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Combining thermodynamic concepts with first-principles calculations, we study the solubility of oxygen
atoms (O) in nickel. In our approach, we include the possible formation of oxygen clusters (O,) and
vacancies-oxygens clusters (VO, and V,0;). We show that the vacancy-oxygens interactions are strong
(approximately 1 eV) and would induce a large concentration of clusters in fcc-Ni. The use of a ther-
modynamic model, within a grand canonical approach, allows calculation of the vacancy concentration,
including these VO, clusters, as a function of O concentration, for different temperatures. We find that at
low temperatures (below 600 K), a small content of oxygen (in appm) strongly modifies the vacancy
concentration, increasing the total vacancy concentration in the metal by many orders of magnitude
more than the thermal vacancy concentration. The vacancy concentration is thus directly controlled by
the oxygen content in the metal. At high temperatures, the effect is reduced, becoming negligible near
the melting point. These results show the strong impact of interstitial atoms on the vacancy concen-
tration. The influence of the vacancy formation energy is also discussed.

1. Introduction

Predicting the concentration and the diffusion mechanisms of
interstitial elements, like C, O, H, or point defects are major prob-
lems in solid state physics. Due to thermodynamical problems
(time of equilibration in particular), their concentrations have
usually been measured only at high temperatures. The concentra-
tion, C[X], is then interpolated by Arrhenius or Sieverts' laws at high
temperatures. One then extrapolates values at low T from param-
eters evaluated at high temperature. Nonetheless, recent studies on
the effects of temperature and interactions between defects and
interstitial atoms point to the need to modify the use of simple
mechanisms (only free atoms). For example, as illustrated in recent
work on hydrogen in nickel [1—4], the hydrogen interactions with
vacancies modifies the vacancy concentration as well as their
diffusion. Recently equivalent work on oxygen, carbon and nitrogen
in iron [5,6] has shown the same trend.

For H atoms, the mechanism, described by Fukai [7], is
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characterized by a super-abundant vacancies concentration
(labeled SAVs): under high pressures of hydrogen and at high
temperatures, the vacancy concentration is significantly increased.
The use of simulations based on the density functional theory (DFT)
have allowed an understanding of the atomic processes. First-
principles studies have thus confirmed that, in many metals, va-
cancies can trap high H content (see work on Fe [8—10], Al [11,12],
Mg [12], Ti [13] or Ni [1,4]): from 6 to 10 atoms according to the
crystallographic structure and the metal. This strong binding and
multiple occupancy of hydrogen can enhance the formation energy
of the defects. However, DFT simulations alone are not able to
predict the global concentration and fraction of defects according to
the temperature and the chemical potential (grand canonical
approach) in a metal. The use of thermodynamic concepts [2,6,10]
allows solution of this difficulty. Thus, it has been seen that a
large segregation of H atoms in the vacancies increases significantly
the concentration of vacancies, especially at low and intermediate
temperatures (below 600 K). It has also been shown that in nickel,
hydrogen-vacancy interactions enhance the diffusion mechanisms
of solutes or self-interstitial atoms at low temperatures [3].

In the case of oxygen in nickel, this mechanism has not been
studied. Nonetheless, as we will see, an equivalent SAVs



mechanism should appear too. From a technological point of view,
in the lifetime prediction of structures, oxide layer growth
modelling involves incorporating the oxygen concentration and
diffusivity during oxidation processes. It is thus crucial to predict
the quantity of O atoms and vacancy concentration in the metal, to
know where they are located and in which form.

Furthermore, from an experimental point of view, there is still a
debate concerning the oxygen solubility in nickel. Two sets of data
are often opposed in the literature, with different apparent results:
those of Park et al. [14] and the results of Seybolt [15] and Alcock
[16] measurements. More recently, Jullian et al. [17] proposed a
new set of data and a new interpretation of the experimental
measurements. Without discussing details at this point, an addi-
tional aim is to compare our work with theirs.

From a theoretical point of view, solubility energy of oxygen
referred in the literature (see references given in Ref. [18]) do not fit
well with experimental measurements, a direct comparison be-
tween experimental and theoretical energies is difficult. Experi-
mentally, different aspects should be taken into account in the
measurement of oxygen concentration in the metal: is the metal
directly in equilibrium with the oxidising gas (for low oxygen
chemical potentials)? Is oxygen in the metal in equilibrium with the
gas or the oxide? According to the temperature and the O, pressure
in the gas, summarised in the Ellingham diagrams, the oxygen
concentration is thus controlled by the solubility energy of the O
atoms in the metal, but also the possible clusterization. Moreover,
when an oxide is formed on the surface of the metal, the oxygen
chemical potential in the metal is controlled by the equilibrium
with the oxide. The limit of solubility is thus controlled differently if
the oxide is present or not. It is thus important to analyse con-
centrations according to the chemical potential of oxygen. The
purpose of this work is to understand how oxygen-vacancy in-
teractions could alter the vacancy concentration and the total ox-
ygen concentration in nickel, and more generally to provide an
understanding of the elementary mechanisms.

We identify multiple aims of this study: (i) evaluate effects of
the formation of different type of clusters (O,,, VO, and V,0,) on the
vacancy concentration, (ii) predict the vacancy concentration ac-
cording to the oxygen concentration or its chemical potential and
(iii) finally, obtain under which form we can found the O atoms in
the metal. To achieve this goal, we used DFT energies in a ther-
modynamic model, taking into account reduced configurations. Of
course, all these points are important for O diffusion in the metal,
for stress corrosion cracking understanding and internal oxidation
kinetics.

The manuscript is organised as following: we first present
computational details, we then discuss insertion of O atoms in the
bulk, before presenting results of the interactions of one vacancy
and one oxygen. We conclude the DFT part with the results on
multi-segregation of O atoms to a vacancy. Then, the effect of ox-
ygen potential on the clusters' concentration and finally the oxygen
concentration parametrization are discussed within the thermo-
dynamic model.

2. Computational details
2.1. First-principles approach

The present calculations were performed based on the density
functional theory (DFT) using VASP (Vienna ab initio simulation
package [19]). The generalised gradient approximations (PBE [20])
for the exchange and correlation functionals were used. Projector
augmented wave (PAW) pseudo-potentials [21] were used to
describe Ni and O atoms. The magnetic moments taken into ac-
count in all calculations are necessary to avoid errors, as nickel is

ferromagnetic. Large super-cells (3x 3x 3, i.e.,, 108 Ni atoms) were
used to compute converged energies and reduce image in-
teractions. The inter-atomic forces and the stress were relaxed. We
ensured that atomic forces are always smaller than 0.02 eV/A on the
O and Ni atoms. The plane-wave cut-off energy was set to 600 eV,
and 6x 6x 6 Monkhorst-Pack mesh grids [22] were used to sample
the Brillouin zone. These criteria are necessary to reach accurate
values in the case of the insertion of the O atoms and produced
segregation energies converged to within 5 meV. The vibrations of
atoms were evaluated by diagonalizing the dynamical matrix cor-
responding to the only degrees of freedom of oxygen (nickel atoms
were kept frozen and only O frequencies were computed). They
were computed on 3 x 3x 3 supercells, using a finite displacements
approach, where the relative displacements are fixed equal to 0.01.

Pseudo-potentials were tested and validated for the reference
states, fcc-Ni and O,. For nickel, we obtained a cohesive energy
equal to —4.88 eV/atom (for an experimental value equal to —4.44
eV/atom [23]), a lattice parameter (a,) equal to 3.52 A (3.52 A [23]),
and a magnetic moment equal to 0.62 ug (0.61, experimentally). For
0,, the dissociation energy is found to be equal to —3.41 eV/atom
(—2.60 eV/atom [23]) and the diatomic distance to 1.23 A (1.21 A
[24]). This discrepancy could induce mistakes in the segregation
energies calculated in the following. Atomic vibrations in O;
(1597 cm™ 1), computed using a frozen mode approximation taking
a relative displacement equal to 0.01, are in excellent agreement
with experimental data (1580 cm™! [24]).

2.2. Thermodynamic model

To take into account the interactions of the O atoms with defects
(vacancy) in a statistical approach, we employed a multi-scale
approach using DFT energies. In our approach, we considered that
point defects (vacancy, O atoms, clusters...) are in equilibrium
thermodynamically, related to their formation energies. The for-
mation energy of the defect (D) is thus defined as:

Hy[D] = #[D) ~ uINi-dny; — 3 wl0] 1o ()

where #[D] = E,[D] — E,[bulk] is the grand canonical energy of the
defect (free atoms, vacancy and clusters). The total energy of the
system with the point defect (E,[D]) and the perfect system
(Eo[bulk]) are the DFT values. u[X] corresponds to the chemical
potential of the specie X (nickel and oxygen), and dny is the dif-
ference of composition in X element between a system with and
without point defect. For a system, which contains one vacancy and
m O atoms, we have ény; and 6ng are equal to —1 and +m,
respectively.

In a grand canonical potential approximation, at the thermo-
dynamical equilibrium, we obtained different sets of equations for
clusters and interstitials sites. Here, we only considered low con-
centrations (C<1), the model is also equivalent to a LTE (Low

Table 1
Formation energies (Hy, in eV/atom) and frequencies (in meV and cm™!) of the O
atoms. In addition, experimental and theoretical values extracted to the literature.

Site Hy charge [0}

eV/atom e meV cm!
octahedral 0.46%/0.31°/-0.22¢ +0.8 51 418
tetrahedral 0.63%/0.47°/0.13¢ +0.8 68 549
substitution +1.46%/1.10°¢ +0.9 unstable

@ PBE functional, VASP present work.
> PW91 functional, VASP [18].
¢ LDA-PZ81 functional, VASP [26], corrected by the DFT formation energy of O5.
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Fig.1. Charge density difference when an O atom is in the octahedral position (a), in VO (b), VT; (c) and VO, (d) configurations. The scale goes from blue (negative) to red (positive);
red spheres indicate atom positions. The black ball represents the position of the vacancy. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

temperature expansion) approach as used in previous works [6].
For each type of cluster Y (O, VO, and V,0;) the concentration
(G[Y]) of the configuration j is given by:

H][Y]
GlY]= ;Y] exp| —— = (2)

where 7;[Y] represents the number of equivalent configurations of
the Y cluster of type j. To a first-order approximation, G[Y] is pro-
portional to the number of ways to form the cluster (9}().

The total concentration of monovacancies (Cr[V]), divacancies
(Ctot[V]) and oxygen concentration (Cyot[O]) are thus expressed by:

21 |
19 |
1.7 |
1.5
1.3
11
0.9
T o ——
0.5 I I I I

~]

P

Hy [VO] [eV]

T

d[A]

Ceot[V] = ch[len]

J
Crot[Va] = Y _G[VaXn] (3)
nj
Crot[0] = > 1G;[VinXy]
n,mgj

The equations are thus controlled by the temperature (T) and
the chemical potential of O (1[0]), or the total oxygen concentration
(Ctor[0]) in the metal.

2.3. Preliminary results

We first studied the solubility of O atoms in Ni. Formation

05 S m—

Eseg [O] [6V]

Fig. 2. Schematic evolution of the formation (H;[VO], left) and segregation (Ese[O], right) energies of the O-vacancy interactions.



Table 2

Formation and segregation energies (Hrand Egeg respectively, measured in eV/atom),
frequencies (w, in meV) of the O atoms around the vacancy (V). In addition, we give
the zero-point energy (ZPE, measured in meV), the vibrational formation energy
(Fyip, in meV) and the Bader's charge on O atoms.

dov Hf Eseg W ZPE Fvib e
S 0.00 1.427 —0.431 unstable — — +0.9
t 0.89 0.745 -1.138 37/37/39 56 +11 +0.9
oy 0.90 0.745 -1.138 28/32/32 45 0 +1.0
01 1.52 0.900 —0.980 16/56/56 64 +19 +1.0
t 2.98 1.730 —-0.150 48/53/54 78 +33 -
t3 3.65 1.947 0.067 - - - —
02 3.90 1.897 0.008 45/51/54 75 +30 -
03 5.28 1.876 —0.004 — - - —
0’3 5.28 1.888 0.009 - - - —
0+V; © 1.879 0 51/51/51 77 +32 +0.8
t+Vy © 2.051 0.172 68/68/68 102 +57 +0.8
Vi - 1.427 - - - - -

E [d] [eV]

0 0.5 1 1.5 2 2.5
d[V-O] [A]

Fig. 3. Schematic energies landscapes in the vacancy: dependence of the energy (E[d])
on the distance vacancy-oxygen (d, in A). The origin (in energy) is the substituted
position: along the vacancy-t; direction (V —t;), and the vacancy-o0;-0, direction
(V — 07). Energies were calculated fixing oxygen atoms in different positions, without
relaxation.

energies (Hf), where “0” means computed using the O, energy, i.e.
u[0] = u°[0] = E»[0,]/2) of the tetrahedral, octahedral and
substituted (s) sites are listed in Table 1. The charge transfer (using
Bader's analysis [25]) and the oxygen vibrations in nickel are also
given.

The most stable configuration is the octahedral site with a sol-
ubility energy equal to 0.46 eV. The t site is only 0.17 eV higher in

energy than the o site. The substituted site is significantly higher in
energy (= 1eV) than interstitial sites. This result is in satisfactory
agreement with earlier calculations, computed with different
functionals, i.e., GGA-PW91 [18] or LDA-PZ81 [26]. The LDA values
are sightly different from the one found using GGA functionals. We
must note that, although the LDA functional provides ostensibly
accurate values of vacancy formation energies at 0 K, it is well
established that the LDA is unsuitable to describe accurately the
properties of metals. Recently, Glensk et al. [27] have proposed an
explanation for the disagreement between experimental and
theoretical formation energies. They showed that, in Al and Cu, the
vacancy formation energy (EJ}“) varies with temperature: a low
temperature correctly calculated by DFT but difficult to measure
and a high temperature (in agreement with the experimental
result) value.

No direct comparison of the theoretical solubility energies
with experimental data is possible at this stage. In the literature,
different sets of experimental results can be found for mea-
surements done at high temperature (from 800 to 1400 °C). In
the first set of data, the oxygen concentration, reported by Sey-
bolt [15] and Alcock [16], increases when the temperature de-
creases. The second one was more recently reported by Park et al.
[14], and is considered by the community to be more accurate
than the first.

From early high temperature measurements, oxygen concen-
tration follows Sieverts' law [28]:

C[O] = exp <7AT§?> \/%exp( - ARI;;)> . (4)

Standard enthalpies (AH?) and entropies (AS?) of solution of
oxygen gas in fcc-Ni are reported in the experimental
literature: —182 kJ/mol (—1.89 eV) and —70 J/mol.K, respectively for
Park et al. and —244 kJ/mol (—2.53 eV) and —117 J/mol.K, respec-
tively for Seybolt and Alcock. Clearly, our calculated values are far
removed from the measured ones. At this stage, our model based on
oxygen only inside the interstitial sites seems to be unsuitable to
describe the physics. In the theoretical literature, we can find some
suggested explanation, comparing insertion energy (with atomic
oxygen as reference state) to try to understand the disagreement.
The main uncertainty is the value of the reference state (O, ), where
the DFT is wrong.

We also evaluated the zero-point-energy (ZPE) corrections for
oxygen inside the bulk, using the following expression: >~ ;aw;/2 (at
0 K). We obtained one frequency for O atoms, with a degeneracy of
three, equal to 418 and 549 cm™! (i.e., = 51 and 68 meV) for the
octa and tetra sites, respectively. From these frequencies, we
calculated the ZPE using following expression:

Fig. 4. Schematic of the different positions of O atoms in tetrahedral (right) and octahedral (left) positions inside the vacancy: O atoms are depicted in yellow, Ni in black and the
vacancy in brown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 3

Formation (H}’) and segregation (E*8) energies (in units of eV) of the V;0, clusters.
For the segregation energy, the number of the O atom removed is given in brackets.
In the case of multi-segregation in t; and o, sites, O atoms moved through o; sites,
we then do not compute the segregation energy. the number of equivalent config-
urations &;[VOp] are also listed.

m sites i config. Hy Eseg
— o 4 0.455 0
_ 8 0.628 +0.172
0 — 1.427 —
1 04 6 1 0.908 —0.980 (1)
oy 6 1 0.745 ~1.138 (1)
t 8 1 0.743 ~1.140 (1)
2 01 3 1,6 0.190 ~1.174(2)
12 1,2 0.458 —0.906(6)
oy 3 1,6 0.128 ~1.072(2)
12 1.2 0.457 —0.906(6)*
t 12 1,2 0.346 —0.852(2)
12 1,7 0.767 —0.431(7)
4 1.8 0.129 -
3 01 12 1-3 ~-0.194 —0.839(1)/-1.107(3)
8 1,24 —0.052 —0.697(4)
t1 24 1-3 0.963 -
24 1,2,8 —0.056 -
8 14,6 —0.047 —
4 01 3 1-3,6 —0.691 —0.952(6)
12 1-4 —-0.653 —0.915(4)/-1.057(3)
t 2 1,4,6,7 3.302 —
6 1-4 0.712 —
24 1,2,3,8 0.664 -
24 1,248 1.584 —
8 1,235 0.089 —
6 1278 0.638 -
5 01 6 1-5 -1.157 ~0.922(1)/-0.960(5)
t 24 1-5 0.198 —
24 1,3-6 2.077 -
8 1-3,58 0.152 —
6 01 1 1-6 —1.654 —0.952(6)
t 12 1-6 0.200 -
12 1-5,8 1.526 -
4 1,3-6,8 2.294 —
7 t1 8 1-7 0.226 -
8 t 1 1-8 4231 —

¢ The O atoms move through the o; configurations.

Table 4

Formation (Hy) and segregation (Esg) energies (in units of eV) of the V; O, according
to the number of O atoms (m < 8) in the cluster on o, sites. The number of equivalent

configurations (;[VOp]) are also reported.

Z{[VOm] Hy Eseq
7 8 —-1.647 —0.448
8 28 —1.768 -0.577
9 56 -1.957 —0.644
10 70 —2.144 —0.642
11 56 -2.395 ~0.706
12 28 —2.676 —-0.737
13 8 —-3.003 —0.783
14 1 ~3.372 —-0.824
1 - T T T - - -

O,, defects m

V,0,, defects X
0.5 VX, defects © 4

01 2 383 4 5

7 8 9 10 11 12 13 14 15
nb of m atoms in X,, VX, and V.

m

Fig. 6. Segregation energies of V,X;; clusters, according to the number of O atoms in

the clusters.

Fig. 5. Contour maps of the Ap electron density distribution for VOg. In black is depicted O atoms and in brown Ni atoms: in red (blue) are depicted the positive (negative)
contribution. Right figure represents the plot in the plane defined by the arrow in the left figure. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)



Table 5

Formation (Hy) and segregation (Eseg) energies (in units of eV) of the Op, clusters
according to the number of oxygens in the defect, O atoms are in octahedral sites.
The number of equivalent configurations (7[0y]) are also reported. The configura-
tion { corresponds to the first-nearest-neighbouring position (1nn), and { the 2nn.
We also report an additional clusters (labelled "compact”), where all O atoms are in
1nn configurations without a Ni atom inside the pyramid formed by oxygens.

m Z[0n] Hy Eseg

1 1 6 0.455 -

2 1, 61 3 0.741 -0.170
1, 27 12 0.653 -0.258

3 1-3 12 0.757 -0.351
1,2,4 8 0.660 —0.448

4 1-3,6 3 0.992 -0.124
1— 12 0.653 —0.463
Compact 6 0.685 -0.431

5 1-5 6 0.573 -0.536

6 1-6 1 1.060 0.032

. .1
ZPE = F,jp[Ni + O] — F,ip [Ni] — 5F,ip[0s] (5)
where F,;, are the vibrational contribution of the enthalpy energy.
In a first-order approximation, we neglect the influence of oxygen
on nickel vibrations, and the ZPE can be reduced to:

ZPE=hw|O in Ni]/2 — %hw[Oz} /2 (6)

where w[O in Ni] is the sum of O frequencies in the metal, and w[0,]
is the O, vibration. The ZPE for the octa and tetra sites are therefore
low = 77 and 102 meV, respectively. When we take into account
the ZPE of the O, molecule (equal to 45 meV) the correction at 0 K of
the formation energy is in fine low: 32 and 57 meV. In comparison,
in the case of the H atom [1], the ZPE represents 30% of the total
enthalpy energy.

For the substitutional site, the analysis of frequencies shows that
it is an unstable configuration (there are three imaginary fre-
quencies). These facts are in contradiction with the results of Gar-
ruchet [29]: when a O atom is put in a substitutional position, the
vacancy is partially restored to form a vacancy-oxygen pair, by a
displacement of the O atom from the substituted site to another
(see above).

To enlarge our DFT results, we also considered the dumbbell
configuration (with one O and one Ni atom) as suggested by Gar-
ruchet [29]. We found, that, after minimisation of forces, both
atoms regained their stable positions, i.e., the octahedral configu-
ration and the nickel site. We found that the dumbbell is not a
stable defect in nickel.

To conclude, we analyse the charges around atoms using Bader's
criteria [25]. In the metal, the charge transfer is in favour of the O
atoms, which become partially charged (+0.9 e). This result is
illustrated by the differential charge density distributions,
Ap = p(Ni+ O) — p(Ni) — p(0), plotted in Fig. 1(a). Only first nearest
neighbouring nickel atoms transfer a part of their charges on the O
atom, which should weaken their bonds. We clearly see a charge

-
<
n
T

1019

Concentrations
)
(o]

1071

-16
10, =
10

10
1010

105k /
Ctoct] E
C[O,]
C[V410,]

) [l

105F

C[V,0,]

1030 ey e [ e || R
10 10 10 10

Total oxygen concentration C;,[O]

E 407 10240 0% 10 10°

e ———
[ C[therm] -esssteses

G,[VO,]
C V50, ———

7

Lok 1 1 L 1
we o Wr 19
Total oxygen concentration C;,[O]

Fig. 7. Variation of the oxygen (left) and clusters (right) concentration as a function of the total oxygen concentration Ce,[0] at 300, 600 and 1500 K in each type of clusters Oy, VO,
and V,0,,. Dot dashed lines represent the results calculated with the experimental value (1.73 eV) of the vacancy formation energy instead the DFT value (1.43 eV).



transfer from both the surrounded nickel and the O atoms to the
space between them, which proves a covalent nature of chemical
bonding.

3. Analysis of oxygen-vacancy interactions

To analyse the vacancy-oxygen interactions, we first consider
the formation and segregation energies according to the O-vacancy
distance (dgy ). Fig. 2 show the change in these energies with dgy. In
Table 2, we list the formation energies (Hy) and the segregation
energies (Eseg) and the O frequencies. The segregation energy given
by the equilibrium:

VOy_1 + Oocta =VOn (7)
is expressed by:

Eseg[VOn] = Eo[(m — 1)Ni + Oy] + Eo[mNi] — Eo[(m — 1)Ni
+ On,]} - Eo [le + Oocta] (8)

where E, [pNi + X] is the DFT value of the super-cell containing p Ni
atoms and a cluster/atom X. Eseg corresponds to the energy gained/
lost when an O atom is trapped by an existing VO,,_1 cluster from an
octahedral position. Within the PBE functional, the formation en-
ergy of the vacancy is equal to 1.43 eV, in agreement with the
literature, a value slightly higher than the one obtained using the
PWO91 functional (1.40 eV, see Refs. [1,18]), but which should better
match the low temperature value of the formation energy, as
suggested by results of Glensk et al. [27]. As explained above, at
high temperatures, we will consider in the following the experi-
mental value (1.7 eV).

When an O atom is located inside the monovacancy, its energy
decreases significantly. Its segregation energy is thus large,
approximately —1.1 eV, and the vacancy is partially restored: the O
atoms move from the nickel site through an intermediate position,
neither tetrahedral, nor octahedral. The ZPE in these cases (see
Table 2) is always low and is, in the following, neglected. We find
that the stable configuration for one oxygen in a vacancy is twice:
the “tetrahedral” site (see Fig. 4) and a site located (labeled o,)
between the vacancy and the “true” octahedral site (labeled o).
The octahedral position (07) corresponds to a local minimum, as
already observed by Fang et al. [26]. To illustrate in detail this result,
the energy landscapes were plotted in Fig. 3 between the t; (01) site
and the substitution site. The t; and o, configurations are stable.
From results presented in Fig. 2, we also note that, in the vicinity of
the vacancy, the energy converges quickly with that of bulk
behavior. Beyond the third-nearest position, O atoms and vacancies
interact only slightly.

The charge transfer is always in favor of the O atom: the O atoms
are slightly charged (=+1e™) in the vacancy, as illustrated on the
contour maps plotted in Fig. 1 b, c and d. This suggests a strong
interaction between the “surface” of the vacancy and O atom.

4. Formation of VO,, clusters
4.1. Inside the vacancy

We have shown in the previous section that the segregation of
one O atom in the vacancy is strong, up to —1 eV. We now
investigate multi-oxygen segregation in the vacancy. Non-
equivalent configurations of VO, were studied in detail
(restricting in first neighbour shell of the vacancy), including o,,
t; and o; sites, see Fig. 4. The formation energies and corre-
sponding segregation energies were all computed. These for-
mation energies are then used next in the thermodynamical

formalism to compute VO, concentrations. The energy values are
summarised in Table 3.

The most striking result is the favourable energetics of trapping
multiple O atoms in a vacancy, as already observed in the case of
other interstitials elements in metals (Ni, Fe, Pd, W, Al ...)
[1,4,6,30—33]. DFT results show that up to six O atoms can segre-
gate inside a vacancy. In these configurations, only octahedral o4
sites are occupied. The segregation energy thus is nearly constant,
approximately —0.95 eV, independently of the number of O atoms
in the sites. These configurations are all stable (no imaginary fre-
quencies). We also found that the o, sites should be filled only for
small O contents. Beyond three oxygens in a vacancy, O atoms move
to the o4 sites, which can be explained by the O-O repulsion. In the
case of the tetrahedral configurations, apart the VOg cluster which
has a large formation energy, most of O atoms in t; move to the 0
sites. These configurations are thus unstable, even in the case of
VO,. Indeed, when two O atoms are too close (as in multi-t; con-
figurations), it is not possible to form O-O bonds inside one vacancy,
atoms are always repelled, due to the charge around oxygen. The
mean O-O distance is then significantly larger than in the O,
molecules.

VO,, fraction
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Fig. 8. Distribution of VO,, clusters at 300, 600 and 1500 K (bottom to top). Dot dashed
lines are the results calculated with the experimental value of the vacancy formation
energy.



Finally, the nature of the chemical bond in VOg was examined by
plotting the electron density distribution maps (see Fig. 5). We note
a charge transfer from the p states of the first-nearest neighbouring
Ni atoms to the p and d states of O and Ni atoms, respectively
(confirmed by the electronic density of states, not shown here). One
part of the charge density is in direction of the vacancy, as already
observed in Fig. 1. The VOg defect is stable, all O atoms interacting
with their nearest Ni atoms to form bonds.

4.2. Segregation around the vacancy

Here all o, sites in first-nearest neighbour shell of the vacancy
are already filled and second nearest neighbour segregation around
the vacancy was then studied. O atoms were then progressively
added to o, sites. To simplify, we only considered one configuration
for each m, where m is greater than seven (only octahedral sites
were considered). Interactions between the O atoms in o, sites
where ignored as the distance between these positions are large
enough. The energies of VO, are given in Table 4.

In the preliminary section, we showed that the o, sites have a
higher energy than the o; site (A= 1 eV). We now find that when
all oq sites are already fully filled, o, sites became energetically
favoured. The segregation energy is nearly constant, = — 0.6/ — 0.8
eV, but significantly smaller than the segregation in first-nearest
position in the vacancy. These results suggest that vacancies
could be considered as an ideal place for the nucleation of oxides
when O concentrations is high, and that clusters of large sizes (n>
6) should be not necessarily thermodynamic favoured in compar-
ison with small.
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5. Formation of V,0,, clusters

We then considered some clusters composed with two va-
cancies V50, where O atoms are only placed in octahedral sites.
We limited our study to the case where m is smaller than 3. Since
2NN divacancy (Hy = 2.93 eV) is less stable than 1NN (H; = 2.80
eV), only segregation inside 1NN divacancies is presented, even if
some tests were conducted in the case of 2NN for information.
These results on empty divacancies are in agreement with previous
works, see Ref. [18] and cited references. All configurations for
m = 1 and 2 were considered in the first-neighbouring of the
divacancy. Results are depicted in Fig. 6.

The segregation energy of O atoms in 1NN is high: it is in the
range of [-1.6;—1.1] eV in V; and [-1.5;-0.5] eV in V;0. In com-
parison with the value obtained in the case of mono-vacancy, the
gain is greater. This will increase significantly the number of diva-
cancies in the metal.

6. Formation of O,, clusters

The last type of clusters considered are the O;,. We restrict to the
cases where O atoms are only located in the octahedral sites. We
considered the same configurations are as for VO, clusters, without
the vacancy. DFT energies are given in Table 5 and included in Fig. 6.

We show that O atoms could also form Oy, clusters. The first-
nearest neighbours interaction (configuration labelled +{ in
Table 5) is attractive (—0.26 eV) but significantly smaller than when
there is a vacancy (—1.1 eV). We also note that, up to 5 atoms, the
segregation energies become negative, but not with 6 O atoms, the
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Fig. 9. Concentration of VO,, and V,0,, clusters and for each m value as a function of T, where O atoms are in the vacancy.



cluster remains less stable. An energetic model, based on lower
clusters, can not explain this result. From a statistical point of view,
we will see that large Oy, clusters, do not exists in the metal, others
non compact clusters can thus be neglected.

7. Stability of defect content

We now used all these DFT energies in the statistical equations
to compute the concentration of each type of defect according to
the temperature. For a given oxygen chemical potential (1[0]) there
is only one value of Cyo¢[O], results are also presented as a function of
the O concentration (Cr[0]) in the metal. The effect of the vacancy
formation energy is investigated.

Fig. 7 shows the numerical results, for three temperatures (300,
600 and 1500 K), of the oxygen concentration in the each type of
clusters and the concentration of clusters. We identify two ranges
of results according to T: at low temperatures, a small content of
oxygen would strongly modify the cluster concentrations, and at
high temperatures, the effect is reduced.

We can use experimental data for oxygen concentration. Above
1100 K, the oxygen concentration is between 200 and 500 appm of
O atoms (see Ref. [17]). Our results predict first the total vacancy
concentration C[V] is approximately 1-2 times larger than
without oxygen, see thermal equilibrium concentration of vacancy,
C,[therm]in Fig. 7. In these temperatures and oxygen concentrations
ranges oxygens are mainly located in clusters VO,;, which are
composed with only one and two oxygens, see Fig. 8 on top. The
changing of the value of the vacancy formation energy only

Concentrations
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Total oxygen concentration C,,[O]

qualitatively modifies our result (one order of magnitude). Larger
clusters (VOyp, n> 3) are filled at only very high O content (beyond
1072). One find that Oy, clusters have significant lower concentra-
tions than other clusters, see Fig. 10, except the free O atom, O;.
Finally, the concentration in divacancies are also increased, but
their concentrations retains lower than VO, clusters (Fig. 9).

At lower temperature, experimental data are missing: the
equilibrium state is difficult to attain, and measured concentrations
are low (< ppm). If we apply Sieverts' law (using for instance the
Park-Altstetter parameters), one should have 2.10~-'! and 1076 O
concentrations (in the limit of solubility) in the metal at 300 and
600 K, respectively. We see that, even for these low values, the
impact on vacancy concentration is huge (see Fig. 7), and the total
vacancy concentration (Ce[V]) is controlled by the cluster con-
centrations. At ambient temperatures, as the majority of O atoms
should be located inside clusters, (the main defect is VOg, see Fig. 8)
one should have quantitatively the same order of magnitude of
clusters and oxygen. Co¢[V] is also much larger than that of oxygen-
free thermal vacancies: the total vacancy concentration is seen to
be 12 orders of magnitude larger than expected (102> at 300 K). The
vacancy concentration is then six times lower than oxygen con-
centration. O, V20, and VO; (where [ greater than 7) clusters do
not change the results (see Figs. 9 and 10). Large mono vacancies
are not promoted due to their lower segregation energies. Con-
cerning the divacancies with oxygen, they always have strong
concentrations in comparison to the empty ones, which have too
low concentrations, whatever the temperature. At high tempera-
ture (beyond 1200 K) in the range of experimental oxygen
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Fig. 10. Concentration of O,;, and VO,, (m < 8) clusters and for each m value as a function of T.



concentrations, V,0 and V,0; have non negligible concentrations
in comparison to VO,;. We can expect that they play a role in the
diffusion mechanisms of oxygen.

8. Conclusion

We presented a multi-scale modelling of oxygen solubility in
nickel, including vacancy-oxygens clusters. DFT configurations and
energies of clusters (O, Vi and V20,,,) are then used in a statistical
model to compute the cluster concentrations. We show that from
an energetic point of view, O atoms interact strongly with the
mono-vacancies, with a segregation energy equal to approximately
1 eV. The cluster is composed of a vacancy that can be filled up to a
total of six oxygens in the octahedral positions. Without vacancy,
the compact Oy, clusters are also stable but with a segregation
energy smaller than for clusters with vacancies. Clusters composed
of divacancies have also large segregation energies.

Using a statistical approach, we computed the oxygen and va-
cancy concentrations taking into account the clusters' formation.
We show that the clusterization effects are relevant at low tem-
perature (up to 600 K): the strong oxygen-vacancy interactions
induce the formation of large numbers of clusters, and therefore, a
large content of vacancies. For oxygen concentrations in the range
of ppm at., the vacancy concentration is huge with respect to the
temperature. Most of the O atoms form clusters and the total
amount of clusters is of the same order of magnitude as the O
concentration. At high temperatures (above 1200 K), the effect
becomes negligible. The nature of the type of defects where the
oxygen is found in the metal changes according to the oxygen
concentration and the temperature. One can thus expect that the
entropy of solubility can be modified according to the experimental
conditions.
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