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Effects of oxygen on prismatic faults in a-Ti: a combined quantum
mechanics/molecular mechanics study
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The mechanical properties of a-Ti are greatly affected by the presence of oxygen impurities. Here we focus on the interaction of oxygen with
prismatic faults and oxygen diffusion barriers in a-Ti using a multiscale quantum mechanics/molecular mechanics approach. We show that a
one-sixth monolayer of oxygen addition increases the Peierls stress 4-fold and reduces the dislocation core width by 18%. The calculated hardening
effect due to oxygen and the oxygen diffusion barriers are consistent with experiments.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Titanium (Ti) and its alloys have been traditionally
used for structural applications in automotive, aerospace
and biomedical applications due to their high strength-to-
weight ratios [1]. Commercially pure Ti alloys are particu-
larly attractive due to their excellent corrosion resistance,
light weight and formability. Crucial to the mechanical
properties of these alloys is the presence of oxygen
impurities. Specifically, it has been shown that the oxygen
impurities can either harden or soften the materials as a
result of the interaction between the impurities and lattice
defects, particularly dislocations and twins [2–4]. In high
strength grade Ti alloys the addition of oxygen improves
the corrosion and wear resistance of a-Ti and its alloys
[1,5]. However, at elevated temperatures an oxide layer at
the Ti surface is formed and the O atoms can diffuse rapidly
into the base metal [4], instigating hardening and embrittle-
ment of the base material [3]. In particular, a dislocation
core could act as a fast path for diffusing O atoms whose
mobility can be orders of magnitude higher than those in
bulk diffusion; this phenomenon is often referred to as
“pipe diffusion”. By creating a short-circuit pathway the
pipe diffusion can affect many kinetic processes in the bulk
materials, including creep [6], dynamic-strain aging, crystal-
lization [7], and other mechanical properties of a-Ti. Con-
sequently, understanding the atomistic mechanisms
behind oxygen–metal interaction is crucial for developing
high-performance Ti alloys [2,8,9] with applications in
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nuclear power plants, wind turbines and other large-scale
industrial infrastructure.

In this paper we examine oxygen diffusion in bulk a-Ti
and pipe diffusion along a prismatic edge dislocation core.
In addition, we evaluate the dislocation mobility in the
presence and absence of oxygen impurities. We have
employed a coupled quantum mechanics and molecular
mechanics (QM/MM) method that combines the accuracy
of QM calculations with the simplicity and efficiency of
MM simulations. In conjunction with a climb-based
nudged elastic band (C-NEB) method [10] we can deter-
mine the oxygen diffusion barriers accurately. More specif-
ically, the QM/MM model is partitioned into two spatial
domains: a QM region consisting of the dislocation core
and the oxygen impurity, and an MM region for the rest
of the system. In the QM region the energy and force are
calculated based on the density functional theory (DFT)
[11,12] as implemented in the Vienna Ab initio Simulation
Package (VASP) [13], while the same quantities in the MM
region are computed by empirical atomistic simulations [14]
based on the embedded atom method (EAM) due to Zope
and Mishin [15] (see the online Supplementary Informa-
tion). The coupling between the QM and MM regions is
accomplished by the constrained DFT [16]. The post-
processing of the simulation data is performed using OVI-
TO [17]. Complementary to the atomistic simulations, the
semi-discrete variational Peierls–Nabarro model (SVPN)
[18] was also used to analyze the dislocation core structure
and mobility. The chemical interaction between the oxygen
impurity and the dislocation core is captured by the
so-called generalized stacking fault energy (GSFE) surface
which was determined from DFT-VASP calculations. By
reserved.
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Figure 2. (a) Oxygen binding at the prismatic dislocation core with the
plane of sight along the [0001] direction. (b) Oxygen binds with six Ti
atoms at the dislocation core. Atoms are marked by numbers on the
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taking the chemical interaction into consideration the
SVPN model can predict the dislocation core structure
and mobility in the presence and absence of the oxygen
impurity and thus reveal the effect of oxygen on the soften-
ing/hardening behavior in a-Ti.

An edge dislocation was created, as described by Oset-
sky and Bacon [19], initially in LAMMPS [20]. The edge
dislocation structure obtained using the EAM potential
was further relaxed using the QM/MM method with
30 meV Å�1 and 1 meV as the force and energy conver-
gence criterion, respectively. The QM region had 196 atoms
containing the dislocation core with/without an oxygen
impurity and the MM region consisted of 11,926 atoms
capturing the long-range elastic field of the dislocation.
The overall dimensions of different regions were:
30 Å � 27 Å � 9.26 Å for the QM region, and 143.67 Å
� 155.07 Å � 9.26 Å for the MM region. The simulations
were performed on a rectangular cell having x, y and z axes
oriented along the ½1�210�; ½10�10�and½0001� directions,
respectively. The length along the dislocation line [0001]
was set to 2c (c = 4.645 Å) to avoid the interaction of O
atoms due to periodic boundary conditions.

For the DFT part, projector augmented wave (PAW)
[21] potentials were used to represent the nuclei core with
valence electrons on s and d orbitals for a-Ti and valence
electrons on s and p orbitals for O atoms. Exchange and
correlation was treated with GGA using the PBE [22] form
with an energy cutoff of 289 eV and a Monkhorst–Pack
k-point mesh of 1 � 1 � 5 along the ½1�210�; ½10�10� and
[0001] respectively. For GSFE calculations the k-point
mesh was 18 � 1 � 10 along the ½1�210�; ½10�10� and ½0001�
respectively. A single O atom was introduced on the
prismatic shearing plane with 1/6 monolayer (ML) oxygen
concentration; the slip direction is along ½1�210�. The O
atom was free to relax in all directions, whereas Ti atoms
were free to move along the ½10�10� direction only.

First we focus on oxygen diffusion in bulk a-Ti. There
are three interstitial positions, octahedral, crowdion and
hexahedral sites, which the O may occupy, and the pre-
ferred position is the octahedral site [8]. The hexahedral site
is on the basal plane, whereas the octahedral and crowdion
sites are between the A and B stacking along the [0001]
direction [8]. The transition pathways and energy barriers
between the different interstitial sites for a diffusing O atom
have been determined using the C-NEB method with four
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Figure 1. C-NEB path and energy barriers for an O atom diffusing in
bulk a-Ti between the interstitial sites.
intermediate images. Figure 1 shows the energy barriers
for the O atom diffusing from an octahedral site to an
adjacent crowdion site (OAC) and subsequently from a
crowdion position to a hexahedral position (CAH) and
finally from a hexahedral position to an octahedral position
(HAO). Also in Figure 1, the diffusion pathway is illus-
trated by showing the O positions along the transition path.
The potential energy of the hexahedral site is 1.43 eV higher
than that of the octahedral site. Moreover the excess energy
of the crowdion site over the octahedral site is 1.95 eV.
Both crowdion and hexahedral sites are local energy min-
ima and thus excess thermal energy is required for the O
atom to reach the octahedral sites. The diffusion energy
barriers from the crowdion and the hexahedral sites to
the octahedral sites are 120 and �550 meV, respectively.
Both compare well with the work of Wu and Trinkle [8].

Next we study oxygen–dislocation interaction in a-Ti.
To this end we first need to determine the relative site
preference of oxygen at the dislocation core. The total
energy of a single O atom placed at various interstitial sites
near and away from the dislocation core has been calcu-
lated. Figure 2a shows the optimized equilibrium geometry
of the oxygen at the prismatic edge dislocation in a-Ti
viewed along the [0001] direction. It is found that the local
atomic configuration changes from a hexagonal close-
packed (hcp) octahedral to a body-centered cubic (bcc)
octahedral structure. The O atom binds with four Ti atoms
on the same basal plane and with two Ti atoms above and
below the plane. The O position is the same as in the hexa-
hedral site in bulk a-Ti except that now there are four atoms
on the basal plane (see Fig. 2b) instead of three (Fig. 1).
basal plane.
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Figure 3. (a) Diffusion path of an O atom along the dislocation line
([0001] direction) of the prismatic edge dislocation with ABAB
stacking sequence. (b) The C-NEB path for an O atom diffusing along
the dislocation line.
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Figure 4. (a) GSFE as a function of shear displacement along the ½1�210� direction of a-Ti with and without 1/6 ML oxygen on the slip plane. (b) A 3-
D isosurface plot for charge density showing the effect of O at the prismatic stacking fault. The orange and black atoms represent O and Ti atoms,
respectively. The yellow and cyan isosurfaces represent charge accumulation and depletion, respectively. (For interpretation of color in Figure 4, the
reader is referred to the web version of this article.)
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Having obtained the stable oxygen site at the dislocation
core, we proceed to determine the oxygen diffusion path-
way and energy barriers along the dislocation core using
the C-NEB method with 16 intermediate images. Figure 3a
shows the initial path for an O atom to diffuse over a dis-
tance of c (4.645 Å) in the dislocation line direction of
½0001� with ABAB stacking. The energy barrier and diffu-
sion path for the pipe diffusion of O along the dislocation
line are depicted in Figure 3b. Also the migration pathway
is illustrated by showing the O position along the path in
Figure 3b. The energy barrier for the diffusion path from
one bcc octahedral position to another bcc octahedral
position is 1.24 eV, which is much smaller than the bulk dif-
fusion barrier of 2.0 eV. To put the results in perspective we
can estimate the required temperature for an O atom jump-
ing from one octahedral site to the next in the bulk a-Ti and
for the pipe diffusion along the dislocation line. Assuming
the phonon frequency as 1013 s�1 and for a unit probability,
the required temperature for the bulk diffusion is 775 K,
much higher than that of the pipe diffusion at 496 K.

Next we examine the effect of oxygen on the deforma-
tion behavior a-Ti using the SVPN model in conjunction
with the ab initio determined GSFE. Figure 4a illustrates
the GSFE curves as a function of the shear displacement
in the ½1�210� direction with (the oxygen concentration is
1/6 ML) and without the interstitial oxygen. The unstable
stacking fault energy is increased from 237 to 303 mJ m�2

(28% increase) in the presence of oxygen on the shear plane.
The dislocation core width and the Peierls stress were calcu-
lated using the SVPN method with ab initio GSFE. The
Peierls stress for the prismatic edge dislocation with and
without oxygen was found to be 97 and 24 MPa, respec-
tively (�400% increase). The simulations also revealed that
the prismatic dislocation becomes narrower in the presence
of oxygen, from 1.1 to 0.9 Å. This narrowing of the core
width is consistent with the increase of the Peierls stress
since the Peierls stress depends exponentially on the ratio
between the dislocation core width and the atomic spacing
along the dislocation line.

The mechanical properties of a material are determined
by the nature of atomic bonding; therein, both the shear
strength and cohesive energy are affected by the directional-
ity and strength of chemical bonds. Therefore, understand-
ing the change in charge density resulting from a solute
atom can shed light on the strengthening mechanism of
the impurity [23]. Figure 4b presents a 3-D isosurface plot
for the differential charge density in the presence of the O
atom. The yellow and cyan isosurfaces represent charge
accumulation and depletion, respectively. Compared to the
charge density distribution in pure a-Ti the main change
due to oxygen happens around the octahedral site as seen
in Figure 4b. The charge densities between Ti atoms were
evidently increased, with the addition of oxygen resulting
in an increase in the shear modulus which affects the disloca-
tion mobility.

In summary, the oxygen–metal interaction in a-Ti was
examined including oxygen diffusion barriers and oxygen
effects on the prismatic edge dislocation ( 10�10

� �
h1�210i)

motion. It was found that oxygen prefers to occupy the
bcc octahedral site at the dislocation core. Moreover, the
oxygen diffusion barrier along the edge dislocation line
from a bcc octahedral position to an hcp octahedral
position is 1.24 eV, which is much smaller than the bulk dif-
fusion barrier of 2.0 eV. We show that a one-sixth ML of
oxygen addition increases the Peierls stress 4-fold and
reduces the dislocation core width by 18%. The charge
densities between Ti atoms were increased with the addition
of oxygen at the prismatic fault resulting in an increase in
the shear modulus. The calculated hardening effect of
oxygen and oxygen diffusion barriers are consistent with
those experimentally observed [3]. Overall our study
provides critical knowledge towards a comprehensive
understanding of the effects of oxygen on the deformation
behaviors of a-Ti.
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Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.scriptamat.
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