
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:0

4:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Investigation of t
aInstitutes of Physical Science and Informa

230601, China
bKey Laboratory of Materials Physics, Institu

Academy of Sciences, Hefei 230031, C

xuyichun@issp.ac.cn
cKey Laboratory for Liquid-Solid Structura

Ministry of Education, Shandong University
dInstitute of Modern Physics, Chinese Acad

China

Cite this: RSC Adv., 2021, 11, 8643

Received 15th January 2021
Accepted 1st February 2021

DOI: 10.1039/d1ra00367d

rsc.li/rsc-advances

© 2021 The Author(s). Published by
he dissolution and diffusion
properties of interstitial oxygen at grain boundaries
in body-centered-cubic iron by the first-principles
study
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Oxidation corrosion of steel is a universal problem in various industries and severely accelerated in nuclear

reactors. First-principles calculations are performed to explore the dissolution and diffusion properties of

interstitial oxygen in the body-centered-cubic iron grain boundaries S3h110i(111) and S5h001i(310).
Solution energies indicate that interstitial oxygen atoms prefer to dissolve in body-centered-cubic iron,

and energetically segregate to grain boundaries. Energy barriers show that oxygen atoms would

segregate towards S3h110i(111) with a low energy barrier. However, they concentrate to the transition

region of S5h001i(310) due to the high-energy barrier in the transition zone. When O atoms arrive at

grain boundaries, they would stay there due to the larger solution energy and diffusion energy barrier in

grain boundaries compared to that in the defect-free Fe bulk. These results indicate that O atoms would

prefer to diffuse through the bulk, and oxidize grain boundaries. This study provides insight into

oxidation phenomena in experiments and necessary parameters for future studies on the oxidation of

steel under irradiation in nuclear reactors.
1 Introduction

Ferritic/martensitic (F/M) steel is generally applied in indus-
tries, and is a promising candidate for application as structural
material in the Generation IV nuclear power.1,2 They would suffer
severe oxidation corrosion when exposed to air and oxygen-
controlled liquid metals or water (H2O) in high temperature. The
oxidation corrosion accelerates the oxidation growth, leading to
the degradation of heat conduction and the risk of the slag
precipitation. Therefore, it is vital to study oxidation properties for
understanding the oxidation mechanism and provide funda-
mental parameters for the prediction of oxidation thickness.

Relevant experimental research studies have shown different
constituents in oxidation on the F/M steel contact with air, oxygen-
controlled liquidmetals andH2O. It consists of a porous outer layer
enriched in iron (Fe), dense inner layer enriched in chromium
(Cr),3,4 and an internal oxidation zone (IOZ) enriched in silicon (Si)
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or nickel (Ni), depending on alloys in steel.5,6 One general expla-
nation for oxidation is that oxygen (O) and Fe/alloy atoms diffuse
along nano-channels that are mainly formed and grown at grain
boundaries of the oxide layer.7However, people can neither observe
the migration processes of O atoms, nor the nano-channel forma-
tion in experiments. Therefore, it is necessary to study the disso-
lution and diffusion properties of interstitial O around the grain
boundaries to explore the initial stage of oxidation formation.

The dissolution and diffusion properties of O atoms in the
body-centered cubic (bcc) Fe have been explored in some
theoretical simulations.8–10 In the defect-free bcc Fe, an O atom
prefers the octahedral interstitial site (OCT) with a solution
energy of �3.84 eV,8,9 and diffuses from the stable OCT to the
nearest one with a diffusion barrier of 0.54 eV.10–13 In the
vacancy-included bcc Fe, both O–Fe interaction and interstitial-
or vacancy-induced volume effect result in the preference of
interstitial O to occupy the off-centered site.8,9,11,12 Meanwhile,
a vacancy possesses an extremely high affinity for O in bcc Fe.
Therefore, it dramatically increases the energy barrier for O
migration (�80%) compared with that in defect-free Fe. The
increased energy barrier makes the predicted diffusion coefficient
of O in bcc-Fe in favourable accord with experiments. Besides, the
effects of alloys on the solubility and diffusion of O in iron alloys
were explored to investigate the picture of interstitial O diffusion in
dilute ferritic iron alloys.13,14 O is known to be an embrittlement
element when it is located at the grain boundary.15 However, few
RSC Adv., 2021, 11, 8643–8653 | 8643
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works consider the dissolution and diffusion properties of inter-
stitial O atoms around grain boundaries, which have shown strong
attractions to hydrogen (H), carbon (C), nitrogen (N),8,9,16–18 irradi-
ation defects and solutes in nano-crystalline Fe.19

In this paper, we aim to acquire the dissolution and diffu-
sion properties of interstitial O around grain boundaries with
a focus on the effects of grain boundaries on the oxidation
process. Based on the rst-principles calculations, we rst inves-
tigate the basic properties of clean grain boundaries, such as their
structures and magnetic moments. Then, the solution energies of
O atoms on each atomic layer are calculated to explore the disso-
lution properties of O around the grain boundaries. Consequently,
the dissolution property is discussed via the local deformed
structures, corresponding to the coordination number, distortion
energy, deformation of the unit volume, and charge distribution.
Finally, the diffusion property is explored by comparing the energy
barriers of the O atoms in the grain boundary and transition
region with that in the bulk region.
2 Computational details
2.1. Computational methods

The rst-principles spin-polarized calculations were carried out
using density functional theory (DFT), as implemented in the
Vienna Ab initio Simulation Package (VASP).20 The interaction
Fig. 1 Grain boundary configurations of (a) S3[1 0](111) and (b) S5[100]
indicate Fe host atoms. Different polyhedral units, i.e., octahedron (OCT)
blue, purplish red, red and green, respectively. Zones A, B and C represen
colored with yellow, green and blue, respectively.

8644 | RSC Adv., 2021, 11, 8643–8653
between the ions and electrons is expressed by the projector
augmented wave potential (PAW) method,21 where the 3d7 and
4s1 are treated as valence electrons for Fe. The exchange–
correlation energy is described within the generalized gradient
approximation (GGA) as parameterized by Perdew–Burke–Ern-
zerhof (PBE).22 To get the suitable models, the lattice properties
of bcc-bulk Fe were rst checked by optimizing a 4 � 4 � 4
super-cell containing 128 atoms with a series of tests. During
the ionic relaxation, the self-consistent Kohn–Sham equations
are expanded on the basis of the plane wave with a cut-off
energy of 500 eV. The spin polarization is performed due to
the ferromagnetism of Fe. Meanwhile, the k-point mesh is 5� 5� 5,
and the convergence force on each atom is 0.01 eV Å�1. The
equilibrium lattice constant for bcc-Fe is optimized to be 2.83 Å,
which is consistent with previous experimental results23 and DFT
calculations.16,24,25 Meanwhile, the vacancy formation energy
calculated in bulk bcc-Fe is 2.15 eV, which is consistent with
previous calculation (2.18 eV) and experiment (2.0 eV) values.26–28

Based on the lattice parameter, the symmetrical tilted grain
boundaries of S3h110i(111) and S5h001i(310) are constructed
according to the coincidence site lattice model.29 Two grain
boundaries are periodically presented in one model, as
described in Fig. 1.30 The structures of these grain boundaries
are described as three types of packing of polyhedrons,31 tetra-
hedron (TET), octahedron (OCT), and cap trigonal prism (CTP),
(310) with the polyhedral unit comprising the GB. The purple spheres
, tetrahedron (TET), capped-trigonal prism (CTP), are colored with dark
t the grain boundary zone, transition zone and bulk-like zone, and are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as illustrated in Fig. 1. The volume and atoms of the grain
boundary models are fully relaxed by the conjugate gradient
method with k-points of 5 � 5 � 1 and the above parameters.
According to the effect intensity of the grain boundaries, the
structuremodels are divided into three areas along the direction of
(111) and (310), the GB region (zone-A), transition (zone-B) and
bulk-like (zone-C) region. Zone-A is mostly composed of stacks of
cap trigonal prism structural units along [001]. Zone-B consists of
a deformed cubic lattice, while zone-C possesses a cubic lattice as
the bulk Fe. Based on the clean grain boundaries, O atoms are
introduced into the grain boundary models at different zones. As
shown in Fig. 1, the O atoms locate the high symmetric sites in the
CTP structural unit in the grain boundary plane, while they are at
the OCT and TET sites in the cubic lattice unit.
2.2. Analysis methods

The GB energy, gGB, is determined from the difference in energy
between the GB-supercell and the bulk-supercell with the same
number of atoms, divided by the cross section of the GB-
supercell. The gGB is written as:

gGB ¼
EnFe

GB � n

m
EmFe

tot

2S
; (1)

where the EnFeGB and EmFe
tot represent the total energies of the GB-

supercell and bulk-supercell, respectively, and S is the cross-
sectional area of the GB plane. The factor of 2 accounts for
the two GBs in one supercell due to the periodic boundary
conditions.

To obtain the most stable site of the O atom around GBs, the
solution energy of the O atom, EGBsol represents the energy needed
for dissolving an O atom, and is calculated by the following
denition:

EGB
sol ¼ EnFe+O

GB � EnFe
GB � mO, (2)

where EnFe+OGB and EnFeGB represent the total energies of the GB-
supercell with and without the O atom, and mO is the energy of
an isolated O atom in the vacuum at zero Kelvin for comparison
with recent calculations. The negative values represent an
exothermic process, and the dissolving process occurs easily. On
the contrary, a positive value indicates an endothermic process.
The lower the energy, the more easily the O atom dissolves.
Fig. 2 (a) Interlayer distance variance after relaxation for S3(111) and
S5(310) relative to bulk Fe. The interlayer distances for (111) and (310) in
the bulk are 0.827 Å and 0.906 Å, respectively. (b) Magnetic moments
of the Fe atoms at different atomic layers with respect to bulk Fe.
3 Results and discussion
3.1. Basic properties of clean grain boundaries

To verify the reliability of our calculations, the grain boundary
energies are rst investigated for the models with different
numbers of atomic layers to avoid the periodic effects of the
grain boundaries. The grain boundary energies increase with
increasing number of atomic layers until the atomic layers are
greater than 32 for S3(111) and 40 for S5(310). Moreover, the
larger model containing 60 atomic layers for S5(310) are also
checked due to its large transition zone, as discussed later. The
grain boundary energy is 1.61 J m�2 for S3(111) and 1.55 J m�2

for S5(310). These two values are consistent with previous DFT
© 2021 The Author(s). Published by the Royal Society of Chemistry
calculations.16,30,32,33 The accuracy for the calculations is also
tested through different k-points sampling and cut-off energy,
and the deviation in the total system energy is within 0.05 eV.

The stable grain boundaries are obtained from fully relaxed
congurations with lowest energies. The changes in the optimal
volume and interlayer distances are consistent with previous
studies.24,32 Both optimized S5(310) and S3(111) remain mirror
symmetry structures with an expansion of 0.24 Å in the [310]
direction and 0.30 Å in the [111] direction. The changes in the
[001] and [�130] directions for S5(310) and in the [�10] and (11�2)
directions for S3(111) are negligible. The changes in the interlayer
distances are dened as the percentage change in the vertical
positions of the atoms of two subsequent atomic layers, i and j, in
the optimized models with respect to the inter-planar distance in
the bulk crystal, d, and can be written as Dij ¼ [(dj � di) � d]/d. As
shown in Fig. 2(a), the relaxations are very large for the rst two
layers, and show an oscillation toward the bulk layer as previous
studies.32 The expansion of D12 is up to �32% for S3(111) and
�25% for S5(310), while the contraction of D23 reaches �25% for
S3(111) and �10% for S5(310). According to the grain boundary
structure and the deformation intensity (change in the inter-planar
distance), the models are divided as three regions: zone-A, zone-B
and zone-C, which are shown as different colors in Fig. 1.
RSC Adv., 2021, 11, 8643–8653 | 8645
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The magnetic moments of the Fe atoms are investigated in
zone-A, zone-B and zone-C. In zone-C, the magnetic moment of
Fe ranges from 2.1 to 2.3 mB, corresponding well to the value of
2.2 mB for the bulk Fe atoms.24,34 For the Fe atoms on the GB
plane, the magnetic moments oscillate from 2.7 mB to 1.9 mB for
S3(111) and S5(310),32,35 as shown in Fig. 2(b). This can be
attributed to the reason that the variety of magnetic moments
depends on the change of the interlayer distance labeled in
Fig. 2(a) and the local nearest neighbor atomic volume.35 The
decrease in the magnetic moments (below 2.2 mB) are caused by
a smaller interlayer distance than bulk, while the Fe atoms with
magnetic moments above 2.2 mB possess a larger local nearest
neighbor atomic volume.
3.2. Dissolution properties of interstitial oxygen in the grain
boundaries

The solution energies of interstitial O atoms at different sites on
each atom layer are calculated for the S5(310) and S3(111) GBs
according to eqn (2) with the reference energy of an isolated O
atom. In the CTP units, the considered high symmetric sites
have a high possibility for O atoms, as shown in Fig. 3(a) and (c),
which have been additionally monitored by molecular
dynamics simulation in 10 picoseconds. In the cubic lattice, the
solution energies of the O atoms at the OCT sites are always less
than that at TET sites, indicating that the interstitial O atoms
prefer the OCT sites to the TET sites. This is consistent with
previous DFT calculations,8,9,11 which demonstrated that the
solution energy of�3.84 eV at the OCT site is less than�3.33 eV
at the TET site in the bulk Fe. In the case of the O2 environment,
Fig. 3 (a and c) Initial high symmetric positions of the interstitial O
atoms in the CTP unit. (b and d) Relaxed positions of the interstitial O
atoms in the three periodic CTP units, interstitial O sites for the initial
and final states are indicated by green, red, magenta and yellow
spheres, respectively.

8646 | RSC Adv., 2021, 11, 8643–8653
the half energy of the O2 molecule is taken as the reference to
calculate the solution energies of the O atoms in iron. Consid-
ering the high temperature environment, the Helmholtz free
energy of the O2 molecule is calculated by combining Vasp and
Phonopy soware36,37 to investigate the entropy effect on the O2

molecule. Here, we consider the dominant contribution of the
ionic vibration motion and ignore the small contribution from
the electron thermodynamic motion. The calculated vibrational
frequency is 0.098 eV, which is consistent with the experimental
results. Based on the half energy of the O2 molecule, the solu-
tion energies of the interstitial O atoms in the Fe bulk are
calculated to be �1.20 eV at the OCT site and �0.69 eV at the
TET site. Even at the high operational temperature of 1000 K,
the solution energy of an interstitial O atom in bulk Fe is
�0.87 eV at the OCT site and �0.36 eV, respectively. This indi-
cates that the reference energy does not affect the dissolution
properties of the O atoms in iron in the temperature range of 0–
1000 K. Therefore, solution energies with the reference of iso-
lated O atoms are used in later analysis, and the OCT sites are
selected as the initial sites for later calculations.

Fig. 4 shows the solution energies of the interstitial O atoms
in the vicinity of the grain boundaries. It is clear that the solu-
tion energy in the GB region (zone-A) is less than that in the
transition region (zone-B) and bulk-like region (zone-C). In this
case, GB can be regarded as a sink for attracting interstitial O
atoms, with different impacting ranges. S5(310) possesses
a wider transition region and deeper sink with respect to
S3(111). This is due to the more open structure of S5(310)
compared to S3(111). The segregation energy dened by the
difference between the solution energy of the O atom at GB and
in bulk Fe is calculated to be �1.40 eV for S5(310) and �1.20 eV
for S3(111), respectively. The segregation probability of inter-
stitial O is considerable using McLean's model38 (more than 50
pct), and even the concentration of O is quite low. This
phenomenon is also observed by the Electron Probe Micro
Analysis in many experimental studies.3 This is similar to the
segregation of interstitial carbon (C), sulfur (S) and phosphorus
(P) atoms at the grain boundary.29,39

In zone-C, the solution energies of the interstitial O atoms
are consistent with that in bulk Fe. This is because the effect of
the grain boundary on the cubic lattice can be negligible. This
indicates that the environment of an interstitial O is similar to
that in bulk Fe, and our model is suitable for this study.
However, in zone-B, the solution energies of the interstitial O
atoms uctuate, especially for the S5(310) model. This may be
caused by a local deformed structure due to the CTP units on
the grain boundaries. The cubic lattice in zone-B is deformed by
the grain boundaries, especially close to the grain boundary.
The deformation intensity can be described by the bond lengths
between the interstitial O and host Fe, as shown in Fig. 5. It is
evident that the solution energies of the O atoms decrease
linearly with an increase in the bond lengths (O and 1st nearest
neighbour (1NN)). This suggests that there is a stronger
attraction for interstitial O with a larger distortion.

In the grain boundary region (zone-A), the O atoms at the
sites considered to be high symmetry (1, 2, ., 7 shown in
Fig. 3(a) and (c) and position site 8 in TET between adjacent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Solution energy of the interstitial O atoms at different distances to GB for (a) S3(111) and (b) S5(310). The black horizontal dash line
indicates the energy of the interstitial O located on OCT in defect-free Fe, and the grey vertical dash line represents the GB plane. Zones-A, -B
and -C separated by red dash lines represent the GB, transition and bulk-like region, respectively.
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stacks) are relaxed and nally automatically move to the nal
four stable sites, site-A, site-B, site-C and site-D in Fig. 3(b) and (d).
These sites can be regarded as localizing in the dislocation cores
described in ref. 40. The solution energy of an interstitial O at site-
C (or site-D) for S3(111) and site-C for S5(310) is the lowest one.
Those are consistent with the results of themost stable segregation
site of the carbon atom in ref. 16. For S3(111), themost stable sites
are site-C and site-D in the centre of the [110] orientation shown in
Fig. 3(b), and the solution energy is �5.04 eV and �5.02 eV. For
S5(310), the nal solution energy of O at site-C is �5.34 eV. In
addition, other sites can be regarded as meta-stable congura-
tions, acting as a transition state or saddle point in the diffusion
Fig. 5 The correlation between the solution energies of the O atoms
and the bond lengths between the first nearest neighbour (1NN) and
the O atoms at the atomic layers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
process. For instance, the meta-stable site-A is a saddle point for
S3(111) GB interior migration, while site-A, -B and -D are saddle
points for S5(310) GB interior migration. The details will be
illustrated in Section 3.4.
3.3. The underlying mechanism of the dissolution of
interstitial oxygen

To gain insight into the dissolution properties of the interstitial
O atoms in the GB region, we would explore the possible factors
affecting the solution energies. As discussed above, the
deformed unit structure especially near the grain boundary is
different from that in the bulk bcc-Fe, where an interstitial O at
the OCT site has two rst nearest neighbour (1NN) and four
second nearest neighbour atoms (2NN). In the deformed unit
structure, the coordination number (within 2.05 Å) and bonding
length of 1NN Fe–O at different high symmetry sites are modied
signicantly. The modications can also be reected by the volume
variance (the difference between the volume of CTPwith andwithout
O) and distortion energy induced by O atoms. The distortion energy
can be calculated by thedifference of the total energy ofGBswith and
without the structure distortion induced by O. Those factors would
illustrate the solution properties of O atoms at different sites, as re-
ported interstitial carbon and hydrogen atoms at pure GBs in bcc Fe
that the most stable sites of carbon atoms closely relate with coor-
dination number and the 1NN Fe–carbon/hydrogen bond length.16,18

In addition, the solution energy relates to the charge transfer between
theO atomand its surrounding Fe atoms.8Therefore, the dissolution
properties of O at GBs are discussed by the deformation of the unit
structure relating to the coordination number of O, shortest Fe–O
bond length (d1NNFe–O), volume variance (DVolume), distortion
energy (DEdistortion) and charge transfer between the O and Fe atoms
(gaining and losing charge, DCO and DCFe).
RSC Adv., 2021, 11, 8643–8653 | 8647
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Fig. 6 Solution energies of the interstitial O atoms as a function of the (a) coordination number, (b) distance of the nearest neighbour Fe in the
first NN host Fe, (c) distortion energy caused by the interstitial O atoms, and (d) deformation of the CTP volume. (e and f) The number of gained
and lost charges of the O and 1 NN host Fe atoms, respectively.
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The correlation between the deformation of CTP and solution
energies has been explored, and is shown in Fig. 6. Generally, the
solution energy decreases with the increase in the coordination
number of the O atom, the shortest Fe–O bond length, decrease in
distortion energy, and deformed volume. This indicates that both
surrounding Fe atoms and large space accelerate the dissolution of
the O atoms in GB, which is consistent with the dissolution
Fig. 7 Differential charge density distributions for interstitial O at site C in
on (310) (c) and (1�30) (d). (e) and (f) show the three-dimensional differenti
Fe2 and Fe3 are three types of first NN host Fe.

8648 | RSC Adv., 2021, 11, 8643–8653
properties of other light elements in GBs.15,16,18 Meanwhile, there is
a lower solution energy with smaller distortion and volume change
induced by O. In addition, the larger Fe–O bond length and
coordination number O in S5(310) correspond to the lower solu-
tion energy as compared to those in S3(111), since the structure of
S5(310) is more open than that of S3(111).
the two-dimensional projection on (1�10) (a) and (11�2) (b) forS3(111), and
al charge distribution models for S3(111) and S5(310), respectively. Fe1,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Local densities of states of interstitial O at stable site-C in the grain boundary and first NN host Fe. (a and b) S3(111) with and without
interstitial O, (c and d) S5(310) with and without interstitial O. Fe1, Fe2 and Fe3 are labeled in Fig. 4(e) and (f).
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The underlying discrepancy of the solubility of interstitial O
at different sites was further investigated through the electronic
properties. Fig. 7(a)–(d) shows the two-dimensional projection
of differential charge density distributions of O atoms at the
most stable site-C in the grain boundary structural units.
Furthermore, Fig. 7(e) and (f) exhibit a three-dimensional
differential charge model. For S3(111), the electron exchange
Fig. 9 Schematic diagram of the migration paths in (a) S3(111) and (b) S

© 2021 The Author(s). Published by the Royal Society of Chemistry
takes place in one O atom and four Fe atoms on the (111) plane,
and in one O atom and two Fe atoms on the (11�2) plane in the
rst NN distance (Fe–O bond as 2.05 Å) range. For S5(310),
electron exchange occurs between one O atom and two Fe atoms
on the (310) and (001) planes (not shown) and four Fe atoms on
the (�130) plane. The electron exchange between Fe and O was
further explored by Bader charge analysis.12 As we known, the
5(310). The view direction is perpendicular to GB.

RSC Adv., 2021, 11, 8643–8653 | 8649

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00367d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:0

4:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
outermost electrons for Fe and O are 4s13d7 and 2s2p4, respec-
tively. The O at the most stable sites in the two grain boundaries
have 7.3 electrons, and gained 1.3 electrons, while their
neighbouring Fe atoms have least 7.62 and 7.74 electrons for
Fe3 in S3(111) and Fe1 in S5(310), corresponding to the lost
electrons of 0.38 and 0.26. The transferred charge from Fe to O in
GBs is greater than 0.83 in bulk bcc-Fe,8 showing the stronger ionic
character of the Fe–O interaction in GB. The character was also
studied by the state density analysis of the O atoms and its adja-
cent Fe atoms for the two grain boundaries, as shown in Fig. 8. The
electronic density of the p-state for O exhibits sharp peaks with
a narrow energy range, indicating the localized charge of the O
atoms. The effect of the transferred charges on the solution energy
of the interstitial O atoms was investigated, and is shown in
Fig. 6(e) and (f). It is clear there are lower solution energies with
increasing transferred charges. This indicates that the ionic char-
acter dominates the interaction of Fe–O with the lowest solution
energy. Meanwhile, the number of transferred charges (or lower
solution energy) for S5(310) is larger than that of S3(111), indi-
cating that the charge transfer or ionic bond favours the more
open structure. In a word, the behaviour altering the coordination
number, Fe–O charge transfer (vacancy and substitutional foreign
atom), structure unit volume variance, shortest Fe–O bond length,
and distortion energy (deformation) will signicantly affect the
solute atom convergence properties on the GB plane.
3.4. The diffusion properties of the interstitial oxygen atoms

Based on the above dissolution properties, the interstitial O
atoms would cross the transition region and nally segregate to
Fig. 10 Energy barriers of interstitial O migrating in different paths in S3

8650 | RSC Adv., 2021, 11, 8643–8653
the GB region, where O has the lowest solution energy. How
does an interstitial O migrate from the bulk-like region to the
GB region? To clarify these diffusion properties, the migration
energy barriers of the interstitial O atoms were investigated by the
climb-NBE method11,13 in the bulk-like, transition and nally the
GB region for the two grain boundaries. In zone-C and zone-B, the
migration path was determined by the neighbour stable OCT sites,
as previously studied.10–13 In the zone-A interior, the neighbouring
most stable sites labelled in Fig. 9 are taken as the initial and nal
sites to determine the migration path.

Fig. 10 shows the migration energy barriers of the interstitial
O atoms in the zone-A interior and zone-C. An interstitial O in
zone-C needs to overcome the energy barrier of 0.54 eV to
migrate from one stable OCT site to its NN OCT site. This is
consistent with the previous study in bulk Fe,10–13 indicating
again that our model is large enough for this calculation. For
the S3(111) region, there are two stable sites as site-C and site-
D. Therefore, we consider four paths: from site-C to periodic
site-C (path 1 and path 2), site-D to periodic site-D (path 3) and
site-C to site-D (path 4). The energy barriers of the interstitial O
diffusing in path 1 and path 3 are 1.10 eV and 1.07 eV in
Fig. 10(a) and (b), respectively, which have good consistency.
Path 2 can be regarded as containing two of path 4 with an
energy barrier of 1.09 eV. For the S5(310) region, two migration
paths of the interstitial O atom on the GB plane are considered:
from the interstitial site C to the NN site C in the periodic CTP
structure along path 1 ([001]) and path 2 ([001] and [�130]). The
energy barrier is 0.97 eV and 1.05 eV for path 1 and path 2, as
shown in Fig. 10(d) and (e), respectively. These energy barriers
are much higher than those in the defect-free Fe bulk, but
(111) (a–c), in S5(310) (d and e), and in bulk-like (f).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00367d


Fig. 11 Energy barriers of the interstitial O migrating from the bulk to the grain boundary for S3(111) (a) and S5(310) in different paths (b). The red
solid dots represent the migration of the O atom from site C to layer 6 in the [001] direction, while the green and blue dots show themigration of
the O atoms from L6 to L2 along the [110] and [111] directions for S5(310). Symbols a, b and c represent the energy barriers as 0.78 eV, 1.00 eV and
1.11 eV, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:0

4:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
comparable to that in the vacancy-induced Fe bulk.11 This
means that the O atoms diffuse in the GB plane with more
difficultly than in the bulk region for the defect-free Fe system,
which may contribute to the smaller diffusion coefficients
measured in experiments relative to the theoretical calculations
with respect to the theoretical calculations.11

The energy barriers of the O atoms crossing zone-B and
approaching zone-A in the two GBs were investigated to draw
the whole migration picture of the O atoms. It was found that
the shortest paths in the [111] and [310] directions are not the
© 2021 The Author(s). Published by the Royal Society of Chemistry
most optimal paths. This is due to the larger energy barrier and
unstable thermodynamic structure. Hence, the entire migration
path can be divided into several parts with minimum energy.
Fig. 11 shows the energy barriers of the O atoms in zone-B and
zone-A for S3(111) and S5(310), respectively. For S3(111), the
energy barriers of the O atoms in zone-B, 0.42 eV and 0.46 eV,
are smaller than those in zone-C (0.54 eV) and zone-A (1.07 eV),
indicating that the O atoms prefer to segregate to the vicinity of
GBs. For S5(310), the transition region is wider than that for
S3(111), and the deformation exhibits dependence on the
RSC Adv., 2021, 11, 8643–8653 | 8651
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different directions, as discussed in Section 3.2. Therefore, the
diffusion paths in zone-B in the [001], [110] and [111] directions
were explored, and are expressed in Fig. 11. The migration path
of the interstitial O along the [001] direction has a lower energy
barrier “a” of 0.78 eV, compared with that along the [111]
direction (energy barrier “b” of 1.00 eV) and [110] direction
(energy barrier “c” of 1.11 eV). These data indicate that for the
grain boundaries with a larger transition zone range, the
interstitial O atoms tend to localize in the transition zone rather
than the minimum energy position in the grain boundary zone.

Generally speaking, the migration of a single O atom at the
GB plane of the defect-free Fe along the rotation axis and
perpendicular to the rotation axis is more strenuous than that
in bulk. This phenomenon is caused by the local structures of
the GBs and O–Fe ionic bonding characteristics.8 As described
above, the GB region is constituted by the CTP structure. An O
atom in the bulk region is easily trapped in the CTP centre with
a big volume or bond length of Fe–O and strong O–Fe ionic
bond strength, as discussed in Section 3.3. Meanwhile, S5(310)
has a more open geometry than S3(111), leading to stronger
attraction to O atoms (smaller solution energies). When it
diffuses in the GB plane, it has to overcome the energy differ-
ence between one CTP and the conjunction of the neighbouring
CTPs with big atomic density. Therefore, the GBs cannot be
simply postulated as rapid pathways for impurities as previous
reports.41 According to the Arrhenius function, the diffusion
coefficient can be estimated by D z d2u � e�Ea/kBT, where
d relates to the jumping distance and Ea is the migration energy
barrier. u, kB and T represent the intrinsic frequency in s�1,
Boltzmann constant (8.617 � 10�5 eV K�1) and temperature in
K. The diffusion coefficients of O in bulk are roughly estimated
to be 2.2 and 6.1 times higher than that in the S3(111) and
S5(310) planes with jumping distances of 1.6 Å and 2.8 Å,
respectively. Consequently, the interstitial O tends to concen-
trate at the vicinity of GB in zone A or zone B. Therefore, it is
easy to form oxidation in these regions. This is consistent with
previous experimental observations that the IOZ growth origi-
nates in the grain boundaries.7

4 Conclusion

Using rst-principles calculations, we investigate the dissolu-
tion and diffusion properties of interstitial oxygen in the body-
centered-cubic iron grain boundaries, S3h110i(111) and
S5h001i(310). The solution energies show that GBs have strong
attraction to the O atoms, and the attraction strength depends
on the factors of the coordination number, deformation of the
local structure (such as Fe–O bond length, volume variance, and
distortion energies) and charge distribution characters. The
energy barriers of the interstitial O atoms diffusing in various
paths were studied to explore their diffusion properties. The
energy barriers of the interstitial O atoms diffusing in
S3h110i(111) and S5h001i(310) are greater than that in the bulk
region, indicating that O diffuses in GB with more difficulty
than in bulk. The barrier energies of the interstitial O atoms in
the transition region for S3h110i(111) are less than that in the
bulk region. In contrast, for S5h001i(310), the barrier energies
8652 | RSC Adv., 2021, 11, 8643–8653
are greater than that in the bulk region. This indicates that the
interstitial O atoms would segregate to S3h110i(111), but
concentrate in the transition region around S5h001i(310),
indicating the reason of oxidation accumulating at the GB
region.7 This study reveals the microscopic mechanism of the
oxidation corrosion of steel applied in industries, and provides
parameters for the further study of oxidation corrosion under
nuclear energy irradiation environment.
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