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Oxidation corrosion of steels usually occurs in contact with the oxygen-contained environment, which is accelerated
by high oxygen concentration and irradiation. The oxidation mechanism of steels is investigated by the adsorption/solution
of oxygen atoms on/under body-centered-cubic (bcc) iron surfaces, and diffusion of oxygen atoms on the surface and in
the near-surface region. Energetic results indicate that oxygen atoms prefer to adsorb at hollow and long-bridge positions
on the Fe(100) and (110) surfaces, respectively. As the coverage of oxygen atoms increases, oxygen atoms would repel
each other and gradually dissolve in the near-surface and bulk region. As vacancies exist, oxygen atoms are attracted by
vacancies, especially in the near-surface and bulk region. Dynamic results indicate that the diffusion of O atoms on surfaces
is easier than that into near-surface, which is affected by oxygen coverage and vacancies. Moreover, the effects of oxygen
concentration and irradiation on oxygen density in the near-surface and bulk region are estimated by the McLean’s model
with a simple hypothesis.

Keywords: oxidation corrosion, oxygen concentration, irradiation defects, bcc-Fe surfaces, first-principles

study
PACS: 68.43.Bc, 73.20.Hb, 28.52.Fa

1. Introduction

Oxidation corrosion is an important problem for steels
operating in oxygen-contained environments. It becomes se-
vere when the steels as structural materials are in contact with
coolant with high oxygen concentration and irradiation envi-
ronments in nuclear reactors. The severe corrosion can lead to
rapid growth in the oxidation layer on the surface of structural
materials. The increased oxidation layer not only significantly
reduces the heat conduction of structural materials but also in-
creases the lockage risk of the coolant loop due to the spalling
of oxidation. Therefore, it is necessary to understand how the
oxidation layer is formed and which factors affect the growth
of the oxidation layer on the iron (Fe)-based structural materi-
als.

The oxidation layer on the Fe-based structural materials
is usually composed of the outer oxide layer (Fe304) and the
inner oxide layer ((Fe, Cr)304),12! as in contact with the
oxygen-contained environment from experimental research.
An available space model was proposed to explain the forma-
tion mechanism of the oxide layer on the surface of Fe-based
structural materials in oxygen-contained environments.[!*! In
this model, Fe atoms go out and combine with oxygen atoms
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outside forming the outer oxidation layer, Fe304, meanwhile,
leaving enough space for oxygen atoms coming into the
bulk-forming inner oxidation layer (Fe, Cr)3O4. The growth
rate of the oxidation layer depends on the migration rate of
cations in the oxidation layer and the oxygen concentration
at the interface,®! which depends on temperature,!*-¢ oxygen
concentration*>78! and irradiation dose.[>'" Yeliseyeval!
revealed that the corrosion rates for T91 and AISI 316L steels
increase with increasing temperature. Gorynin!”! found that
the concentration of oxygen in liquid metals (lead or lead-
bismuth eutectic, LBE) determines the corrosion of steels.
High oxygen concentration (> 10~%%) leads to oxidation cor-
rosion, which is accelerated rapidly with increasing oxygen
concentration, although low oxygen concentration (10~'9%—
10’8%) results in dissolution corrosion. Frazer!®! found that
passive oxide structures grow on the ferritic/martensitic steel
HT9 in contact with oxygen-contained LBE while being ir-
radiated, even the oxidation layer is greatly increased by the
irradiation and spall off the surface. Meanwhile, irradiation
not only affects the thickness of the oxidation layer but also
changes the structure of the oxidation layer.['” However, the
micro-pictures of oxygen atoms adsorbing on the surfaces and
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migrating into the bulk in high oxygen concentration and irra-
diation environments cannot be observed by these experiments
at the initial oxidation stage.

Some theoretical simulations have been investigated to
explore the formation of oxidation,!''~!7! such as adsorp-
tion properties of oxygen on the body-centered-cubic (bcc)-
Fe surfaces and the solution and diffusion of oxygen in bcc-
Fe bulk. Based on density functional theory, people found
that oxygen molecules (0?) dissociate firstly, then energeti-
cally adsorb at the hollow position on the Fe(100) and long-
bridge position on Fe(110) surface. The adsorption depends
on the coverage of oxygen atoms and alloying atoms on the
surfaces.!!41819] In the bulk, oxygen atoms prefer to solute at
octahedral interstitial sites (OCT) of the Fe lattice!'>%1 and
diffuse quickly to the next OCT site with the energy barrier
of 0.54 eV.['7l However, they are easily trapped by vacancy
defects and grain boundaries, which also slow down the dif-
fusion of oxygen.?*~2? Besides, the effects of alloying atoms
on the solution and diffusion of oxygen are also explored in
Fe-based alloys.[>!23] The bond order analysis potential of the
Fe—O system has been proposed to reproduce the fundamental
properties of the Wustite and the energetics of oxygen atoms

[24] However, little literature has clarified the micro-

in oc-iron.
picture of the oxidation process at the initial stage: how oxy-
gen atoms migrate and dissolve in the near-surface region af-
ter adsorption on the surfaces, and how the oxygen concentra-
tion and irradiation affect the solution and migration of oxygen
atoms?

In this paper, we aim to acquire the mechanism of oxida-
tion corrosion by focusing on the adsorption/solution proper-
ties of oxygen atoms on/under the Fe(100) and Fe(110) sur-
faces as well as their dependences on oxygen coverage and
irradiation defects, and the migration properties of oxygen
atoms. Firstly, the basic properties of clean surfaces, such as
their surface energies, electronic work function and magnetic
moments are investigated by the first-principles calculations to
make sure the reasonable models and parameters are used in
this work. Then, the adsorption properties of oxygen atoms on
Fe surfaces are explored by the adsorption energies of O atoms
at the most stable positions on Fe(100) and Fe(110) surfaces
with different coverage. The insight into the local structure is
explored by the charge density difference and the electronic
local density of states at the atomic level. In addition, the in-
fluence of oxygen concentration and vacancy defects on the
solution and migration of oxygen atoms are studied to derive
the micro-picture of oxidation corrosion of Fe surfaces. Fi-
nally, the effects of oxygen concentration and vacancy on the
oxidation corrosion of Fe surfaces are further discussed in con-

tact with oxygen-contained environment and irradiation.

2. Model and method
2.1. Computational details

All calculations presented here have been performed us-
ing the density functional theory (DFT) implemented in the

).[25:26] The gen-

Vienna ab-initio simulation package (VASP
eralized gradient approximation (GGA) with the exchange—
correlation energy of Perdew—Burke-Ernzerhof (PBE) is

[27] The interaction between ions and electrons is rep-

adopted.
resented by the projector augmented wave (PAW) potentials
method with the 3d74s! electrons treated as valence electrons
for Fe atoms.[?8301 As a result of the convergence tests, the
cutoff energy of 500 eV is used to expand the electronic wave
functions, and the first order Methfessel-Paxton method with
the Fermi surface smearing of 0.20 eV is adopted to acceler-
ate the convergence. The spin polarization of Fe is performed
because of its magnetic properties. With the k-point mesh of
12x12 x 12, the lattice constant of the body-centered-cubic
iron (bcc-Fe) is optimized to be 2.831 A, which is consistent
with experimental data and other DFT calculations.3!-33]

The two clean surfaces of bce-Fe with low index (100)
and (110) are modeled by the optimized unit lattice with a
15 A vacuum layer between the periodic slabs in [001] and
[110] directions, respectively. As shown in Fig. 1, the Fe(100)
and Fe(110) surfaces consist of a 3 x 3 unit cell with 9 atomic
layers. A k-point mesh of 5 x 5 x 1 is generated automati-
cally using the Monkhorst—Pack method.**! The bottom three
layers in dashed squares are fixed as bulk in Figs. 1(a) and
1(b), and the rest layers are fully relaxed to mimic Fe(100) and
Fe(110) surfaces until the force convergence of 0.01 eV/ A.

The O atoms adsorbed surfaces are constructed based on
the optimized clean surfaces with oxygen atoms at different
high-symmetric sites to determine the lowest energy configu-
ration. As labeled in Fig. 1, hollow (H), bridge (B) and top
(T) positions are considered on the Fe(100) surface, and long-
bridge (LB), short-bridge (SB) and top (T) sites are consid-
ered on the Fe(110) surface. The configuration with the low-
est energy is chosen as the most stable one and then utilized
to analyze the adsorption/solution properties of oxygen atoms
on/under the two surfaces. For investigating the coverage (0)
dependence of the adsorption/solution properties, the stable
configurations are initiated by adding a different number of
adatoms on the surfaces, corresponding 6 from 0 to 1. For
example, one adatom and nine adatoms on the 3 x 3 unit cell
(surface atoms as shown in Fig. 1) correspond to the mono-
layer coverage of 1/9 and 1, respectively. The k-points and
cutoff energy are tested until the deviation of total energies for
the systems is within 0.05 eV.
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Fig. 1. The side view of Fe(100) surface (a), and Fe(110) surface (b),
and the overview of Fe(100) (c) and Fe(110) (d), respectively. Orange
dashed squares labeled B represent relaxed surface, while labeled B’
represent bottom surface with fixed layers, and the middle cyan region
labeled A is the bulk-like region. The blue balls are surface Fe atoms,
and the gray balls are Fe atoms at sub-layers. Yellow dashed circles
represent the high-symmetric positions for adatoms on a different sur-
face, such as hollow (H), bridge (B) and top (T) on the (100) surface,
and long-bridge (LB) and short-bride (SB) on the (110) surface. The
numbers 1, 2, 3, ..., 8 represent other H positions on the (100) surface,
LB on the (110) surface.

2.2. Analysis technology

The surface energy of the model with different atomic
layers is firstly investigated to avoid the periodic effect of the
surface for assuring the reliability of the model. The surface
energy Ej is defined as!3>-3%

Es = (Egab — nEvuk) /24, (1)

where Egy is the total energy of the clean surface slab, n and
Eyuik are the number of Fe atoms and the energy of each Fe
atom in bulk. Meanwhile, the relaxation of the distance d;;
between two subsequent i, j layers is defined as the following
equation to double-check the structure properties: 1238401

Ajj=(dij—d)/d, )

where d is an interplanar spacing in the bulk. The positive
sign A;; means expansion, while a negative value means con-
traction.

Oxygen atoms have to be adsorbed on the Fe surfaces
and penetrate the bulk, as oxidation happens. To character-
ize the capability of oxygen atoms adsorbing/solving on/under

the surfaces, we define the adsorption energies/solution ener-
gies of oxygen atoms on/under the surfaces as the following

equation: (41—

n
Erd st = iy — Baao — 5%, 3)

where E;’(g and Ejyp, are the total energies of the slab with and
without n adatoms, respectively. E©2 is the energy of an O,
molecule in the gas phase. According to the definition, a neg-
ative E;’g represents that the adsorption of oxygen atoms is
exothermic and occurs spontaneously, while a positive value
indicates an endothermic process.

To describe the interactions between oxygen atoms, the

binding energy of n oxygen atoms EJ'0 is defined as"!

~10
Efy = Es(lzb 04 EQu — (Efgh + Esiab) “4)

where Es(l';gl)o, E"0 and EQ, are the total energy of slab with

(n—1), n and one oxygen atom, respectively. Similarly, the
interaction between vacancy (v) and O atoms is described by

the binding energy Ey." o
Et\),iJr:O = ;/lab + Es(l)ab - (Esvl;rbo +Eslab); (5)

where E;’Jbo is the total energies of the slab with a vacancy
and an adsorbing O atom and Ey,, is the total energies of the
slab with a vacancy. According to the definition, a positive
E{)’g /Et‘)’;l;O represents the attraction between O atoms or be-
tween vacancy and O atom, while a negative value indicates
rejections between them.

3. Results and discussion
3.1. Basic properties of clean Fe(100) and (110) surfaces

The surface energies of the models with different layers
and unit cells are firstly explored and shown in Table 1 to
check the reliability of models. The surface energy is almost
constant as the model expands in surface and layer, indicating
that a surface model of 3 x 3 supercell and 9 atomic layers is
sufficient and economic in the study. According to Eq. (1), the
surface energies calculated for Fe(100) and Fe(110) surfaces
are 2.49 J/m? and 2.41 J/m?, respectively. Those results are in
very good agreement with experimental data and other theoret-
ical results, such as 2.48 J/m? 3951 of Fe(100), 2.43 J/m?2[38->1]
of Fe(110). The work function defined as the difference be-
tween the electrostatic potential energy in vacuum zone and
the Fermi level are calculated to be 3.86 eV for Fe(100) sur-
face and 4.75 eV for Fe(110) surface, respectively, which
show a good agreement with previous results (3.90 eV[12>1]
for Fe(100), 4.77 eV!12:383152] for Fe(110)). The magnetic
moments of Fe atoms on Fe(100) and Fe(110) surfaces are
2.96 up and 2.60 ug, which are also consistent with our pre-
vious results (2.95 pg 18394251 for Fe(100), 2.59 ug!!>38311
for Fe(110)). These results indicate that our models are rea-
sonable and calculations are credible.
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Table 1. Convergence of surface energy Es and magnetic moments of
Fe atoms for Fe(100) and Fe(110) surface.

Surface cell Es (eV) Mag. (up)
3 x3x5(100) 2.44 2.96
3 x3x7(100) 2.46 2.96
3 x3x9(100) 2.49 2.96
3x3x 11 (100) 2.49 2.96
4x4x9(100) 2.48 2.96
3x3x5(110) 2.43 2.59
3%3x7(110) 2.42 2.59
3%3x9(110) 2.41 2.59
3x2x9(110) 2.41 2.60
3%x2x 11 (110) 241 257

Figure 2 shows the relaxation of the interplanar distance
of Fe(100) and Fe(110) surfaces with and without fixed atoms
on the bottom three layers according to Eq. (2). In the mod-
els of Fe(100) and (110) surfaces, the interplanar distances dus
and dsg in zone-A tend to be 0, which indicates that zone-A is
the bulk-like region in the model. The di», d>3 and d34 in the
near up-surface region (zone-B) show similar behavior for the
surfaces with and without fixed atoms on the bottom three lay-
ers, although dg7, d73 and dgg for the near down-surfaces show
the visible difference. These results indicate that the surface
models with fixed bottom three layers can be economically
used in the following studies to investigate the interactions be-
tween oxygen atoms and surfaces. On the Fe(100) surface, the
interplanar distance d;, decrease by 1.73%, while d»>3 and d34
increase by 3.46% and 0.78% respectively, compared with the
bulk. On the Fe(110) surface, dj» and d»3 expand by 0.16%
and 0.83%, respectively. They are in good agreement with

other calculations and experimental results. [12-38-31,53]
4 T T T T T T T
-/A- 100 A
3r —@—-100_Fix A 1
-/A- 110 S
2 —®—110_Fix

Relaxation A;; (%)
J

0
k-

1

1 1

~1t ! !
1 1

1 1

_ob ! Zone-A !
1 1

1 2 3 4 5 6 7 8 9
Layer

Fig. 2. The relaxation of the interplanar distance for the clean Fe (100)
and (110) surfaces. The red and blue solid circles show the relaxation
of the interplanar distance for the surfaces with fixed bottom three lay-
ers, while the red and blue hollow triangles indicate the relaxation of
the interplanar distance for the fully relaxed surfaces. The black solid
lines show the relaxation of the layer spacing relative to the bulk. Zone-
A, zone-B and zone-B’ represent bulk-like region and surface regions.
Respectively, as shown in Figs. 1(a) and 1(b).

3.2. Adsorption properties of oxygen atoms on Fe surfaces

The adsorption energies of O atoms at different highly
symmetric positions on these two surfaces can be calculated
by Eq. (3) to investigate the adsorption properties. The results

shown in Table 2 indicate that all the E;"g are negative and O
atoms can be easily adsorbed on the Fe surfaces. Meanwhile,
the adsorption energies E;g; at H position on Fe(100) and LB
position on Fe(110) are the lowest, indicating that H and LB
positions are the most stable positions for O atoms. Therefore,
the O atoms are placed at the H positions on Fe(100) and the
LB positions on Fe(110) as a priority in subsequent studies.
Furthermore, the Eidos on the Fe(100) is slightly less than that

on Fe(110), which implies that the adsorption of O atoms on
Fe(100) has a little priority over on Fe(110) surface.

Table 2. Adsorption energy of one O atom (E!Q in eV) at different

ads

high-symmetric sites on the clean Fe(100) and Fe(110) surfaces.

Position E;g; €eV) Position Eal(g €eV)
H(100) -4.03 LB(110) -3.98
B(100) -3.42 SB(110) -3.52
T(100) -2.67 T(110) -2.15

The surface dependence of the adsorption of O atoms on
Fe surfaces is further investigated by the charge density dif-
ference at the interface between O atoms and Fe surfaces ac-
cording to previous investigations.!!'>3#! The charge density
difference (Ap), is defined by the total charge of the slab with
an adatom subtracted by the total charge of the slab and the
adatom. Negative Ap represents that local electrons are de-
pleted, and positive Ap means that local electrons are accu-
mulated. Figure 3 shows the Ap distributions around O atoms
on the Fe(100) and Fe(110) surfaces both in the side and top
views, respectively. It is noticed that there are substantial rear-
rangements of electrons around the adsorbed O atoms and Fe
atoms on the two surfaces. The Ap values around O atoms are
positive, indicating the electrons around Fe atoms are trans-
ferred to the O atoms on the surface. On the Fe(100) surface,
the adsorbed O atoms accumulate more electrons than those
on the Fe(110) surface. The charge depletion is also checked

33.36] Relative to the 6 valence

based on the Bader’s theory.!
electrons for O atoms (2s”p*), they accumulate 1.34¢ and
1.16¢ within their Bader volume on the Fe(100) and Fe(110)
surfaces, respectively. The transferred charges from Fe atoms
to O atoms on the surface are greater than 0.83e¢ as in bulk
bee-Fe. These results indicate that the interaction between O
and Fe atoms on the Fe(100) surface is stronger than on the
Fe(110) surface, and the ionic character of Fe—O interaction
on the surfaces is stronger than that in the bulk. The ionic
character is further investigated by the density of state analysis
of O atoms and their adjacent Fe atoms on the two surfaces as
shown in Figs. 3(c) and 3(f). The electronic density of p-state
for O atoms exhibits sharp peaks with narrow energy range,
indicating that localized character of the electronic density of
O-2p orbitals, and O-2p and Fe-3d orbitals show weak hy-
bridization. Meanwhile, the charge transfer of Fe atoms under
the Fe(100) is affected by the adsorbed O atoms more severely
than that below the Fe(110) surface.
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(a) Fe(100) top view

© 0 0 O

(d) Fe(110) top view

(b) Fe(100) side view
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Fig. 3. Charge density difference of an O atom at H position on Fe (100) in top view (a) and side view (b), and at LB position on Fe(110) in
top view (d), and side view (e) and the electronic local density of states (LDOS) of an O atom at H position on Fe (100) (c) and at LB position
on Fe(110) (f). Yellow and blue colors refer to electron accumulation and depletion zones, respectively. Brown and red balls are labeled as Fe
and O atoms, respectively. The iso-surface of charge density is 0.008 ¢/ Bohr?. Positive/negative values of LDOS represent majority/minority

spin states, respectively. The vertical dash line marks Fermi level.

Table 3. The lowest adsorption energies of the last O atom (E, 12st0y and the n O atoms with the most stable configurations (E:gg) on the Fe(100) and

ads

Fe(110) surfaces with different coverage, and the number of O atoms in the first nearest neighbors (1NN) and second nearest neighbors (2NN) on

the two surfaces with different.

0 Config. (100) Eqgs INN 2NN 0 Config. (110) Eqgs INN 2NN
0/9 H -4.03 0 0 0/9 LB -3.96 0 0
1/9 H1 -3.99 0 1 1/9 LB3 -3.90 0 1
2/9 H18 -3.91 0 3 2/9 LB36 -3.72 0 3
3/9 H186 -3.80 2 4 3/9 LB362 -3.10 2 4
4/9 H1862 -3.78 4 6 4/9 LB3628 -3.02 4 6
5/9 H18625 -3.80 6 9 5/9 LB36285 -2.37 7 8
6/9 H186254 —2.88 10 11 6/9 LB362851 -2.21 10 11
7/9 H1862547 -2.92 14 14 7/9 LB3628517 -1.84 14 14
8/9 H18625473 -3.00 18 18 8/9 LB36285174 -1.85 18 18
9/9 H18625473B -0.62 - - 9/9 LB3628517T 1.56 - -

Coverage dependence of oxygen atoms adsorbing on Fe
surfaces is further investigated since more and more oxygen
atoms would be adsorbed on the Fe surfaces as in contact with
oxygen-contained environments. Firstly, the most stable con-
figurations of O atoms with the lowest E;’gg values shown in
Table 3 are selected from a large number of calculated E;"g
of O atoms on the Fe surfaces with different configurations
and coverages. As shown in Fig. 4, the lowest E:C?S values of
n O atoms on the Fe(100) and Fe(110) surfaces generally de-
crease with the increase in the coverage, indicating that the
adsorption of n O atoms occurs automatically. However, the
E;?lito of last one O atom increases, as the coverage of O atoms
increases, indicating the repulsion between the adsorbing O
atom and pre-adsorbed O atoms. On the Fe(100) surface, the
E;’:‘fsto value increases slightly as the coverage increases from 0
to 5/9, then suddenly increases significantly (from —3.80 eV to
—2.88 eV) at coverage of 0.67. When all the hollow positions

are occupied by O atoms (6 = 1), an adsorbed O atom has
to stay at the bridge position with E;?fsto of —0.62 eV, which
is greater than the solution energy of an O atom in bulk. On
the Fe(110) surface, the E") and E!*'© show a similar trend
as those on the Fe(100) surface, however, the E?lféssto increases
quickly even at the low coverage of 0.33, and reaches 1.56 eV
at O coverage of 1. This indicates that the coverage depen-
dence of adsorption on the Fe(110) surface is stronger than
that on the Fe(100) surface. Meanwhile, the binding energies
of the last adsorbed O atom to the other adsorbed O atoms are
calculated by Eq. (4) and shown in Fig. 4. They are generally
negative, indicating that O atoms repel each other. The E{,'i(g
of two O atoms are very small on both Fe(100) and (110) sur-
faces, such as —0.03 eV on the Fe(100) surface, and —0.06 eV
on Fe(110) surface, indicating that the weak repulsion between
two O atoms on the surfaces with low coverage. However,

the Egg decrease quickly at high coverage, indicating that
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the higher the coverage of O atoms, the severer repulsion be-
tween O atoms. Moreover, the repulsion between O atoms on
Fe(110) surface is generally greater than that on Fe(100) sur-
face, because Fe(110) surface is closer than Fe(100) surface.

T T T T T — 2
0f(a) --0--0O on Fe(100) U
--0-- O on Fe(110)
| / 0 I«
< —10 ® ! e E
L ™ S q=1 2
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N ,.Q" 05 &)
—30} Lo e 13
E::a:-’@/ -o--0--@ L ) 4
O[(b) ®-@-0--0-0
=1 BE e--e-e
—~ 1. '\‘
Z =2t G"E——‘.‘
2z —3f |
N 41 --@-0 on Fe(100)
5 --E3--O on Fe(110)
A
0 0.2 04 06 08 1.0

0

Fig. 4. (a) Adsorption energies (E;g) of O atoms and (b) binding energies

(E{,‘i(rf) of O atoms on the (100) and (110) surfaces with different coverage.
The green solid circles and open squares in (a) indicate the adsorption ener-

gies (E;fﬂ‘o) of the last adsorbed O, corresponding to the right scale.

The quick increase in E;ffsto and decrease in E{,’i(z with the
increasing coverage on the two surfaces are further character-
ized by the change in the positions of Fe atoms on the sur-
faces and adsorbed O atoms. As shown in Fig. 5(a), when
the coverage of O atoms increases, the average positions of
O atoms on the Fe(100) surface are almost not changed in the
[100] direction until the coverage reaches 1, but on the Fe(110)
surface gradually increase in the [110] direction. Meanwhile,
the distances of Fe atoms from both surfaces increase, as the
coverage of O atoms increase. This indicates that Fe atoms
are gradually pulled out by the O atoms on the two surfaces,
and O atoms on the Fe(110) surface repel each other more
severely than those on the Fe(100) surface. The repulsion de-
pends on the density of O atoms on the surface, which can
be seen from the smallest distance between the first nearest
neighbor O atoms (diNNo—0)- As shown in Fig. 5(b), when the
coverage of O atoms increases, the dinno—o decreases, there-
fore, the repulsion between O atoms increases. The higher
density of O atoms on the Fe(110) surface leads to the smaller
diNnNo—-o than that on the Fe(100) surface, so that the repul-
sion between O atoms on the Fe(110) surface is greater than
that on the Fe(100) surface. Especially, as the coverage of O
atoms on the Fe(110) surface reaches 1, the dinno—o on the
Fe(110) surface is about 1.25 A, and an O, molecular forms
on the surface. This is consistent with the results of energetics
results shown in Fig. 4.

The coverage dependences of Eellﬁito and E{)’ﬁ on the
Fe(100) surface are further investigated by charge transfer

around the last adsorbed O atom and the number of the first
nearest neighbors (1NN) and second nearest neighbors (2NN)
around the last adsorbed O atom on the two surfaces. Figure 6
shows the charge density difference around the 7" and 10"
atom adsorbed on the Fe(100) surface with coverage of 0.67
and 1.0 inside view and top view. Clearly, the 7 and 10" ad-
sorbed O atoms not only change the charges around neighbor
Fe atoms but also interact with pre-covered O atoms, relative
to the charge transfer of an O atom at low coverage in Fig. 3.
As the coverage of O atoms increases, more charges around Fe
atoms on the surfaces (Fe) are transferred to O atoms, so that
the charges between Fe atoms on the surface and subsurface
(Fe,) are depleted as shown in Figs. 6(b) and (c). This weak-
ens the bond between Fe; and Fe,, especially, two Fe; atoms
(Fe™) are pulled out, when the 10" O atom adsorbs on the
bridge position as shown in Figs. 6(c) and 6(f). Meanwhile,
the re-arranged charges around pre-covered O atoms indicate
the repulsion of the last adsorbed O atom as in Figs. 6(a),
6(d), 6(e) and 6(f). The repulsion interaction between O atoms
can also be characterized by the coordination number of its
first and second neighbors. When the coordination number
of the first nearest neighbor increase (e.g., from 4 to 6/7 on
Fe(100)/(110)), E;?fsto increases quickly. As the coordination
number of the first nearest neighbor increases, the repulsion
between O atoms becomes strong. In a word, with the aggre-
gation of O atoms, the adsorption of O atoms on the surface
becomes difficult due to the repulsion between O atoms.
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(a) --@- - dpen—Feciean on Fe(100) o
0.4F ---- chn,FCmmm on Fe(llO) ! 7
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0.3F --E]--do,,,ol on Fe(ll()) , 7
= o
2 0.2F ".: b
0.1 o« ® /P
T - - 8- .. N
- ARy o\l
S S
0 - ’O"@-.O.G__®~'9~-@
01 02 04 06 08 1.0
0
bl I -®@-° O adsorbed Fe(lO(l))
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- 3.5 \G‘ .
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Fig. 5. (a) The change in the average positions of Fe atoms and the aver-
age distances of O atoms to the first adsorbed O atom on the surfaces as
function of the oxygen coverage (). (b) The nearest distance between
O atoms as function of 6.
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Fig. 6. Two-dimensional side view of charge density difference around the 7" O atom adsorbed on the Fe (100) surface by cutting off the
model along [100] (a) and [110] (b), and around the 10" O adsorbed on the Fe(100) surface by cutting off the model along [100] (c) and
[010] (d). Three-dimensional top view of charge density difference around the 7% O atom (e) and 10" O atom (f) on the Fe(100) surface.
In (a)—(d), red stars and black dots represent the adsorbed O atoms and Fe atoms on/in the surface/near-surface region. Oy, Os, Og, O7, ...
are O atoms with the adsorption sequence and the Fe;, Fe;, Fes, ... indicate Fe atoms at different layer. The accumulation or depletion of
charges are demonstrated by the color scale in (a)—(d). Yellow and blue colors in (e) and (f) refer to electron accumulation and depletion zones,
respectively. Brown and red balls are labeled as Fe and O atoms, respectively. The iso-surface of charge density is 0.008 ¢/ Bohr.

3.3. The effects of oxygen coverage on oxidation corrosion

As we know, the higher oxygen concentration in the envi-
ronment, the faster oxidation of Fe-based structure materials.
The effects of oxygen coverage on the solution of O atoms
in the near-surface region are energetically explored and dis-
cussed in this section. The solution energy of one O atom at
the near-surface region and bulk region in the model is cal-
culated based on the most stable configurations of O atoms
with different coverage. As shown in Fig. 7, the solution en-
ergy Eslocl’ of one O atom near the surfaces increases quickly,
as it moves from the surface to the near-surface region, and
converges to constant in the bulk region. This indicates that
O atoms prefer surfaces to bulk. When the coverage of O
atoms on the Fe(100)/Fe(110) surface is below 0.67/0.22, the

O atom in the near-surface region (2" and 3™ layer) is unsta-
ble and spontaneously moves to the surface after relaxation.
However, when the coverage increases, the adsorption ener-
gies of O atoms increase, the segregation energies of O atoms
(the adsorption energy of an O atom on the surface subtracting
solution energy of an O atom in bulk) increase as shown in
Fig. 7. Therefore, O atoms can stably stay at the octahedron
positions in the near-surface region at high coverage, so that
the high coverage of O atoms on the surfaces can promote the
solution of O atoms in the near-surface region and oxidation
corrosion. Moreover, the solution energies of O atoms in the
near-Fe(110) surface region are generally higher than those in
the near-Fe(100) surface region, indicating that O atoms dis-
solve in the near-Fe(110) region more hardly than in the near-
Fe(100) region.

795 (a) Fe(100) T(b) Fe(110) ]
s S - T ‘%7 939 8. @
N @ TW w 1 kS Bulk -
o === - - - se;
5 —2.0F EQ T ¢ :
g EQ b*"& ) ®0=0 . . ® =0
o —2.5F seg ~PC8 l [16=0.22 T Egg D 0=0.22 1
= —s.0p -~ K-t V=044 1 7 < 0=0.44 ]
< —3.5} *0=067 1 * 0=0.67 -
S S~ S O6=1 b-lolt- O e=1 |
s
—2 0 2 4 6 8§ -2 0 2 4 6 8

Position perpendicular to surface (A)

Fig. 7. Solution energies of interstitial O atoms in near-surface with different surface coverage of O atoms on Fe (100) (a) and Fe (110) (b), respectively.

The black horizontal dash line indicates the solution energy (—1.20 eV15:16.22

1y of an interstitial O atom at octahedron position in bulk.
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Fig. 8. (a) The energy barrier of one O atom migrating from one “H” to its first neighbor “H” and second neighbor “H” on Fe(100) (a) and
from one “LB” to its first neighbor “LB” and second neighbor “LB” on Fe (110), respectively. (b) The energy diagram of O atoms migrating
from the Fe(110) surface with oxygen coverage of 1/4 to the bulk-like region.

The dynamic properties of O atoms on the Fe surfaces
are investigated through the energy barriers of O atoms dif-
fusing on the surfaces. Figure 8(a) shows the energy barri-
ers of O atoms migrating on Fe(100) and Fe(110) surfaces in
different paths, respectively. An O atom has to overcome an
energy barrier of 0.65 eV and 1.48 eV for migrating in the
paths of H-H'NN and H-H?N on Fe(100) surface, respec-
tively. Meanwhile, it overcomes 0.45 eV and 1.56 eV for mi-
grating in paths of LB-LB'NN and LB-LB?N on Fe(110) sur-
face, respectively. This indicates that O atoms prefer to move
from one most stable to their first neighbor’s most stable po-
sitions. Meanwhile, the energy barrier of O atoms diffusing
on the Fe(110) surface is lower than that on Fe(100) surface,
indicating that the diffusion of O atoms on the Fe(110) surface
is easier than that on Fe(100) surface.

Besides, the dynamic behavior of O atoms from surface
to bulk is further explored and compared with that on the sur-
faces. Here, the Fe(110) with oxygen coverage of 1/4 is taken
as an example, since O atoms can stay at the near-surface re-
gion. As shown in Fig. 8(b), one of O atom needs to overcome
2.74 eV to migrate into the near-surface region, while 0.57 eV
to diffusion in bulk region, showing good agreement with pre-
vious results (0.53 eVI%2l). The energy barriers of O atoms
migrating from the surface to the bulk region are significantly
higher than those on the surfaces, therefore, O atoms prefer
to diffuse on the surfaces compared to the bulk region. There-
fore, when bee-Fe-based structure materials are in contact with
the oxygen contained environment, O atoms would adsorb and
then diffuse on the surfaces with low oxygen coverage, and fi-
nally go through the near-surface region with the repulsion of
O atoms adsorbed on the surfaces with high coverage.

3.4. The effects of irradiation defects on oxidation corro-
sion

The effects of vacancies on oxidation corrosion are inves-
v+0

Ebin

atoms. Firstly, the energetics characters of vacancy are inves-

tigated by the binding energy between vacancy and O

tigated by the vacancy formation energies EY, defined as the

total energies of the surface slab with one vacancy and one Fe
atom in bulk subtracting the energy of the surface slab without
any vacancy.’’! The vacancy formation energies on Fe(100)
and (110) surfaces in Fig. 9 show a critical increase trend as the
distance to the surface increases and converges to constant at
bulk region. This is consistent with previous theoretical stud-
ies (2.15 eVI162023]) "and again indicates that our model is
reasonable to mimic the vacancy behavior on the surfaces and
in the near-surface region.

Then, the solution energies of O atoms near vacancies
in near-surface and bulk regions are calculated according to
Eq. (3) for investigating the effects of vacancies on the solu-
tion of O atoms. As shown in Fig. 10(a), the solution ener-
gies of O atoms near vacancies increase with the increasing
depth of oxygen atoms from the surface. The increasing trend
is the same as that in the surface model without any vacan-
cies. However, the adsorption energies of O atoms are almost
not changed as O atoms are adsorbed on the surfaces, but the
solution energies of O atoms are much reduced by vacancies
in near-surface and bulk regions. This leads to an obvious in-
crease in the segregation energies of O atoms due to the vacan-
cies (e.g., from —2.76 eV to —1.28 eV). Therefore, O atoms
can be easily bound by vacancies, which reversely affect the
solution of O atoms in near-surface and bulk-region.
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Fig. 9. Vacancy formation energies (E}) are functions of the distance
from the surface.
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Fig. 10. (a) Solution energies of an O atom with or without vacancy
at different distances to the surfaces with different coverage. The black
horizontal dash lines indicate the solution energies of an O atom lo-
cated on OCT in bulk with and without a vacancy nearby. Egg indicate
the segregation energies of O atoms on the Fe(100) and (110) surfaces
with and without vacancies. (b) Binding energies (nggo) of the va-
cancy with oxygen as functions of their distance to the (100) and (110)
surfaces. The green solid diamonds and open triangles in (b) indicate
O atoms are the second nearest neighbors (2NN) to the vacancies. The
black horizontal dash line indicates the binding energy of an O atom

and vacancy in bulk.

Besides, the binding energy Eggo of one vacancy and
an O atom is obtained according to Eq. (5) and shown in

Fig. 10(b). The binding energies Egiﬁo between one vacancy
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—_

v+O!IN
Ebin

. v+02NN :
neighbor O atom (E; ) show a general increase trend

. . N
and its first nearest neighbor ( ) or second nearest

from surface to near-surface region, and the binding energies

INN . . INN
EYTO converge to 1.5 eV in the bulk region. Both EY;t©

2NN .
and Eg;qo on surfaces are near zero, and less than these in

the bulk region. The interaction between one vacancy and its

first nearest and second neighbor O atom is very small, while

. . . . INN
is strong in the bulk region. Meanwhile, the E;;O

2NN
erally greater than Eg;o

is gen-
, indicating that the effect of a va-
cancy on an O atom at its first nearest neighbor is greater than
at its second nearest neighbor, especially in the near-surface
and bulk region.

The effects of vacancies on the dynamic behavior of O
atoms are studied by the energy barriers of O atoms around
a vacancy diffusing from the surface towards the near-surface
region. The Fe(110) with coverages of 1/4 and 1/2 is again
taken as examples for comparing with the diffusion of an O
atom in a defect-free surface system shown in Fig. 8. As
shown in Fig. 11(a), an O atom diffuses from a first nearest
neighbor of the vacancy on the surfaces to another first near-
est neighbor position in the near-surface region. The energy
barrier of an O atom around a vacancy on the Fe(110) surface
with coverage of 1/4 is 1.87 eV in Fig. 11(b), which is much
less than 2.74 eV in the defect-free system. The energy bar-
rier of an O atom around a vacancy on the Fe(110) is reduced
to be 1.18 eV, as the coverage of O atoms increases from 1/4
to 1/2. These results indicate that both vacancies and oxygen
concentration could accelerate the diffusion of O atoms into
the near-surface region, and further lead to quick oxidation in
experiments.
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Fig. 11. (a) The migration path diagram of O atoms with and without (w/0) a vacancy migrating from the Fe(110) surface to the subsurface
when the coverage increases from 1/4 to 1/2, and (b) the corresponding migration energy diagram.

3.5. Discussion

As we know, oxidation of bcc-Fe-based steels would be

accelerated under either high oxygen concentration or irradi-

ation. The picture of the oxidation of bcc-Fe surfaces at the
initial stage has been sketched in Fig. 12 based on the above
studies on the adsorption/solution and migration properties of
O atoms on/under the surfaces with different coverage of O
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atoms and vacancies. In a low oxygen concentration environ-
ment, O atoms adsorb on the surfaces with low coverage, and
probably diffuse on the surfaces. With irradiation-induced va-
cancies, they would migrate into the bulk region. In a high
oxygen concentration environment, O atoms adsorb on Fe sur-
faces with high coverage, and then further diffuse into the bulk
region with the repulsion from the continuously approaching
O atoms from the environment. Meanwhile, Fe atoms on the
surfaces are pulled out, leaving more space for O atoms.

(a) Low coverage (b) High coverage

1 Adsorbi i 1 Adsorbing
° MR 2 Diffusing on the surface ‘
! LR AA 3
i N .2 Repulsin
- .0l s ey,
‘,‘.v N “ -‘.0
) e.
Ee ," \.\
/'3 Diffusing into bulk o
@ Fe v 3 Diffusing into bulk
® O ) Vac

Fig. 12. The oxidation mechanism of Fe surfaces with low oxygen cover-
age (a) and high oxygen coverage (b). 1 and 3 indicate the adsorbing of
O atoms on the surfaces and the diffusion of O atoms from the surface into
bulk. 2 indicates the diffusing processes of O atoms on the surfaces with low
oxygen coverage and repulsing processes between O atoms on the surfaces
with high oxygen coverage. The grey and red balls indicate the Fe atoms in
lattice and O atoms, while blue balls and blue dashed circles represent Fe
atoms pulled out and vacancies, respectively.

To intuitively describe the effects of oxygen concentration
and irradiation on oxidation, we try to estimate an equilibrium
oxygen density in near-surface and bulk regions. Ignoring the
interactions between O atoms at the same atomic layers in the
near-surface and bulk region, the relationship of concentration
of oxygen on surfaces and in bulk can be described by the

McLean’s equation78-60]

Courf G ~EQ
surf bulk T

= ; (6)
1- Csurf 1— Cbulk

where Cg s and Gy represent the concentration of oxygen on
the surfaces and in the bulk, Egg is the segregation energy la-
belled in Figs. 7 and 10, T is the environment temperature and
k is the Boltzmann constant. Inversely, as the concentration
of oxygen in the environment is known, the concentration of
oxygen in the near-surface and bulk region can be estimated
by

C.
Coulk = surl o ()

-E seg

Csurf + (1 - Csurf) € 4T }

10
where E'g,

segregating from near-surface or bulk region to the surface

indicates that the energy needed for an O atom

with a certain coverage, as labeled in Fig. 7.
The effect of oxygen concentration on oxidation is firstly

investigated by the density of O atoms at the atomic layers

in the near-surface and bulk region with different coverage of
O atoms on the surfaces. The density of oxygen on the sur-
faces is taken as a constant value and calculated by the num-
ber of O atoms divided by the area of the surface. Taken the
Fe(100) surface as examples, the oxygen coverages of 1/9, 6/9
and 1 correspond to the oxygen densities of 1.39 x 10~2 A2,

832x 1072 A and 1.25x 10~ A™°, respectively. Given

(0}

scg Values of O

the experimental temperature of 800 K, the E’
atoms at the near-surface and bulk region can be obtained ac-
cording to the solution energies of O atoms as shown in Fig. 7.
Based on the E’ g,g values, the density of oxygen on the second
layer, third layer, ... and bulk can be evaluated according to
Eq. (7), and shown in Fig. 13. It can be seen from Fig. 13(a),
the densities of O atoms generally increase with the increase
in the segregation energy. The higher density of O atoms on
the surface, the higher densities of O atoms corresponding to
the greater segregation energies of O atoms in the near-surface
and bulk. Besides, the distribution character of O atoms in
the direction of perpendicular to the surface is explored and
shown in Fig. 13(b). In a low oxygen concentration environ-
ment (6 < 0.67), the density of O atoms decreases from sur-
face to bulk region, and the oxygen concentration gradient is
obvious in the region. However, the density of O atoms varies
little from surface to the bulk region in high oxygen concen-
tration environment (6 = 1) and is several orders of magnitude
greater than that in a low oxygen concentration environment.
This is mainly induced by the sudden increase in the adsorp-
tion energy of an O atom on the surface with 6 of 1, therefore
O atoms prefer to stay in the bulk region. As the density of O
atoms increases, the interaction between the adsorbing O atom
and the pre-covered O atoms increases, which also has been
discussed by the charge density difference around O atoms on
the surfaces with high coverage as shown in Fig. 6.
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Fig. 13. The concentrations of oxygen as function of the energy of an
oxygen segregating from near surface or bulk region to the surface (a),
and the position of an oxygen perpendicular to the Fe(100) surface (b).
The blue open circles, red open squares and red solid squares represent
the densities of oxygen at different positions relative to the surface with
oxygen coverage of 0.11, 0.67 and 1.0, respectively. The blue solid cir-
cles are the densities of oxygen in near-surface and bulk region with low
coverage of oxygen and vacancies.

In addition, the effect of irradiation on oxidation is ex-
plored by the density of O atoms at the atomic layers with
vacancies nearby in the near-surface and bulk region. Besides
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the effects of O atoms on the surfaces, other interactions be-
tween O atoms or vacancies nearby are not considered in the
model. With the same low coverage of O atoms on the sur-
face (1/9), vacancies decrease the solution energies of O atoms
in the near-surface and bulk region as shown in Fig. 10(a),
and obviously improve the segregation energies. Therefore,
the densities of O atoms in the near-surface and bulk region
would be significantly promoted in several orders of magni-
tude by the irradiated vacancies. Meanwhile, the density of O
atoms under the surfaces does not depend on the depth of O
atoms from the surface. This is due to the very simple hypoth-
esis here, which vacancies distribute the same at the surface
and bulk, and interactions between vacancies are ignored. The
effects of irradiation on the distribution of O atoms in the near-
surface region will be further studied in the next work at a large

scale with these parameters.

4. Conclusions

Based on first-principles calculations, the oxidation
mechanism of bce-Fe surfaces at the initial stage is explored
by systematically investigating the adsorption/solution prop-
erties and diffusion behavior of oxygen atoms on/under iron
surfaces. The adsorption energies show that surfaces have a
strong attraction to oxygen atoms, and the attraction strength
depends on the local structure and oxygen coverage. The so-
lution energies of O atoms are closely related to the coverage
of oxygen atoms adsorbed on the surfaces and irradiated va-
cancies in near-surface and bulk regions. With the increase in
oxygen coverage and vacancies, oxygen atoms gradually dis-
solve in the near-surface region. Dynamic results indicate that
the oxygen atoms prefer to diffuse on the surfaces than into
the near-surface region, and the diffusion process is promoted
by the coverage of oxygen atoms on the surface and vacancies.
Moreover, the effects of oxygen concentration and irradiation
on oxidation are roughly estimated by the McLean’s model
with a simple hypothesis. This paper reveals the microscopic
mechanism of oxidation corrosion of O atoms on Fe surfaces,
provides parameters for the further investigation of oxidation

corrosion under nuclear energy irradiation environment.
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