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The diffusion mechanism of interstitial solute elements in «-Ti was investigated using first-principles cal-
culations. Solute elements, B, C, N, O and F, were confirmed to be the most stable at octahedral sites with
their calculated formation energies. The migration energies of C, N and O are high, approximately 2 eV,
while those of B and F were approximately 1 eV. A high correlation was observed between the migration
energies and difference in the charge densities of the solute atoms between stable and transition states.
These results indicate that migration energies and resultant diffusion could not be determined only by
the atomic radii of solute atoms, and charge transfer must also be taken into consideration. The charge
transfer between matrix and solute atoms affects diffusion mechanism of solute atoms in Ti.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Main text

Recently, there have been efforts to simultaneously achieve high
strength and ductility of Ti-based alloys by controlling their mi-
crostructures [1-3], including the exploitation of bimodal phase
distributions in which each phase plays a selective role, such as
the o- and B-phases in Ti-6Al-4V [4-8]. The use of solute ele-
ments could also be optimized to promote a more desired bal-
ance of mechanical properties. For decades, there have been ex-
tensive research on the impact of solute elements, such as O and
N, on the microstructure and resultant mechanical properties of
pure Ti [9-18]. The diffusion of interstitial elements is also re-
lated to the partitioning and microstructures evolution in Ti al-
loys, whose changes involve thermodynamically modification and
thus have great influence on the mechanical properties of the al-
loys. In the Ti-6Al-4V based alloy, for example, fast diffusion rate
of O causes O-rich region at the interfaces between w- and B-
phases, which become preferential nucleation sites of «-phase [19].
Some recent studies about the additive manufacturing can achieve
the three-dimensionally controlled non-equilibrium microstructure
due to fast-quenching solidification [20-23], implying the impor-
tance of diffusion of O and N which are easily absorbed in the
alloys even from the controlled atmosphere during materials pro-
cessing and adsorbed on surfaces of starting powders. However, it
remains challenging to precisely understand the kinetics, especially
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in the case of interstitial elements, due to rapid diffusions of these
species.

Typical solute elements, such as O and N, either remain or are
often entrapped in Ti during materials processing, like C in steel.
Thus, there have been several extensive experimental and com-
putational studies on the diffusion of the typical elements in Ti
[24-37]. The activation energies of diffusion reported ranges be-
tween 117, 1.35 ~ 1.89, 145 ~ 2.13 or 196 ~ 2.32 eV for B, C, O
or N [25,26,30-36,38], respectively. To theoretically clarify the dif-
fusion mechanism, Wu and Trinkle calculated the diffusivity and
examined diffusion mechanism of O in «-Ti using first-principles
calculations [27], revealing that O diffuses from octahedral site to
octahedral sites via hexahedral or crowdion sites. Scotti and Mot-
tura have reported the migration mechanism of C, N and O by the
combination of first-principles calculation and kinetic Monte Carlo
method [29]. Moreover, the fast diffusion of some of substitutional
elements such as Fe, Co and Ni is also related with the interstitial
diffusion mechanism [24,25,39].

It is widely accepted that an atom at an interstitial site can dif-
fuse throughout lattice significantly faster than that at a substitu-
tional site [24,25] as there is no need for a vacancy at the next
site. One may think that atomic size determines the energy barrier
for diffusion; its small size allows the atom to reside at an intersti-
tial site even for metallic materials with free-like electrons. How-
ever, it is often overlooked that the difference in the electronega-
tivity between the host Ti and interstitial solute elements is greater
than that between Ti and substitutional elements, resulting in the
partial ionization of atoms. In fact, N has a smaller atomic radius
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Fig. 1. Experimentally-reported activation energies for diffusion of interstitial solute
elements in «-Ti [25,26,30-36,38,41] as functions of (a) atomic radius [40] and (b)
Pauling’s electronegativity [42].
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Fig. 2. (a) Schematic crystal structures showing the interstitial sites for solutes in
«-Ti. (b) Formation energies of the point defects for each solute element obtained
by the first-principles calculations. Circle, triangle, diamond, square and cross sym-
bols denote octahedral, hexahedral, basal crowdion, non-basal crowdion and sub-
stitutional sites, respectively. Crow.-B and Crow.-NB denote the basal crowdion and
non-basal crowdion sites, respectively. The dotted lines are drawn for the stable in-
terstitial sites obtained in this study only to serve as a guide. The solute elements
were found to be most stable at the octahedral site.

but a lower diffusion coefficient than C [25,40]. Fig. 1 shows the
experimentally-reported activation energies of diffusion [25,26,30-
36,38,41] as functions of the atomic radius[40] and Pauling’s elec-
tronegativity [42]. The non-monotonic dependence can be seen for
each elemental parameter, suggesting the energy barrier for dif-
fusion cannot be simply interpreted by these elemental parame-
ters alone. Though the diffusion mechanism was investigated as
mentioned above, the origin of the difference in the activation en-
ergies between these interstitial solutes has not been understood
yet. In these regards, transition of electronic states in the course of
diffusion, especially transition of interatomic bonds between hop-
ping interstitial atoms and host atoms with their distance being
changed upon diffusion, needs to be more carefully examined to
identify the extra factor that dictates the diffusion.

In this study, we fully investigated the solid solution state of in-
terstitial solute elements and their diffusion mechanism in «-Ti by
first-principles calculations. Particularly, we focused on the role on
diffusion not only of the elemental features, such as atomic radius
and electronegativity, but also of the charge transfer with the host
Ti atoms.

The formation energies of the point defects were evaluated
using the first-principles calculations. A supercell model with
4 x 4 x 3 optimized unit cells, which was determined from the
convergence of defect formation energy for the O atom at the oc-
tahedral site, was constructed with fully relaxed atomic positions.
In this study, not only octahedral and tetrahedral but also hexa-
hedral, basal crowdion and non-basal crowdion sites were inves-
tigated as interstitial sites, in addition to substitutional site. The
interstitial siters are shown in Fig. 2(a). To remove the symmetry
constraints, the solute atoms in the supercells were intentionally
randomly displaced within 0.05 A from its equilibrium position.
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Formation energies were calculated using pure-Ti and stable com-
pounds of solutes on the convex hull in free energy plots as a func-
tion of composition for each binary system. Details are described
in the Supplementary Materials (S2). The first-principles calcula-
tions were performed using the projected augmented wave (PAW)
method as implemented in the VASP code [43-46]. The exchange-
correlation term was treated with the Perdew-Burke-Ernzerhof
functional [47]. The 3s, 3p, 4s and 3d electrons of the Ti atoms, and
2s and 2p electrons of solute atoms were treated as valence elec-
trons for all calculations. The plane wave cutoff energies were set
to 520 eV. The integration in the reciprocal space was performed
with 3 x 3 x 3 I'-point-centered Monkhorst-Pack grids [48]. Struc-
ture optimization was carried out until all residual forces acting on
each atom were less than 1 meV/A. Only internal atomic positions
are relaxed assuming infinitely dilute states, where the effect of
cell volume and shape changes were negligible.

Fig. 2(b) shows the formation energies of the point defects cal-
culated by the first-principles calculations. Even in static calcula-
tions, the solute atom at some interstitial sites in the initial struc-
ture moved to other interstitial sites in the optimized structure. For
example, B at the tetrahedral site in the initial structure moved to
the octahedral site after structure optimization, i.e. B at the tetra-
hedral site is unstable. These moved atoms from the initial sites
were not plotted in Fig. 2(b). The obtained stable sites for intersti-
tials are summarized in Table S1. All solute elements were found
to be most stable at the octahedral site. The formation energies of
B and F at the octahedral sites calculated as largely positive (1 eV).
The former corresponds to the inability of B to dissolve in Ti, as
reported in the phase diagram [49].

Based on the stable sites for each solute atom, the candidates
for the diffusion paths were constructed (Table S2). Since the oc-
tahedral sites were the most stable for all solute elements, they
were included in all diffusion paths. The migration energies were
calculated using the climbing image nudged elastic band (CI-NEB)
method with an intermediate image [50-58]. Only the atomic posi-
tions were relaxed in the CI-NEB calculations. As the simple tran-
sition between stable sites at close distances involving one inter-
stitial solute atom was considered in this study, one intermediate
image could sufficiently estimate the migration energies according
to preceding studies [27,28]. Fig. 3(a) shows the migration ener-
gies for the diffusion paths. The lowest migration energies were
calculated to be 1.09, 1.84, 2.18, 1.99 and 1.14 eV for B, C, N, O
and F, respectively. For solutes B, C and O, the diffusion path with
the lowest migration energy was from the octahedral to non-basal
crowdion sites, though the diffusion path for C and O had a nearly
equal migration energy from the octahedral to basal crowdion sites
and from the octahedral to hexahedral sites, respectively. The so-
lutes N and F diffused with the lowest migration energy from the
octahedral to hexahedral sites with N having almost the same en-
ergy for the diffusion path from the octahedral to basal crowdion
sites. As mentioned earlier, the activation energies of diffusion co-
efficients were experimentally reported as 1.17, 1.35 ~ 1.89, 1.96 ~
2.32 and 1.45 ~ 2.13 eV for B, C, N and O, respectively [25,26,30-
36,38,41]. The order of activation energies; N, O, C and B, is now
in accordance with the calculated migration energies.

Fig. 3(b-d) shows the schematic illustrations of the diffusion
paths obtained throughout the crystal. For long-range diffusion,
the solute atoms migrated along (i) a one-dimensional path along
the c-axis via the octahedral and basal crowdion sites, (ii) a two-
dimensional path on the ab-plane via the octahedral and non-basal
crowdion sites and (iii) a three-dimensional path via the octahe-
dral and hexahedral sites. Experimental data on anisotropy of the
0 diffusion reveals that it is slightly easier for O to diffuse along c-
axis than on ab-plane [37]. The experimentally observed anisotropy
is consistent with our result; (ii) the two-dimensional path on ab-
plane from octahedral to non-basal crowdion sites with the lowest
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Fig. 3. (a) Calculated migration energies for the interstitial solute atoms by the climbing nudged elastic band method. Circle, square, upward triangle and downward triangle
symbols denote the path from octahedral to octahedral sites along c-axis, to hexahedral sites, to basal crowdion sites and to non-basal crowdion sites, respectively. The curve
lines connecting the stable and transition points are provided only to serve as a guide. (b-d) Identified long-range diffusion paths (b) from the octahedral to basal-crowdion,
(c) from the octahedral to non-basal-crowdion and (d) from the octahedral to hexahedral sites. For the long-range diffusion, solute atoms migrate on a one-dimensional path
along the c-axis via the octahedral and basal crowdion sites, two-dimensional path on the ab-plane via the octahedral and non-basal crowdion sites, and three-dimensional

path via the octahedral and hexahedral sites.

migration energy, (iii) the three-dimensional path from the octahe-
dral to hexahedral sites with almost the same energy as the lowest
one and (i) one-dimensional path along c-axis with much higher
migration energy among the assumed paths. The O diffusion in the
two-dimensional path on ab-plane will occur more frequently than
that in the one-dimensional path along c-axis.

In an attempt to clarify the origin of the difference in the mi-
gration energy barrier among the solute elements, their migration
energies were compared with their elemental features, particularly
atomic radius and electronegativity. Fig. 4(a,b) shows the depen-
dence of the migration energies of the path with the lowest en-
ergy barrier on atomic radius[40] and Pauling’s electronegativities
[42], which show non-monotonic changes as seen in Fig. 1. For the
solute elements N, O and F, the migration energies increased with
the increase of the atomic radius. However, for C and B, the migra-
tion energy decreased with the increase of the atomic radius. The
volcano-like dependence on the electronegativity cannot be simply

explained by the bonding ionicity of the solute elements. The dif-
fusion of these interstitial solute elements in «-Ti cannot be simply
determined by these simple elemental features.

The electronic structures of the stable and transition states
were carefully examined in order to obtain further insight. Fig. 5
shows the projected density of states (PDOS) of the models with
the solute atoms at the stable and transition sites. At the stable
states, the B- and C-2p orbitals mainly interacted with the Ti-3d or-
bitals, whereas the orbitals of the other solute elements were sep-
arated in energy and thus localized. This suggests that N, O and F
have a more pronounced ionic bonding than that of B and C. Com-
paring the stable and transition states, the orbitals of C, N, O and F
exhibited slight changes, while the B orbital were almost constant.
The C-2p orbital became slightly delocalized, while the orbitals of
0O and N shifted toward higher energy side at the transition states.
The migration energies of these solute elements are higher than
those of B and F, owing to their greater interaction with the host
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the stable and transition states. (e) Experimental activation energies for diffusion [25,26,30-36,38,41] as a function of the Bader charge difference between the stable and

transition states of the diffusion paths with lowest migration energy.

Ti atoms at their respective transition states. We also compared
the charge density of solute N and F (Figure S2), which exhibit the
high and low migration energies, respectively. At the stable states,
these solute atoms exhibit an ionic bonding, corresponding to the
PDOS results in Fig. 5. However, at the transition states, there are
different modifications in the electronic structures between these
solute atoms. The interatomic Ti-F bond remained ionic even at
the transition state. On the other hand, the interatomic Ti-N bond
became more covalent at the transition states.

The Bader charge analysis [59,60] was performed for the sta-
ble and transition states to more quantitatively investigate the re-
lationship between the migration energy barrier and local elec-
tronic structures. Fig. 4(c) shows the migration energy dependence
on the Bader charge difference between the stable and transition
states along the paths with the lowest energy barriers for each so-
lute element, which are dominant in diffusion. The difference in
charge transfers between the stable and transition states almost
linearly affected the migration energy during the diffusion of the

interstitial solute elements. Fig. 4(d) shows the migration energy
dependence on the charge difference for all the paths considered
in this study. Even considering all the diffusion paths, a nearly lin-
ear relationship was obtained, implying the anisotropy of the dif-
fusion of these elements were also related with the charge trans-
fer. This quantitative analysis is consistent with the physical insight
discussed above. The migration energies of the solute atoms could
not be elucidated by the ionic bonds or atomic radius at the sta-
ble states alone, instead it can be attributed to the charge trans-
fer between the transition and stable states. For the comparison
with experimental values, Fig. 4(e) shows the experimental activa-
tion energy [25,26,30-36,38,41] as a function of the Bader charge
difference between the stable and transition states of the diffusion
path with lowest migration energy. This charge transfer shows al-
most linear relationship with the experimental values.

The solute diffusion mechanism in «-Ti was quantitively inves-
tigated for interstitial solute elements using the first-principles cal-
culations. It was confirmed that the solute atoms B, C, N, O and F
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were the most stable at the octahedral sites. The solutes elements
C, N and O had high migration energies of approximately 2 eV in
«-Ti, while those of B and F were approximately 1 eV, which are
consistent with the experimental reports of the activation energies
of diffusion for B, C, N and O. The migration energies were domi-
nated by the difference in the charge densities of the solute atoms
at the stable and transition states for not only the paths with the
lowest energies for each solute element, but also all the diffusion
paths. This implies that the anisotropy of solute diffusion is also re-
lated the charge transfer between the solute and Ti. These results
indicate that the atomic radius or electronegativity of the solute
atoms alone cannot explain their migration energies during diffu-
sion. Instead, the charge transfer between the solute and Ti atoms
in the course of diffusion should also be considered. In addition,
this implies that diffusion can be altered at the grain boundaries
where atomic arrangement is modified, or in the vicinity of the
substitutional metallic elements other than Ti as charge transfer is
different.
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