simulation time, the oxide structure starts melting at the
surface region. This is attributed to the accumulation of dis-
sociated oxygen at the metal surface upon reaching the lim-
iting regime when their intake into the substrate is impeded.
Experimental observation of oxide growth kinetic curves un-
til the saturation regime is reached when growth rates tend to
nearly vanish; is possible at low temperature. However, such
a regime requires much longer simulation times �several
hundred seconds�, which are not accessible to MD simula-
tions. Therefore, the rate curves presented in the current
study are obtained until the oxide growth reaches a low
growth rate regime termed as limiting regime. The limiting
thickness of the oxide film corresponds to the oxide scale
formed in this low growth rate regime.

The limiting thickness of the oxide scale formed is
smaller for increased Ni composition. This can be seen in
Fig. 3�b�, which shows the oxide film thickness variation
with exposure times for the various simulated alloy compo-
sitions. The oxidation of the simulated metal surfaces
reaches a limiting thickness, which range from 1.7–1.1 nm
for 0%–15% Ni. These values are in good agreement with
the experimental studies of Lamparter et al.14 who found the
thickness of aluminum oxide scales to reach �1.5 nm. Simi-
larly, Gaßmann et al.,48 and Isern and Castro,45 as well as
Yoshitake et al.,73 observed a 5 Å thick scale to form on
50% Ni-Al alloy surface which is very close to the extrapo-
lated self-limiting thickness �3.2 Å� predicted using the cur-
rent MD simulations.

The structure of the oxide scale formed in our simulations
can be compared with those reported in previous experimen-
tal and theoretical studies. The comparisons of the calculated
bond lengths in this work and those reported previously are
presented in Table IV. We find good qualitative and quanti-
tative agreement with the previously reported experimental
and simulation studies. Comparison of Al-O and Ni-O PDF
at various stages of oxidation at 300 K and pressure P0 in-
dicates that the oxide film formation and growth in case of
5% Ni-Al alloy is attributed entirely to oxidation of alumi-
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num atoms. At low temperatures and pressure, we observed
similar behavior across the range of alloy composition inves-
tigated. Under these conditions, the observed decrease in the
rate of oxidation with increasing composition of Ni appears
to result primarily from the reduced number of surface sites
that are available for oxidation. These findings are in agree-
ment with previous experimental investigations of initial oxi-
dation on Ni-Al �110� surface by Isern and Castro,45 which
also indicate the lack of nickel-oxygen interaction. The oxide
scale was composed entirely of Al2O3 and oxygen uptake
stops after formation of a thin layer of Al2O3, which prevents
further oxygen transport into the bulk. Similar observations
were also made by Franchy et al.75 and Jaeger et al.46 in their
experimental studies of oxygen adsorption on Ni-Al�111�
surfaces at low temperatures.

The charge distribution profiles obtained for the oxide
scale formed in the two systems corroborate the above find-
ings. In case of Al/Ni/O system, it can be seen that Ni atoms
are weakly charged and do not assume full valence values.
The charge transfer appears to take place primarily between
the O atom and the nearest Al atoms. Although some charge
appears to have been transferred from the nearest Ni atoms to
O atom as seen from Fig. 10, our analysis indicates that the
charge values of Ni atom in the oxide interior fluctuates be-
tween 0 and +1e. This seems to suggest that there appears to
be a tendency on the part of Ni atoms to form oxide. How-
ever, the bond formed between oxygen and Ni does not ap-
pear to be stable. It is possible that the Ni-O bond formed is
quickly replaced by the more stable Al-O bond. The
CTIP-EAM model used in the current work is able to ac-
count for this bond formation and bond breakage phenomena
occurring in metal/metal-oxide systems. Furthermore, this ar-
gument is also supported by thermodynamic considerations.
If we compare the enthalpy of formation of the res-
pective oxides, Hf�NiO�=−489.5 kJ /mol and Hf�Al2O3�
=−1675.7 kJ /mol, it can be seen that it is more favorable to
form Al-O bond.72,76 This manifests itself in the form of lack
of nickel oxide formation shown in the pair distribution cal-
culated by averaging over many such configurations. This is
also in excellent agreement with the findings of Bardi et
al.,77 who studied the initial oxidation of Ni-Al alloy and

analyzed the aluminum oxide overlayer by x-ray photoemis-
sion spectroscopy �XPS�, low-energy ion scattering �LEIS�,
and low-energy electron diffraction �LEED�. On the other
hand, in the oxide interior Al atoms forming oxide attain
charge values close their full valence charge. This suggests
that the oxide formed is almost entirely due to oxidation of
aluminum atoms and corroborates the findings obtained us-
ing PDF. In both the systems, the cations are weakly charged
close to the metal-oxide interface and assume charges greater
than 2.2e in the oxide interior. A small decrease in the Al
atom charge at the oxide environment is observed in case of
Al/O systems, whereas a significant decrease to around 1e is
observed in case of Al/Ni/O system. The weakly charged Al
atoms at the oxide-environment interface in case of alloy
systems might also result in reduced oxidation rates.

Our analysis of the oxide structure indicates that the alu-
minum oxide scale formed on the alloy surface is different
from that formed on the pure Al substrates. It is interesting to
note the difference in oxide structure between the two cases
even though 5% Ni-Al system has a small number of Ni
atoms. This is attributed to the surface segregation of low
content alloys, which results in Ni atoms occupying more
surface sites than would be expected if the atoms were dis-
tributed uniformly across the metal substrate. For a 5%
Ni-Al alloy, the exposed metal substrate thus has nearly 35%
of the surface sites occupied by Ni atoms. Hence, the fraction
of Ni atoms in the growing oxide film is significantly larger
even for a 5% alloy. The existence of differences in the struc-
ture of the oxide film formed on Pure Al and Ni-Al alloy
substrates was also observed in the ab initio studies by Jen-
nison and co-workers,78,79 and Kresse et al.80 for ultrathin
aluminum oxide scale formed on Ni-Al alloy surfaces. First-
principles density-functional calculations by Jennison et al.79

on the structure of ultrathin films �with self-limiting thick-
ness less than 20 Å� on Ni-Al surfaces predicted a different
Al2O3 structure, which has no bulk counterpart. As observed
in our simulations, it was reported that the Al ions prefer
distorted tetrahedral sites over the normal octahedral sites.
The experimental studies on ultrathin aluminum oxide film
formed on Ni-Al�110� by Stierle and co-workers,81,82 and
Gassmann et al.83 also support this conclusion. Similar con-

TABLE IV. Comparison of calculated bond lengths �Rij� in this work with those reported in previous
theoretical and experimental investigation of Ni-Al and Al oxidation, respectively. The bond lengths listed in
the present work are for oxide scale formed on 5% Ni-Al alloy.

Bond lengths

Present work
�MD simulations�

Rij�Å�

Finnis et al.a,b

�ab initio
simulations�

Rij�Å�

Stierle et al.c

�Experimental�
Rij�Å�

Lamparter and
Kniepd

�Experimental�
Rij�Å�

Al-Al 2.9 2.9 3.2

Al-O 1.9 1.79 1.9 1.8

O-O 3.3 3.0 2.8

Ni-O Absent Absent

aReference 50.
bReference 72.
cReference 74.
dReference 14.
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clusions were drawn from the atomistic information gained
by scanning tunneling microscopy �STM� with ab initio
density-functional theory �DFT� by Kresse et al.80 Our simu-
lation findings also agree fairly well with the high-resolution
photoemission study of nanoscale aluminum oxide films on
Ni-Al �110� formed at room temperature, which was found to
comprise of predominately �90%� tetrahedral coordinated
Al.84 On the other hand, the first-principles investigation of
oxide structure formed on pure Al substrates by Jennison and
Bogicevic85,86 indicated that the lowest-energy stable film
has an even mix of tetrahedral and octahedral site Al ions,
and thus most closely resembles the Ic phase of bulk alu-
mina. This is in good agreement with the distribution re-
ported in the current simulations.

VI. CONCLUSION

The oxidation kinetics of Ni-Al alloy surfaces have been
studied using MD simulations. The effect of temperature
�300–500 K�, oxygen gas pressure �9.8�105–2.9
�106 Pa� as well as alloy composition �0%–15% Ni� on the
kinetics of oxidation was investigated. In the simulated
temperature-pressure regime for Ni-Al alloys of varying
composition, we find that the oxide growth curves follow a
direct logarithmic law beyond an initial transient regime. For
a given alloy composition, the oxidation rate increases with
temperature and pressure. In the simulated composition
range �0%–15% Ni�, the oxidation rates for Ni-Al alloys
were found to decrease with increasing Ni composition. The
oxidation kinetics of pure Ni was much slower than that
observed in pure Al and Ni-Al alloys. Investigation of the
temperature and gas pressure effect on the oxidation kinetics
suggests an increasing difference in the rate of oxide growth
between pure Al and 5% Ni-Al alloy surfaces with tempera-
ture and pressure. The activation energy barriers for oxida-
tion on pure Al and 5% Ni-Al surfaces were calculated by
fitting the growth law to the simulated kinetic curves. We
find that the activation energy barrier for 5% N-Al alloy
��0.42 eV� to be slightly higher than those observed for
pure Al surfaces ��0.39 eV�.

Structural and dynamical correlation functions were also
used to identify the morphological evolution and growth of
the oxide scale formed on various metal surfaces. At low
temperatures and pressures, the analysis of structural corre-
lation functions indicates that the oxide scales formed on
Al-Ni result entirely from oxidation of Al. Ni was found to
form a negligible portion of oxide except at higher pressures
when the oxidation kinetics of Ni is expected to be faster.
Oxide films formed on the various simulated metal surfaces

are amorphous in nature and have a limiting thickness rang-
ing from �1.7 nm for pure Al to 1.1 nm for 15% Ni-Al
surface. The limiting thickness of the oxide scale thus de-
creases with increasing composition of Ni in the composition
range simulated. We also find that the oxide scales formed on
pure Al surfaces have a dominant tetrahedral �AlO4� environ-
ment in the oxide interior and mixed tetrahedral �39%� and
octahedral modes ��19%� at the oxide-gas and metal-oxide
interfaces. On the other hand, the oxide scales formed on the
alloy surfaces is almost entirely composed of �AlO4� frag-
ments ��60%�. The octahedral environment �AlO6� was ab-
sent in alloy surfaces ��1%�. The analysis of the amorphous
structure formed is in agreement with previously reported
experimental and theoretical studies. The differences in the
structures of the alloy and single metal oxides suggest strong
correlation of the morphology with kinetics of oxidation. In
all the simulations, significant charge transfer was observed
in the reactive region i.e., oxide scale.

Atomistic observation of the growth process and analysis
of the dynamical correlation functions suggests a layer by
layer growth on pure Al surfaces. Deviations from the layer
by layer growth mode were observed for 5% Ni-Al alloy
surfaces during the initial oxidation stage when growth pro-
ceeds by island growth mode. Shell based diffusion coeffi-
cients were used to identify the diffusion mechanism that
leads to the oxide formation and growth on these metal sur-
faces. For both pure Al and 5% Ni alloy surfaces, we find
that the growth proceeds via inward oxygen migration and
outward metal ion migration. The extent of outward growth
in both cases was found to be the same. However, the inward
growth resulting from oxygen migration was reduced in the
case of 5% Ni alloy surfaces when compared to pure Al. This
was found to be responsible for the reduced limiting oxide
thickness with increasing compositions of Ni in the Ni-Al
alloy. The findings of the current research agree well with
previous experimental investigations and provide useful in-
sights into the oxidation mechanism and nanoscale oxide
growth on Ni-Al alloy surfaces.
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