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A first-principles study of titanium oxide clusters
formation and evolution in a steel matrix

Wengiang Bao, 2 Wei Zhang,® Huigai Li,** Shaobo Zheng® and Qijie Zhai®

The structures and evolution law of Ti,,O, clusters in a bcc Fe matrix are studied by using first-principles
calculations. In a bcc lattice, the Ti and O atoms attract each other strongly when the second nearest
neighbor site to interstitial O has been replaced by Ti. The Ti-O and Ti-Ti bonds are two dominating
factors affecting the stability of clusters. Ti—O bonds have more contributions to the stability of clusters
than Ti-Ti bonds. The stoichiometric ratio of Ti to O tends to stay 1:1 in titanium oxide clusters by
absorbing Ti/O atoms and then the cluster tends to absorb O atoms. The stable rhombus-shaped
structure Ti,O, is suggested to be the smallest unit of titanium oxide inclusions in steel. This work
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Introduction

Fine titanium oxides such as TiO, TiO,, Ti,O; and Ti;O5 can
serve as heterogeneous nucleation sites for intragranular ferrite
(IGF) in low-alloy steels, which could improve the toughness of
steel.”? It is difficult to study the nucleation mechanism of
titanium oxide in experiments due to the high temperature of
melt (1400-1500 °C). It has been confirmed that first-principles
calculation provides a practicable and predictive approach for
studying the mechanism of nucleation from the view of atomic
crystal structures. Normally, to acquire fundamental insight
into titanium oxides nucleation, it is necessary to understand
the interaction between Ti and O solute elements, the formation
of a titanium oxide cluster, and the evolution of the cluster in
the bce Fe matrix.

Previous first-principles calculation studies were focused on
the formation and stability of TiO, clusters without a matrix. Y.
Guo et al. found that (TiO,), was the most stable structure
among the investigated titanium oxygen species.* Compact
structures preferred to form among (TiO,), clusters with
increasing cluster size.® D. A. Dixon et al. investigated some
equilibrium geometries of defect-free (TiO,), (n = 1-4) clusters
showing a structural similarity to the natural anatase pha-
se.®* W. W. Zhang et al. summarized several structural rules of
(TiO,), clusters from the perspective of bonding properties and
bonding number.” In these previous studies, the influence of
the steel matrix on the formation and stability of TiO, clusters
was not taken into consideration. Y. Jiang et al. studied the
formation mechanism of Y-Ti-O nanoclusters in bec Fe lattice,
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provides practical information for further study of oxide inclusion nucleation.

showing that the matrix affected the subsequent precipitations
of (Y-Ti-O) nanoclusters by providing limited candidate loca-
tions for dissolved solutes.®* However, these studies mostly
focused on free-standing titanium oxide cluster. The interaction
between solute atoms, the structure of titanium oxide clusters
in bee Fe and even their evolution law keep unknown.

In the present work, the interactions between Ti, O and Fe
matrix, the structure of Ti,,O,, clusters with m, n ranging from 1
to 4 in bce-Fe lattice and its possible evolution pathways have
been explored using first-principles calculation. The binding
energy of different Ti,,O, clusters was calculated to find the
relative stability of the clusters in bec Fe lattice. The structural
evolution pathways were speculated, which was helpful to
understand the nucleation of titanium oxides.

Calculation details

The calculations were carried out using the Vienna Ab initio
Simulation Package (VASP)° based on the density functional
theory (DFT).* To describe the interactions between ions and
electrons, standard projector augmented wave pseudopotential
(PAW)"* were used for Fe, Ti, and O with 8 (3d®4s%), 4 (3d*),and 6
(2s*2p®) valence electrons, respectively. Exchange and correla-
tion energy was treated by a generalized gradient approximation
with the Perdew-Burke-Ernzerhof functionals (PBE-GGA).** At
0 K, the optimal lattice constant of bce-Fe was calculated to be
2.83 A which was consistent with experimental value of 2.85 A
(ref. 13) and other DFT calculations.**** The cutoff energy for
the wave expansion was set to be 310 eV. A4 x 4 x 4 supercell of
128 (+1, 2, ...) atoms was used in calculations. All the calcu-
lations were spin polarized. In structural optimizations, the
shape and size of the supercell and atomic configuration were
fully relaxed until the Hellman-Feynman force on all atoms had
fallen below 0.01 eV A~!, while the electronic degrees of
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freedom were converged to at least 10 ¢ eV per atom. The
standard conjugate-gradient algorithm implemented in the
VASP code was used to relax the ions. A finite-temperature
smearing method of first-order (N = 1) Methfessel-Paxton was
used throughout with the smearing width, g, setting to 0.2 eV to
keep the difference between the free energy and the total energy
negligible (less than 1 meV per atom). Brillouin zone integration
was performed with a 3 x 3 x 3 k-point mesh by Monkhorst-
Pack scheme for energy calculation.

To describe the chemical stability of interstitial oxygen
atoms and titanium oxide clusters in Fe lattice, two energetic
quantities were defined: the equilibrium formation energy and
binding energy.

The equilibrium formation energy, AEf9(Fe,/O) was given by
the following formula:

AEX(Fe,/O) = E(Fe,/O) — nE(Fe) — E(O) (1)

where E(Fe,/O) was the total energy of supercell containing nFe
atoms (n = 128) and one oxygen atom, E(Fe) and E(O) were the
energy (per atom) of Fe and O in their equilibrium pure element
reference state. The reference state for O was the isolated O,
molecule and its energy was determined by conducting
a calculation of an O, molecule in a 10 A x 10 A x 10 A box.*'
E(Fe) and E(O) were calculated to be —8.31 eV (—8.31 eV by C. M.
Fang,"” —8.21 eV by C. K. Ande*®) and —4.12 eV (—4.41 eV by M.
Souissi*®), respectively.

The binding energy of titanium oxide clusters in Fe lattice,
Ey(Ti,0,), was defined as follows:*

Ey(Ti,,0,) = {mE(Fey_,Ti) + nE(Fex0)} — {E(Fey_,Ti,0,)
+(m+n— DE(Fey)} (2)

where E(Fey_1Ti), E(FeyO) and E(Fey_,,Ti,,0,) were the total
energy of bee Fe supercell containing a Ti atom, an O atom and
titanium oxide cluster Ti,,O0,, respectively. O atom was consid-
ered at interstitial site and Ti atom at substitutional site. E\(Fey)
was the total energy of perfect bee Fe supercell. All discussions
below obeyed a convention that a positive binding energy
indicated a favorable attraction, while a negative one indicated
a repulsion.

The binding energy can be decomposed into distortion and

electronic binding energy, (EX(Ti,.0,), and
Ep(Ti,,0,,), respectively:
E{)(Tlmon) = Eg(Tlmon) + Ei(TlmOn) (3)
EY(Ti,,0,) = mE_"(Fe) + nE;°(Fe) — E; """ (Fe)
— (m+n—1)E(Fe) (4)

where E "(Fe), E¢ °(Fe) and EﬁTi’”O” (Fe) were the total energy of
the configuration without Ti, O, and Ti,,0,, respectively. They
could be calculated by removing Ti, O and Ti,,O, from fully
relaxed Fe supercell containing Ti, O and Ti,,0,, respectively.
Then the total energy could be calculated without relaxation.
The electronic binding energy can be obtained by eqn (3) and
(4). The incremental binding energy, Ef(Ti,0,), was defined
and calculated as:
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Table1 The formation energy Ef® (eV), volume change rate (% Ae) and
relaxation (in percent of Ar/r?) for substitutionally and interstitially
sited O atom in bce Fe. r? and r; represent the distance between the
interstitial impurity atom and its neighboring atoms without relaxation
and with relaxation, respectively, i corresponding to the neighbor shell
number, i.e. ry is the first nearest neighbor distance

Configuration Ef1 (% Ary/r) (% Ary/r3) (% Ae)
Felzgo(oct) —2.50 +27.31 +0.97 1.02
Fe,50(tet) —1.77 +13.35 +1.23 1.46
Fe,,,0(sub) —0.90 +2.34 —2.36 0.24
X e . .
EI (Tlmon) = EL(TI,,,O" + X) - EL(TlmOn) (5)

where X is either Ti or O.

The formation energies of O atoms in the substitutional site
(S-site), octahedral interstitial site (O-site), and tetrahedral
interstitial site (T-site) were calculated. It was found that O
preferred the O-site over the T-site and S-site (see Table 1),
which is in agreement with the previously findings.”* >

Results and discussion

Unlike independent atoms, Ti and O as solute atoms are
confined by the Fe matrix. The interaction between solutes were
analyzed from the perspective of binding energy and the
differential charge density distributions.

The configurations for the pairs in bcc Fe were shown in
Fig. 1. The binding energy of Ti-Ti and O-O pairs and distance
between two atoms were calculated and listed in Table 2. The
substitutional site inn stands for the first to the fifth nearest
neighbors (1nn to 5nn) relative to a substitutional solute or an
octahedral interstitial in this study. The binding energy between
Ti solutes in bcc Fe lattice is negative at the 1nn, 2nn, 3nn, and
4nn sites and close to 0 at 5nn site, which means that Ti solute
atoms are not liable to aggregate in bec Fe. The interaction of
O-0 pairs appears strongly attractive in the configuration BC
with a positive binding energy of 0.239 eV, (0.24 eV by C. Barouh
et al.?).

(a) (b)

Fig. 1 Solute—solute configurations in bcc Fe. (a) The first- to fifth-
nearest-neighbor (1nn to 5nn) positions relative to the solute Ti. (b)
Possible configurations of two octahedral interstitial O atoms close to
each other in bcc lattice. The blue, yellow and gray spheres denote Fe,
Ti and O atoms, respectively.
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Table 2 The binding energy (eV) of Ti-Ti and O-O pairs and distance (A) between two paired atoms

B (eV) B (eV)
Distance .

Different configuration Ti-Ti (A) Different configuration 0-0 Distance (A)
Cfg (1nn) —0.360 2.648 Cfg (AF) —0.382 2.351
Cfg (2nn) —0.251 2.912 Cfg (AI) —1.457 3.441
Cfg (3nn) —0.183 4.031 Cfg (AE) 0.149 2.501
Cfg (4nn) —0.012 4.726 Cfg (AH) —0.152 3.369
Cfg (5nn) 0.030 4.924 Cfg (BC) 0.239 2.758
Cfg (BD) —0.380 2.347
Cfg (BE) —0.050 3.502
Cfg (BG) 0.064 3.872

pairs are especially stable when Ti and O atoms are at the

0.6 2nn G © N c‘v — © second nearest neighbor distance. The attractive interaction

1 i ‘ ; @ between Ti and O can promote the formation of Ti-O clusters in

% 0.5 ...... o, (.f:; bee Fe. Nanoscale clusters enriched in O and Ti had been

2 044 © e (;.2'"' © detected -1n steel. matrix.>*? S

E = The differential charge density distributions were calculated

S 0.3- to analyze the electronic structures of Ti-O pairs in bec Fe. It can

£ ! be seen from Fig. 3 that significant charges transfer from Ti

E 0.2 atoms to O atoms. The interaction between Ti and O presents

% 0'1_' Il senarate TEO ionic binding charact'eristic% The.re exists certain amot'mt of

= >3nn / charges around the Ti-O pair, which means that the pair and

004 __ i :?_-h _____ the bee Fe matrix share an amount of charges. Moreover, 2nn

Ti-O pair shares the most amount of charges with bcc Fe

nn between titanium and oxygen

Fig. 2 The binding energy of Ti-O pairs being different nearest
neighbor is plotted. The embedded figure shows the corresponding
Ti—O configuration. It is seen that the present value for 2nn Ti—O pair is
larger than others, implying that Ti atom at 2nn site has high affinity for
interstitial O atom.

The binding energies of Ti-O pairs at different nearest
neighbor positions were presented in Fig. 2. The results show
that the Ti and O atoms will attract each other to form Ti-O
pairs in bee Fe. The first and second nearest neighboring Ti-O
pairs have quite large positive binding energy, but the value
decreases quickly after the second nearest neighbor and is near
to zero at the third nearest neighbor, indicating that the inter-
action is negligible at third nearest neighbor distance. The Ti-O

high H

Electron density
[ot0]

3
=

Fig. 3 The differential charge density distributions for O with Ti in
substitutional sites of (a) 1nn in the (100) plane, (b) 2nn in the (100)
plane, (c) 3nnin the (100) plane. Here, the red and blue regions indicate
the gain of electrons and the loss of electrons, respectively. The Ti and
O are all labeled.
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compared to 1nn and 3nn pairs (details see Fig. 3). The result
indicated that Fe matrix contributes to the strong interactions
of 2nn.

As a next step, we performed calculations of a number of
small Ti,,0, clusters, (m and n ranged from 1 to 4) to find the
most stable structures by comparing total energies among their
isomers. Furthermore, we also explored the key factors that
influence the stability of structures. The initial nanostructures
of titanium oxide clusters were generated according to the
following rules: (i) Ti exists as a substitutional atom, and O
atom prefers to be at an octahedral interstitial site in bcc Fe
lattice. (ii) The new structures were constructed by successively
adding Ti atom or O atom to an existed small optimized cluster.
(iii) Newly inserted O atoms and O atoms in the cluster form the
most stable BC configuration. (iv) The Ti-O and Ti-Ti bonds are
supposed to form if the distances are smaller than 2.15 A and
3.00 A, respectively, which are reasonable values compared to
the shortest Ti-O distance (1.95 A) and Ti-Ti distances (2.96 A)
in rutile.?® (v) Only the first and second nearest neighbor sites to
O atom are replaced by Ti atom to form so-called “compact
clusters”. Similar rules have also been found in the investiga-
tion of stable Vac,Al,, clusters in a-Fe,*” Vac-As, clusters in Ge?®
and X-Pb,(Bi,) complex (X = He, Vac, Div) in Fe.*

The equilibrium geometries of investigated Ti,,O, clusters as
well as some of their isomers are shown in Fig. 4. Their ener-
getic and bonding properties are summarized in Table 3. Here,
we may reveal several characteristics which can serve as guiding
factors to investigate larger clusters by analyzing only a selec-
tion of the possible initial clusters. The stability of isomers can
be characterized by the total energy.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Schematic representation of the lowest-energy and some of low-lying isomers of Ti,,O, clusters in bcc lattice (m, n ranging from 1 to 4).
The E}, represents total binding energy. It should be note that the structure is labeled by the symbol of (m,n)-a is the most stable configuration
among its isomers, e.g., (m,n)-b, or (m,n)-c, etc., where m and n represent the number of Ti atoms (blue spheres) and O atoms (red spheres),
respectively. Fe atoms are not drawn here.

It has been found that the formation of Ti-O bonds helps to  noted that the first-nearest-neighbor Ti-O bond induces the
promote the stability of clusters on account of strong attractive total energy to increase slightly, ie. the total energy of the
interactions between Ti and O. As can be seen in Table 3, the structures (3,1)-a, (3,1)-b and (3,1)-d increase sequentially as the
most stable structures (m,n)-a are those with the largest amount number of first-nearest-neighbor Ti-O bonds increase. Simi-
of Ti-O bonds among their isomers. However, it should be larly, the structure (3,2)-d is more stable than (3,2)-g due to lack

This journal is © The Royal Society of Chemistry 2017
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Table 3 The total energy relative to the corresponding the lowest energy isomers (take to be zero) E (eV), the number of Ti-Ti, Ti-O and Ti-O
(which is first nearest neighbor, 1nn) bonds (Nri_1i). Nti-0y and Ni-o)-1nn respectively) of Ti,,O, clusters for m and n up to 4

Cluster E (eV) Nti-o) Neriori) Nri-oy1nn Cluster E (eV) Nti-0) Nri-i) Niri-oy1nn
(1,1) 0 1 0 0 (2,4)d 0.498 6 1 0
(1,2)a 0 2 0 0 (3,1)a 0 3 2 0
(1,2)b 2.563 2 0 2 (3,1)b 0.497 3 2 2
(1,3)a 0 3 0 0 (3,1)-¢ 0.383 3 3 1
(1,3)}b 0.685 3 0 0 (3,1)-d 0.285 3 2 1
(1,3)¢ 0.394 3 0 1 (3,2)a 0 5 1 0
(1,3)-d 1.060 3 0 0 (3,2)b 0.341 5 2 1
(1,3)-e 0.217 3 0 0 (3,2)-¢ 0.323 4 0 0
(1,3)-f 0.656 3 0 1 (3,2)-d 0.425 4 1 0
(2,1)a 0 2 0 0 (3,2)-€ 0.798 4 2 1
(2,1)-b 0.466 2 0 2 (3,2)-f 0.548 4 2 0
(2,1)-¢ 0.401 2 0 1 (3,2)-g 0.649 4 1 1
(2,1)-d 0.139 2 1 0 (3,3)a 0 7 0 0
(2,2)a 0 4 0 0 (3,3)b 0.548 6 1 0
(2,2)b 0.547 3 1 0 (3,3)-¢ 0.417 6 0 0
(2,2)-¢ 0.421 3 0 0 (3,3)-d 0.612 6 1 0
(2,2)-d 1.173 2 1 0 (3,3)-€ 0.526 6 1 0
(2,2)-e 0.759 3 1 1 (3,3)-f 0.597 6 1 0
(2,2)-f 1.290 2 1 0 (3,3)-g 0.881 6 2 1
(2,3)a 0 5 0 0 (3,3)-h 0.784 6 1 1
(2,3)b 0.675 4 1 1 (3,3)- 0.768 6 1 1
(2,3)-¢ 0.780 4 1 1 (3,4) 0 8 2 0
(2,3)-d 0.435 4 0 0 (4,3)a 0 8 1 0
(2,3)-€ 0.612 4 1 0 (4,3)b 0.097 8 1 0
(2,3)-f 0.429 4 0 0 (4,3)-¢ 0.177 8 2 0
(2,4)-a 0 6 0 0 (4,3)d 0.361 8 2 1
(2,4)b 0.098 6 1 0 (4,3)-€ 0.414 8 2 1
(2,4)-¢ 0.491 5 0 0 (4,3)-f 0.359 8 2 1

of one first-nearest-neighbor Ti-O bond. The repulsive interac-
tion between Ti-Ti influences the total energy, resulting in less
stability of the structures. For example, the structure (2,4)-a,
which is similar to the most stable structure predicted in
previous calculations,**® is more stable than structure (2,4)-
b due to the smaller distance between Ti atoms. The least stable
structure (3,3)-g in (3,3) isomers contains two Ti-Ti bonds. For
(4,3) type clusters, they all have eight Ti-O bonds. Conse-
quently, the structure with the least Ti-Ti and first-nearest-
neighbor Ti-O bonds has the lowest energy. Besides, the most
stable structures such as (2,2)-a and (3,3)-a, are all ring-shaped,
and are more energetically favorable to form than quasi-linear
structures.

Based on the stable structures for various clusters analyzed
above, next we turn to discuss the possible growth pathway of
Ti,O, clusters in the initial stage of nucleation.

The binding energy for the stable clusters of different sizes
was calculated. The results are plotted in Fig. 5. It can be seen
that the binding energies of the clusters are positive, which
means that the Ti,,0, clusters are all energetically favorable to
form. This indicates that small clusters may grow up by
absorbing Ti or O atoms into a larger cluster, which is consis-
tent with the previous thermodynamic calculation.®

To explore the origin of the binding energy, we decomposed
the binding energy into the distortion and electronic binding
energy. The decomposed energy together with the binding
energy for the Ti,,O,, clusters are plotted in Fig. 6. It can be seen

52300 | RSC Adv., 2017, 7, 52296-52303

that Eﬂ(TimOn) increases with the size of the Ti,,O, cluster and
becomes positive when m = n = 2 (the rhombus-shaped struc-
ture forms). The result indicates that the strain in matrix caused
by the cluster can be relaxed and the cluster is liable to grow up
when the Ti,O, rhombus-shaped structure forms. The elec-
tronic binding energy, Ey(Ti,,O,), is also positive and increases
with the size of the clusters. Ej(Ti,,O,) is larger than the
distortion binding energy, Ef(Ti,,0,), and mainly contributes to
the binding energy.

® o
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Fig. 5 The binding energy (in eV) of titanium oxide clusters (Ti,,Op,).
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Fig. 7 Schematic representation of structural evolution for small
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corresponding binding energy. The incremental binding energy is
attached on the arrows which predicted the next probable structure.
Noted that the clusters arrowed by red arrows (with larger incremental
binding energy than blank arrows) have an even greater possibility to
appear (m, n denote the number of titanium and oxygen, respectively).

Subsequently, we explored the structural evolution of small
Ti,,O, clusters (see Fig. 7). Only the relatively stable structures of
each size of clusters are discussed here. The incremental
binding energy, EX(Ti,O,), represents the binding energy
between an X (Ti or O) atom and a Ti,,O,, cluster. TiO cluster
prefers to form TiO, for the reason that E(TiO) is larger than
E{(TiO), but it is also undeniable that the structure Ti,O may
exist. Both TiO, and Ti,O preferentially form the rhombus-
shaped structure, Ti,O,, by trapping one Ti atom and one O
atom, respectively. The structures formed by O-rich cluster TiO;
and Ti-rich cluster TizO after trapping a Ti and O atom,
respectively, also contain a rhombus-shaped structure Ti,O,.
However, Ef(Ti,0,) is larger than EITi(TiZOZ), indicating that the
cluster Ti,O, preferentially traps one O atom, forming
a terminal Ti—O bond. The structure of Ti,O; is similar to the
structure of Tiz0,, both containing a quadrangular configura-
tion, while these two clusters preferentially form the same
cluster Ti;O; containing two quadrangular units which in

This journal is © The Royal Society of Chemistry 2017
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conjunction with each other by sharing one Ti—O bond. Besides,
the cluster Ti,O, and the cluster Ti,O, prefer to bond one Ti
atom and O atom, respectively, tending to make the stoichio-
metric ratio of the cluster approach to a value of 1 : 1. This is in
excellent agreement with our experimental finding that the Ti to
O ratio approaches to 1 : 1 for clusters detected by Atom Probe
Tomography (APT). It is noted that the matrix Fe atoms
surrounding the constructed Ti,,O,, clusters present short-range
ordered stacking, having effects on the structures of clusters.
Take the process from Ti,O, to Ti;O; for example (see Fig. 8).
Before formation of clusters, Ti and O atoms are considered
distributing stochastically in forms of free atoms or Ti-O pairs
in the Fe melt. One O atom firstly migrates toward an as-formed
Ti,O0, and then Ti,O, develops into Ti,Oz. But the O atom is
restricted by Fe matrix lattices, which are supposed to offer
limited O-sites for O to select when it bonds with Ti atom. The
free Ti atom afterwards occupies the lattice point to bond with
two O atoms and then rhombus-shaped structure forms. So, the
calculated structures of Ti,,O, clusters are slightly different
from other calculations in bonding characteristics.>**

Based on the study of these small clusters, we can conclude
that Ti-rich clusters, i.e. Ti,O, TizO, TizO, and Ti O,, are espe-
cially apt to trap O atom, while O-rich clusters, i.e. TiO,, TiO3,
Ti,03 and Ti,O,, are apt to trap Ti atom. This indicates that the
clusters whose ratio of Ti to O atoms is close to 1 : 1 are easily to
be formed, and then these clusters evolve towards structures
containing more O atoms. This tendency is consistent with the
experimental results that some common titanium oxides
inclusions, ie. TiO,, Ti,O;, and TizOs5 etc., contain more O
atoms than Ti atoms.**** Additionally, the structure (2,2)-a was
regarded as a special cluster, which may be considered as
primitive or potential nuclei of stable and larger titanium
oxides. For instance, we found this rhombus-shaped structure
in several common natural phases, ie. Ti,O; and TiO,
(including three bulk structures, anatase, brookite and rutile).
For the structure of Ti,O;, one Ti atom is surrounded by six O
atoms, forming three rhombus-shaped structures sharing one
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Fig. 8 Schematic representation of structural evolution for Ti,O, to
TizOs (blue, green and red spheres denote Ti, Fe and O atoms
respectively).
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(c)

(d)

Fig.9 Schematic view of several common bulk structures of titanium
oxides for (a) Ti»Osz, (b) TiO, (rutile), (c) TiO, (brookite) and (d) TiO,
(anatase). Noted that the rhombus-shaped structures in the dashed
boxes are similar to a selection of clusters shown in Fig. 8. They
comprise these bulk structures by complicated evolving (blue and red
spheres denote Ti and O atom, respectively).

Ti atom, (see Fig. 9a). In rutile TiO,, one Ti atom bridged two
adjacent rhombus-shaped structures lying on one plane (see
Fig. 9b). For brookite and anatase, the small units selected by
dashed boxes were similar to the clusters of (3,3)-a and (3,4)
(compare Fig. 9¢, d and 4). The rhombus-shaped structure can
be considered to be the basic unit of the stable Ti,,O,, structure
in Fe matrix. The fact that these clusters studied theoretically
may also be useful for us to understand the structural evolution
further.

Conclusions

The Ti and O are known to mainly exist as solute atoms in the
medium-range-order bcc Fe matrix and can be easily to aggre-
gate and form clusters due to the strongly attractive interaction
between them. The growing pathway and the origin of Ti,,O,
clusters are explored from the changes of binding energy. The
detailed conclusions are as follows:

(i) The interaction between a substitutional Ti and an
interstitial O is strongly attractive at the second neighbor
distance and presents ionic binding characteristics. A sizeable
amount of charges are shared by Ti-O pairs and Fe matrix when
Ti and O at second neighbor distance.

(ii) The Ti-O, Ti-Ti bonds are the main factors affecting the
stability of clusters, which are more stable with increasing
number of 2nn Ti-O bonds or decreasing number of Ti-Ti
bonds.

(iii) The O-rich clusters are energetically favorable to trap Ti
atom and the Ti-rich clusters tend to trap O, to keep the stoi-
chiometric ratio being close to 1 : 1, and then the cluster tends
to absorb O atom.

(iv) The rhombus-shaped structure (2,2)-a is suggested to be
the smallest unit of the stable Ti,,0,, structure in Fe matrix.
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