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1. Introduction

Many metals and alloys are easily oxidized in
high temperature water environment. In this
environment, oxide layers are formed on the surface
of structure materials.

Nickel based alloys are one of the most important
structure materials in modern nuclear industry.
Nickel based alloys have a good corrosion
resistance and mechanical properties to tolerate
harsh and extreme environments.

However, the interaction of nickel and nickel
based alloys with water and oxygen atom causes
dissolution of metallic atom and diffusion of
elements [1]. After then, oxidation arises at the
surface. Therefore, the formation of oxide layer is
an unavoidable process in high temperature water
environments. The oxidation process of nickel
based alloys is at the origin of the initiation of stress
corrosion cracking(SCC), Stress corrosion cracking
is arisen from interaction of mechanical,
metallurgical, and electrochemical factors. It can
induce failure of structural materials. Hence, it is
important to understand and solve stress corrosion
cracking in nickel based alloys.

Therefore, this study’s objective is to understand
processes of early stage oxidation through the first
principles method and molecular dynamics
simulation.

2. Experimental procedure

In this study, the molecular dynamics and ab-
initio calculation were used as a computational
chemistry method based on quantum chemistry.
First, ab-initio calculation was performed using the
generalized gradient approximation(GGA) by the
CASTEP module of the Material Studio package
and the exchange correlation energy was described
using the Perdew and Wang 91 functional(PW91).
The Ni(1 1 1) surfaces were modeled four layer
because interaction of oxygen and nickel substrate
were expected from first to fourth layer [2] and
performed 3x3x1 k-point mesh for surfaces. Also
convergence tolerance and self consistent field
tolerance values are 1.0e-6 and 2.0e-6. Figure 1, 2
illustrate Ni(1 1 1) surfaces after considered
geometry optimization.

Fig 1. top view of Ni(1 1 1)surface(different colors indicate
in layers: blue(1® layer), green(2™ layer), yellow(3™ layer))
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Fig 2. side view of Ni(1 1 1) surface(blue(1* layer),
green(2™ layer), yellow(3™ layer), blue(4™ layer))

And then, to investigation of early stage
oxidation on Ni(111) in large scale by using result
data of CASTEP in order to expand into molecular
dynamics(LAMMPS). LAMMPS stands for Large-
scale Atomic/ Molecular Massively Parallel
Simulator and it is a classical molecular
dynamics simulation code designed to run
efficiently on parallel computers. In this study,
the reactive force field potentials are used for
Ni/O system modeling.

The Reactive force field potentials have been
specifically designed to describe the formation,
transition and dissociation of chemical bonds during
molecular dynamics with accuracy close to quantum
chemical method.

To simulate detailed initial mechanism of the
oxidation process of nickel and oxygen molecule
model, we placed 40-50 O, molecules in a cubic
periodic box with 50A ° sides. The parameters used
in the present study were Ni/O reactive force field
parameters. For the reactive simulations, the system
was minimized first and constant volume—
temperature (NVT) reactive simulations were
performed at temperatures 500K for few hundred ps.
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3. Result and Discussion
3-1 One and Two oxygen atom on Ni(1 1 1) surface

In case of one oxygen atom, one oxygen atom on
the fcc hollow site(reactant) and the other is oxygen
atom on hcp hollow site(product) in Fig 3. And two
oxygen atom cases, oxygen move from fcc-hcp site
to another hcp-fcc site in Fig 4. In both cases
performed geometry optimization prior to calculation
of transition state search for calculation of oxidation
processes on Ni(1 1 1) surface by using molecular
dynamics.

Fig 3. top view of Ni(1 1 1) surface and One oxygen atom
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Fig 5. Transition state search result of Ni(1 1 1) surfaces
(a)One oxygen, (b)Two oxygen

dtomic Populations (Mulliken)

Species  lon 5 P d f Total Charge (e}
4] 1 1.80 4,62 0.00 0,00 B.&52 -0.52
Hi 1 0.69 0,64 8.7 0.00 10.03 -0.03
Hi 2 052 07 868 0,00 9.95 0.05
Hi 3 053 0,79 8.68 0.00 10.00 0.00
Hi 4 0.68 066 8.7 0.00 10.05 -0.05
Hi 5 0.B9 065 8.7 0.00 10.04 -0.04
Hi 5] 053 07 868 0,00 9.95 0.05
Hi 7 052 07 868 0,00 9.95 0.05
Hi 3 0.6 0.4 8.72 0,00 10.02 -0.02
Hi 9 0.68 066 8.7 0.00 10.05 -0.05
Hi 10 052 07 868 0,00 9.95 0.05
Hi B 0.52 0.5 8.668 0.00 9.95 0.05
Hi 12 0.58 0,65 8.5 0,00 9.88 0.12
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located on hcp and fcc hollow site

Energy of reactant:
Energy of product:
Energy of transition state:

-§7691. 24383 &Y
-§75892. 57750 aY
-§7591.03083 =Y

Location of transition state: 0.z22821

Barrier from reactant: 0.15330 e¥
Barrier from product: 1. 48705 e¥
Energy of reaction: =1.33375 e¥

Fig 4. Top view of Ni(1 1 1) surface and two oxygen atom
located on hcp and fcc hollow site

3-2 Transition state search
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Fig 6. The calculation result of first principles method

The partial data of the calculation result of first
principles method on nickel surface in Fig 6. In this
result, when oxygen atom is absorbed on the nickel
surface, metallic atoms become positive charged
(charge changed -0.05-0.05 to 0.11-0.14) after create
Ni-O bonding in Table 1. The positive charged
metallic atoms have repulsion force between them.
Therefore, their bonds become loose (positive
charged Ni-Ni bond length change 2.473 -> 2.588).
This process arises the weakening of Ni-Ni bonds
and expected to the dissolution of the metallic atoms
from the surface.

Table I: Compare atomic charge

Species Charge(e) | Spin(hbar)
Nickel -0.05-0.05 0.34
Nickel
(Ni-0) 0.11-0.14 0.26

3-3 Density of states

The density of states was performed for analyze the
interaction mechanism between nickel surface and
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oxygen atom. The calculation result of density of
states(DOS). The oxygen adsorption on the Ni
surface have a two peaks at -19.5 eV/(The s orbital of
oxygen combined with nickel atom) and -5.7eV(The
p orbital of oxygen combined with nickel atom) in
Fig 7 and 8. This peak indicates that hybridization
between the oxygen p orbital and metal d orbital.

Fig 7. Density of states result of Ni(1 1 1) surfaces
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Fig 8. Density of states result of Ni(1 1 1) surfaces +
0Xygen case

3-4 Molecular dynamics

In general, when a nickel is brought into contact
with oxygen molecule, the first portent indicating the
occurrence of nickel oxidation is the consumption of
oxygen molecule. To evaluate the reaction process
and mechanism, a series of constant temperature
molecular simulations 550K for few hundred ps were
performed. Analysis of trajectories from molecular
dynamics with ReaxFF reactive force field potential
is able to show complex initiation chemistry for the
nickel oxidation process.

In ReaxFF, the system energy expression is divided
into contributions as shown in eq 1 [3], [4].

Etoral = Ehond + Etors + ECoqumb+ EVdW + EH—bond (1)

Qi ‘qj
Eo o =C——— (2
coulomb [rij3 -I-(]./ rij)3]1/3( )

f13(rij)
EvdWaIIs = Dij {eXp [aij . (1— —)] -2.
f a
&P [% -ay - (1- ﬂ)]}@)

The partial contributions in eq 1 include bond
energies, torsion angle energies, valence angle
energies, van der Waals interactions, and non-bonded
Coulomb. The Coulomb(Eq 2.) and van der Walls
interaction part(Eq 3.) of ReaxFF force field potential
is modified by using result data of first principles
method in Fig 9. As shown in Fig 10, Ni/O system
was designed in order to calculate interaction of
oxygen molecule and nickel substrate.

H 08930 10000 17,0080 13580 00830 08203 -0,1000 71,0000
82230 33,2894 11,0000 000001211250 37245 96093 11,0000
01000 00000 61,6606 3,0408 24197 00003 1,0898 0,0000
184571 42733 10338 1.0000 28793 00000 00000 0,0000

Q124500 20000 159990 23330 01000 1.0895 1.0545 6.0000
97300 13,8449 40000 375000 16,0765 55000 83122 20000
09043 04056 59,0826 35027 076840 00021 09745 00000
35500 29000 1,0493 40000 29225 00000 00000 00000

M 1,8862 20000 65,3900 19200 02995 04328 -1.6836 20000
11,6134 18,3776 20000 00078 0.0000 20219 57915 00000
—1.2000 0.0000 26645636 53430 101260 0.7520 0.0000 00000
30614 2158 10338 529565 257X Q0000 00000 00000

Fig 9. LAMMPS ReaxFF potential data

0O, molecule NiO layer

-

Ni (11 1) surface Ni (11 1) surface

Fig 10. Schematic design of nickel/oxygen system

As shown in 3-2 and 3-3, the charge analysis and
calculation of density of states were performed in
order to verify the accuracy of the calculation.

In this result, metallic atoms become positive
charged after create Ni-O bonding. It is contribute to
weakening of nickel-nickel bonding.

According to result of density of states, density of
states of pure nickel and nickel + oxygen case has
two different peaks in -19.5eV and -5.8eV. It can be
found bonding orbital between oxygen and nickel
substrate.

3. Conclusion

This work was focused on the investigation of early
stage oxidation in order to wunderstand the
fundamental oxidation behavior of nickel by using
first principle method and molecular dynamics. Also,
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ReaxFF reactive force field was modified potentials
for Ni/O systems.
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