
Transactions of the Korean Nuclear Society Spring  Meeting 
Pyeongchang, Korea, May  27-28, 2010 

 
Ab-initio Calculation of Diffusion of Atomic Oxygen in Nickel 

 
Jong Jin Kim, Sang Hun Shin, Jung Suk Park, Ji Hyun Kim∗ 
Ulsan National Institute of Science and Technology (UNIST) 

100 Banyeon-ri, Eonyang-eup, Ulju-gun, Ulsan Metropolitan City 689-798, Republic of Korea 
*Corresponding author: kimjh@unist.ac.kr 

 
 

1. Introduction 
 

Nickel and nickel base alloys have been widely used 
as structural materials in nuclear systems because they 
have good mechanical properties at high temperature 
and high pressure and corrosion resistance in oxidizing 
environment. Recently, however, these materials have 
shown to be suffered from the environment-assist 
cracking (EAC) such as primary water stress corrosion 
crack (PWSCC) in pressurized water reactor 
environments. SCC is a cracking phenomena due to a 
process involving conjoint corrosion and strain of a 
metal due to residual or applied stressed within the 
susceptible environment. 

Many experimental studies have been performed to 
explain the governing mechanism of PWSCC of nickel 
base alloys and have a lot of arguments with some 
possible ways to reveal the process and prevent them, 
such as oxide rupture [1,2], accumulation of critical 
crack tip strain [3,4] or hydrogen induced cracking [5]. 
However, there is no general theory to explain the 
PWSCC of nickel base alloys, because the experiments 
of SCC usually take a lot of times, have difficulty to 
make specific environment of nuclear power plants 
chemistry, and the corrosion (or oxidation) process 
takes place slowly in tiny localized area.  

Meanwhile, according to the increase in the computer 
calculation speed, atomistic modeling and simulation 
method has been receiving much attention as a method 
to evaluate the mechanical properties, thermodynamics 
and kinetics characteristics of metals and alloys.  Very 
recently, modeling and simulation studies have been 
performed to understand the fundamental mechanism of 
nickel and nickel base alloy corrosion (oxidation) 
process in high temperature water.   

For pure nickel, S. Grruchet et al [6] evaluated 
diffusion of oxygen in nickel by the variable charge 
molecular dynamics, and Goerge A. Young et al [7] and 
E H Meg-chiche [8] evaluated the diffusion of oxygen 
in nickel using the ab-initio (first-principle) calculation. 
Also, M.W. Finnis et al [9] and Alexander Y. Lozovoi 
et al [10] calculation explored some properties about 
oxidation of bimetal such as NiAl. All of them have 
compared the computational data with the experimental 
data and the results have shown good agreement. 

But still it is not enough to understanding the 
corrosion behavior and to prove the accuracy of the 
computational results.  

The purpose of this study is to understand the 
oxidation behavior of nickel base alloys through the 
simulation of diffusion processes of oxygen in nickel 
and calculation of the diffusivity and solubility of 

oxygen in nickel followed by previous study [8]. 
Temperature variation is considered and accuracy is 
improved in the calculation. 

 
2. Method of Calculation 

 
2.1 Vienna Ab-initio Simulation Package 
 

Ab-initio calculation solves the Shroሷ dinger equation 
with no experimental data.                                                    

 The Shroሷ dinger equation is 
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,where H is Hamiltonian operator, given as sum of 

kinetics and potential energy 
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The calculations are performed by Vinena Ab-initio 

Simulation package(VASP) developed at the Institute 
fuሷ r Materialphysik of the Universitaሷ t Wien [11,12]. The 
calculation of using the VASP get the total energies, 
forces, and energy profiles using Density Function 
Theory [13,14], which calculation with the generalized 
gradient approximation(GGA) [15,16] and the  pseudo-
potential method [17]. The reason of using the GGA 
method is that it used some recent theoretical studies 
showed more good accuracy than other approximations 
such as the local density approximation to describe 
various properties of Ni bulk [20,21] or to calculate the 
formation and migration enthalpies of vacancies in 
nickel [22]  

To solve the Kohn-Sham equations of DFT use the 
plane wave basis set[18] and projector augmented-wave 
(PAW) method [19] to decrease the computational time.  

 
 
 
 
 
 
 
 
 
 
Fig 1. First Brillouin  
zone  for  Ni(fcc) 
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Concerning the computational parameters, 4 ൈ 4 ൈ

4 and 6 ൈ 6 ൈ 6  Monkhost-Pack[26] meshes are used 
to test the Brillouin zone in the reciprocal space, 
depending on the size of the studied unit cell. To 
determine the insertion energies of oxygen, two sizes 
(32 and 108 lattice sites per unit cell) of face-centered 
cubic (fcc) primitive cell were tested. Before the every 
test step, the lattice relaxation task performed by using a 
conjugate-gradient algorithm for insertion energies and 
all ions are allowed to relax whiled the supercell 
volume is kept constant. The charge transfer between 
oxygen and nickel is determined with the algorithm of 
Henkelman et al[27], which carries out a Bader 
decomposition[28] of the electronic charge density into 
atomic contributions. 

 
2.2 Diffusivity and solubility of oxygen in nickel 
 
In order to determine the diffusivity of oxygen in nickel, 
it is need to calculate the activation energy EO

ୟୡ୲ for the 
possible diffusion path way. For the saddle point 
corresponding to the migration of the atomic oxygen, 
the energy pathways are obtained by using the nudged 
elastic band (NEB) method of Henkelman and Jónsson 
[23,24] as same as E H Megchiche [8] work 
The diffusivity is defined as  
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And the solubility is defined as 
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,where the Eୱ୭୪ is the solution energy, given by 
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The EOమ is the dissociation energy of the Oଶ molecule in 
the gas phase. And the insertion Energy is defined as  
 

EO
୧୬ୱ ൌ EO

୬N୧  EO െ E୬N୧ାO 
 
,where E୬N୧ାO  is the total energy of the supercell 
containing n Ni atoms and the O atom inserted in the 
octahedral or tetrahedral site, E୬N୧ is the total energy of 
the supercell, and EO is the energy of the oxygen atom. 
    The experimental values of EO

୧୬ୱ and  EO
ୟୡ୲ are 3.12eV 

and 1.71eV, respectively, by the Park and Altstetter’s 
work [25]. 
    There are two possible ways for oxygen to diffuse in 
nickel. The first one is the movement of the oxygen 
from the octahedral site to the other octahedral site 
directly, and the second is moving the oxygen from 
octahedral site and stop by the tetrahedral site and then 
reach the other octahedral site. To find the proper 
oxygen path way in nickel, the activation energy at each 
case is calculated and compared.  
 

3. Summary 
 

This work is focused on the prediction oxygen 
diffusion behavior in pure nickel in order to understand 
the fundamental oxidation behavior in nickel metals and 
nickel base alloys. The VASP calculation package is 
used for Ab-initio calculation, and the diffusivity and 
solubility of atomic oxygen in nickel are calculated and 
compared with experimental data. Furthermore, this 
work is performed with temperature change to know the 
temperature effect on the diffusivity and solubility. 
Finally, from the comparison with the each activation 
energies of two possible diffusion ways of oxygen, it is 
possible to show the oxygen paths in nickel as a 
function of temperature. 

  
 

REFERENCES 
 

[1] Vermilyea, D.A. in stress corrosion cracking and hydrogen 
embrittlement of iron base alloys; Unieux-Firminy France pp 
208-217 1977 
[2] Ford, F. P. Environment induced cracking of metals. 
Kohler, Wi: NACE 1988  
[3] Hall, M.M and D.M. Symons. In Chemistry and Electro-
chemistry of Corrosion and SCC. New Oreans, TMS 2001 
[4] Hall, M.M. EPRI workshop on Alloy 600. 1997, FL 
[5] van Leewen, Reviews on Coatings and Corrosion 1979 
[6] S.Garruchet, O. Politano, P.Arnoux, V.Vignal Solid State  
Communications 439-442 vol 150 2010, 
[7] George A. Young et al proceeding of the 12th International   
Conference of  EDMNPS-Water Reactor 2005.  
[8] EH Megchiche, M Amarouche and C Mijoule J. Phys Con  
Mat vol 19 2007 
[9] M.W Finnis, A.Y. Lozovoi, and A. Alavi.  Annu. Rev Mat.  
Res. vol 35: 167-207 2005. 
[10] Alexander Y. Lozovoi, .Alavi and M.W Finnis Phys Rev.  
Let vol 85, 3 july 2000 
[11] Kresse G and Hafner L  Phys. Rev. B  vol 47 558 1993 
[12] Kresse G and Furthmuller F. Phys. Rev B 54 11169 1996 
[13] Hohenberg. P. and W. Kohn, Phys. Rev. 136 1964 
[14] Kohn, W. and L.J. Sham, Phys. Rev. 140 1965 
[15] Wnag, Y. and J.P. Perdew, Phys. Rev. B, 54 1991 
[16] Perdew. J.P. and Y. Wang, Phys. Rev. B, 45 1992 
[17] B.Bachelet, M. Schluሷ ter, and C. Chiang, Phys. Rev. B 26 
4199 1982 
[18] A. Dal Corso, et al, Phys. Rev. B 56 15 629 1997 
[19] P.E. Bloሷ chl Phys. Rev. B 50, 17, 953 1994 
[20] Moroni E G, Kresse G, Hafner J and Furthmuller F  Phys. 
Rev B 56 15629 1997 
[21] Cෘerny M, et al  Phys. Rev. B 67 035116 2003 
[22] Megchiche E H, Perusin S, Bartherlat J C and Mijoule C 
phys. Rev B 74 064111 2006 
[23] Henkelman G and Jónsson H J. Chem. Phys 111 7010 
1999 
[24] Henkelman G and Jónsson H J. Chem. Phys 113 9978 
2000 
[25] Park, J.H and Altstetter C J, metal. Trans. A 18 43 1987 
[26] Monkhorst H J and Pack J D Phys. Rev. B 13 5188 1976 
[27] Henkelman G, Arnaldsson A and Jónsson H Comput. 
Mater. Sci. 36 354 2006 
[28] Bader R, Atoms in Molecules : A Quantum Theory(New 
York: Oxford University Press) 1990 


	분과별 논제 및 발표자

	PNO0: - 221 -
	PNO1: - 222 -


