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Abstract: In order to understand the evolution of oxygen-rich layer (ORL) on titanium alloys, the near a titanium alloy TA15 and
o+ type titanium alloy TC4 were thermally exposed in air at 850 °C to evaluate the effect of o phase content on formation and
evolution of ORL, and the stability and diffusion of oxygen in a- and S-Ti were investigated by first principles calculations to reveal
the oxygen diffusion rate. TA15 with more o phases has a higher diffusion coefficient of ORL evolution than TC4, resulting in
forming thicker ORL on TA15 under the same thermal exposure condition. The first principles calculations indicate that octahedral
interstice of a-Ti is the most stable site for oxygen atom. The nearest neighbor diffusion between octahedral interstices along the
[0001] direction in a-Ti presenting the lowest activation energy is the most favorable oxygen diffusion mechanism in a- and S-Ti.
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1 Introduction

Titanium alloys which are considered as ideal
structural materials for critical jet-engine components
have been rapidly developed in the aerospace field.
Because of the outstanding chemical activity of titanium
and its alloys, oxygen would be absorbed rapidly by the
exposed surfaces of titanium alloys at temperatures
above 600 °C, resulting in the formation of oxygen-rich
layer (ORL) on the sub-surface of alloys [1]. It is
reported that the maximum value of oxygen solubility in
o and f phases of titanium alloys is about 33.9 and
3.8 at.%, respectively [2]. However, there is still
deleterious effect on the crack growth behavior when
0.06-0.18 wt.% oxygen is absorbed into titanium alloys
studied by MAHONEY and PATON [3]. Hence, in order
to improve the service efficiency of titanium alloys, it is
necessary to understand the evolution mechanism of
oxygen-rich layer. The common methods of estimating
ORL thickness are optical microscopy and hardness
measurements which were standardized by SATKO
et al [4]. The thickness of ORL can also be evaluated by
distinguishing hardness of the hardened regions and base
metal. The obtained data of ORL thickness by these two
methods are used to compare between each other, and

then for subsequent analysis on the ORL evolution [5,6].
Due to the small thickness of ORL compared to the bulk
of alloys, the Fick’s second law of diffusion is widely
applied to estimating the oxygen-containing layer and
ORL thickness at different temperature and exposure
time [7]. Actually, a number of efforts have revealed that
the evolution of ORL depends mainly on the oxygen
diffusion in titanium alloys, and there is also an
important effect of microstructures on the diffusion
coefficient of oxygen in the same titanium
alloys [4,8—10]. The titanium alloy with more o phase
has been considered to have thicker ORL and
higher oxygen diffusivity summarized by LIU and
WELSCH [11] according to various titanium alloys.
Therefore, the stability and diffusion of oxygen atom in
the crystal structure of a and S phases become a key
point of the investigation on the evolution mechanism of
ORL in titanium alloys.

Due to the limitation of measurement methods, it is
difficult to estimate the diffusion coefficient directly. The
scarce results reported by BROCKMAN et al [12]
indicated that the oxygen diffusion coefficient in
Ti—6242S alloy is about 2.0x10™* pum?s by using the
method of two-dimensional finite element method
simulations based on electron backscatter diffraction data.
This obtained diffusion coefficient is close to the value
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studied by SHAMBLEN and REDDEN [13] at 639 °C.
Fortunately, the first principles method has been
employed to investigate the micro-mechanism of
interstitial atom diffusion successfully in recent
years [14,15]. The hydrogen diffusion in a-Ti is widely
studied, and it is reported by BAKULIN et al [16] that
the indirect hydrogen diffusion between two next nearest
neighbor octahedral sites through a tetrahedral interstitial
is the most favored mechanism in the basal plane.
However, there is rather scarce investigation on atomic
mechanism of oxygen diffusion in a- and g-Ti.

In this work, in order to investigate the evolution of
oxygen-rich layer on titanium alloys, the following
works were executed. Firstly, two titanium alloy samples
with different a phase contents were used to estimate the
ORL thickness at various exposure time, and then the
relationship between diffusion coefficient of ORL
evolution and a phase content was discussed. Next, the
first principles method was introduced to calculate the
stability and diffusion of oxygen atom in the crystal
structure of a- and f-Ti. Finally, based on the results of
the first principles calculations, the impact of o and
phases in titanium alloys on evolution of oxygen-rich
layer was explained approximately.

2 Experimental and computational details

2.1 Materials and experimental procedures

The near a titanium alloy TA15 and atf type
titanium alloy TC4 were chosen to discuss the effect of a
phase content on the thickness of ORL after thermal
exposure. The chemical compositions of TA15 and TC4
alloys are Ti—6.23A1-1.42Mo0—2.32V-1.86Zr and
Ti—6.23A1-2.32V in wt.%, respectively. The as-received
materials of TA15 and TC4 were all in mill-annealed
conditions, and Fig. 1 shows the microstructures
consisting of strip alpha for TA15 and typical bimodal
structures for TC4 in corresponding as-received states.

Figure 2 shows the experimental processes of
thermal exposure and optical microscopy observation.
Thermal exposure in this work was performed in air at
850 °C for 5, 10, 15, 30, 45, 60, 90, 120, 150 and
180 min via isothermal oxidation method in a laboratory
box furnace. Before thermal exposure, samples were
mechanically ground to remove any oxidation layer.
Then, cube samples with dimensions of 10 mm X
10 mm x 10 mm were positioned on an insulating brick,
making sure that all faces are uniformly exposed to
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Fig. 2 Experimental processes of thermal exposure (a) and optical microscopy (b)
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furnace atmosphere except the bottom face. Samples
were sectioned along the direction perpendicular to the
observation plane to obtain the cross-section of ORL. In
order to prevent the damage of ORL during the process
of mechanical grinding and polishing, the samples were
mounted in epoxy. The thickness of ORL was estimated
by measuring the bright layer when observed surfaces
were processed by the etchant consisting of 2 mL HF,
3 mL HNOj; and 95 mL H,O for 10 s. It is the method of
optical measurement. In addition, Vickers microhardness
profile measurement was also introduced to further
verify the thickness of ORL measured by optical method
for these two alloys. A series of hardness test from
surface to base metal (about 120 um with additional
indents) were performed at 1 N load for 15 s to establish
the relationship between hardness change and oxygen
ingress depth, and the transition point on the curve
corresponds to the boundary between ORL and base
metal.

2.2 First principles approach

The aim of this work is to reveal the effect of a
phase on evolution of ORL in titanium alloys from the
comparing different oxygen diffusion
diffusivities in a and £ phases. Because a and £ phases in
TAL1S5 (or TC4) titanium alloy are complex substitution
solid solutions with hexagonal and cubic structures,
respectively, the crystal structures of these two phases
are hard to be built under current conditions. However,
oxygen diffusion in a- and S-Ti would be calculated by

view of

the first principles method and be considerer as an
approach to explain the difference of oxygen diffusion
diffusivities in a and S phases. Hence, the first principle
calculations based on the density functional theory
(DFT) were introduced in this work to investigate the
stability and diffusion of oxygen in a- and $-Ti instead of
a- and B-Ti based solid solutions. In these calculations,
ultra-soft pseudo-potentials [17] were adopt to obtain the
core—valence interaction, and exchange and correlation
terms were described by the generalized gradient
approximation (GGA) of Perdew—Burke—Ernzerhof
(PBE) parameters [18,19]. The following converged
conditions were utilized for these calculations:
Maximum force on the atom <0.01 eV/A, maximum
displacement between cycles <5.0x10* A, maximum
stress <0.02 GPa and energy change <5.0x10° ¢V/atom.
Monkhorst—Pack scheme [20,21] of special k-points was
used to perform the Brillouin zone sampling referring to
calculations of energy and density of states. The
plane-wave cutoff energy of 350 eV was set to ensure the
precision of calculations. All calculations in this work
were performed in the Cambridge Sequential Total
Energy Package (CASTEP) code.

3 Results and discussion

3.1 Evolution of oxygen-rich layer on TA1S and TC4
Figure 3 shows the optical metallographic

microstructures of TA15 and TC4 alloys exposed at

850 °C for 90 min and corresponding microhardness
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change from surface to base metal. By comparing with
alloys in mill-annealed states (Fig. 1), microstructures of
base alloys after thermal exposure coarsen slightly, and
there are layers which are brighter than base metal on the
surface of alloys (green dashed lines area in Fig. 3).
These bright layers are considered as the oxygen-rich
layer (ORL) on titanium alloys, and the thickness of
layers is defined as the depth of oxygen ingress. It can
also be seen that there is no clear boundary between ORL
and base metal but the brightness, and morphologies are
continuous, which indicates that the formation of ORL is
associated with oxygen solution into the crystal of Ti,
instead of phase transition. As seen in Fig. 3,
microstructures coarsen obviously with oxygen added
into the crystal of Ti to form oxygen-containing solid
solutions, which is another characteristic of ORL. Based
on the results of optical measurement, the thickness of
ORL for TA15 and TC4 are estimated to be about 50 and
30 um, respectively. In addition, microhardness test is
usually taken as a supplementary to further verify the
correctness of ORL thickness measured by optical
method. Obvious transition points of hardness curves at
about 60 and 32 pm for TA15 and TC4 are obtained,
suggesting there is a good consistency between these two
methods. The higher hardness of ORL is attributed to the
lattice distortion introduced by oxygen solution into the
crystal of Ti, and the higher the oxygen concentration in
alloys is, the larger the hardness of ORL is. Hence, there
is a downward trend for hardness from surface to base
metal.

Referring to optical method, the thicknesses of ORL
for TA15 and TC4 exposed at 850 °C for different
holding time are shown in Fig. 4. In particular, the
estimated ORL thickness by optical and microhardness
methods show a good consistency, and thus, the
thickness data obtained from optical measurement would
be used for subsequent analysis on oxygen diffusion in
TA15 and TC4. As seen in Fig. 4, the ORL thicknesses of
TA15 are all larger than those of TC4 at different thermal
exposure time, which seems to imply that ORL evolution
(or oxygen diffusion) on near a titanium alloy TAI1S is
more easily, and more a phase content in titanium alloy
is beneficial for oxygen diffusion and formation of ORL.

Due to the small ORL thickness (maximum is only
~60 um) compared to the specimen dimensions
(10000 pm), specimens would be considered as the
semi-infinite thickness. Hence, the Fick’s second law of
diffusion can be applied to investigating the relationship
between ORL thickness and thermal exposure time
approximately. The corresponding equation is usually
expressed as

x=~/Dt (1)

where x refers to ORL thickness at exposure time ¢, and

D is the diffusion coefficient of ORL evolution. Figure 5
shows the fitting curves of ORL thickness versus
exposure time for TA15 and TC4 alloys. The excellent
correlation coefficients R of above 0.98 and best-fitting
exponents which are close to 0.5 reveal that there is a
better applicability of Fick’s second law of diffusion for
this work. Based on the results of fitting curves, diffusion
coefficients of ORL evolution for TA15 and TC4 alloys
exposed at 850 °C would be estimated to be 3.95x10"
and 2.42x10°% um*/s, respectively. In particular, analysis
on the Arrhenius plots by CHAN et al [22] revealed that
the diffusion coefficient of ORL evolution for TC4 alloys
at 850 °C is 1.33x10 % um%/s, which indicates that the
experimental results and ORL thickness measurement of
this work are reliable. In addition, obvious higher
diffusion coefficient for TA15 implies that oxygen
diffusion in near-a TA15 alloy is easier than that in o+f
type TC4 alloy, and it can be surmised that oxygen
absorption and diffusion mainly proceed in o phases
with hexagonal close packed structure, and more o phase
content in titanium alloy corresponds to thicker ORL
under thermal exposure.
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Fig. 4 Measured ORL thickness of TA15 and TC4 exposed at
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3.2 First principles approach
3.2.1 Crystal structure

The a- and f-Ti correspond to space group P6s/mmc
(No. 194) with lattice parameters of a=b=2.950 A,
c=4.686 A [23] and Im3m (No. 229) with lattice
parameters of a=b=c=3.294 A [24], respectively.
Referring to the hydrogen-containing a- and f-Ti, there
are two common high symmetry interstitial sites
including octahedral (O) and tetrahedral (T) sites
available for the temporary alloying element oxygen in
the crystal structures of a- and A-Ti. Meanwhile,
hexahedral (H) interstice in the crystal structure of a-Ti
has also been considered in this work [25]. As shown in
Fig. 6 drawn by VESTA [26], taking oxygen solubility of
5.88 at.% for example, periodic supercells constructed
from 2x2x2 conventional unit cells of a- and p-Ti
structures were adopted, and oxygen atom was severally
set at the central site of octahedral, hexahedral and
tetrahedral interstices. For investigating the effect of
oxygen solubility on stability and elastic properties of a-
and £-Ti, 2x2x2, 2x2x1, 1x1x3 and 1x1x2 supercells of
corresponding Ti unit cell were built, and oxygen atom

was added in the octahedral, hexahedral and tetrahedral
interstices of crystal structures, respectively.

The crystal structures of oxygen-containing a- and
p-Ti were optimized by using the method of Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm [27] to
obtain the equilibrium structures, and corresponding
equilibrium structural properties for a- and f-Ti with
oxygen solubility of 5.88 at.% are listed in Table 1.
Compared with the available experimental data about a-
and p-Ti, the calculated lattice constants are
overestimated with deviations no more than 2%, which
implies the reliability of present calculations. In addition,
there are slight changes for lattice constants and volume
expansion with oxygen ingress into the tetrahedral,
hexahedral or octahedral interstices of a-Ti, while crystal
structure tetragonal
structure appears when oxygen is absorbed by f-Ti. This
transformation is derived from atoms which constitute
interstices being excluded at (100) direction after
structure optimization, leading to the decrease in lattice
constants of a- and b-axis and increase of c-axis. In
particular, during the process of structure optimization, it

transformation from cubic to

Fig. 6 Oxygen positions in tetrahedron, hexahedron and octahedron sites of crystal structures for hexagonal a-Ti (a), and tetrahedron

and octahedron sites of crystal structures for cubic f-Ti (b) (Bonds between Ti atoms are hidden, and polyhedrons represent

corresponding interstitial sites) [26]

Table 1 Calculated equilibrium lattice constants and oxygen absorption energy for a- and S-Ti with 5.88 at.% oxygen solubility

Oxygen position in o-Ti

Oxygen position in S-Ti

Parameter o-Ti p-Ti
Tetrahedron Hexahedron  Octahedron Tetrahedron Octahedron
Oxygen content/at.% 0 5.88 5.88 5.88 0 5.88 5.88
B 2.946 3.259
(a=h)/A (2.950 [23]) 3.016 3.016 2.952 (3.294 [24]) 2.924 2.925
4.638 3.259
c/A (4.686 [23]) 4.606 4.606 4.697 (3.294 [24]) 4.130 4.129
1.57
cla (159 [23]) 1.53 1.53 1.59 1.00 1.41 1.41
Volume/A> 34.86 36.29 36.29 35.44 34.61 35.30 35.33
Volume expansion rate/% 0 4.12 4.12 1.66 0 2.01 2.08
Status Unstable Stable Stable Unstable Stable
E/eV - - —0.711 —0.944 - - —0.810
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was found that oxygen atom spontaneously shifted from
tetrahedral to neighboring hexahedral interstice along
(0001) direction in crystal structure of a-Ti, resulting in
almost the same results of structural parameters for a-Ti
with oxygen in tetrahedral and hexahedral sites, which
indicates that tetrahedral interstice is only a semi-stable
or even unstable site for oxygen atom in o-Ti, and
oxygen is more likely to enter into the hexahedral (or
octahedral) interstice. Similarly, regarding p-Ti,
tetrahedral interstice is also an unstable site for oxygen,
and oxygen atom would move from tetrahedral site into
neighboring octahedral one along (010) direction after
complete relaxation. This indicates that the tetrahedral
interstices in a- and S-Ti are all unstable for oxygen atom,
attributed to the smaller size of tetrahedral interstice
which is hard to absorb oxygen atom with larger atomic
radius.

In addition,
consideration, the absorption energy per 1 at.% oxygen,
Eps, which is a direct characterization on the stability of
interstitial oxygen atoms in alloy, was introduced to

taking the oxygen content into

describe the most optimal interstice position for oxygen
atoms in a- and S-Ti. In this work, the absorption energy
E xps was defined by [28]

EN-0 —(ETi +1/2E2 )

tot tot tot
Enbs = C )
Oxygen

where EL© and EI  are total energies of

oxygen-containing Ti and pure Ti with equilibrium
structures, respectively. Eo? is the total energy of
spin-polarized O, molecule in a large box. Coyyeen (in
at.%) is the atomic percentage of oxygen atom in
corresponding crystal structures. The negative oxygen
absorption energy Eaps for a- and f-Ti with oxygen
solubility of 5.88 at.% listed in Table 1 implies that there
is an exothermic process that oxygen atoms are absorbed
into the tetrahedral or octahedral interstices of a- and
p-Ti. It is worth noting that the lowest value of
—0.944 eV for E,y is obtained when oxygen atom enters
into octahedral interstice of a-Ti, which indicates that the
most stable interstice position for oxygen atom in a- and
[-Ti is the octahedral site (seen in Fig. 6(a)) of a-Ti. The
smallest volume expansion rate in this case implying the
minimum lattice distortion is also favorable for the
stability of interstitial oxygen atoms in octahedral site of
o-Ti. This shows a very good consistency with hydrogen
atom ingress into the crystal structures of a- and
p-Ti [14—16]. Consequently, the crystal structure of
oxygen-containing o-Ti, in which oxygen atom is in the
octahedral site, was chosen for following investigation
on electronic and elastic properties.

The equilibrium structural parameters and
corresponding oxygen absorption energy Eaps for a-Ti

with different oxygen contents were obtained, as listed in
Table 2. It can be easily seen that the axes ratios c/a of
these oxygen-containing a-Ti show values of around
1.59, while there is an obvious increase of volume
expansion rate. This implies that a-Ti would still keep
original hexagonal crystal structure when the oxygen
solubility is high up to 33.33 at.%, which is consistent
with the reported maximum value of oxygen solubility in
o-Ti [2]. Meanwhile, the lattice distortion increases with
the rise of oxygen content in these solid solutions, and
the value of oxygen absorption energy Eapsalso presents
an upward trend, which results in worsening of oxygen
solubility in the crystal structure of o-Ti. This indicates
that the stability of interstitial oxygen atoms reduces
when more oxygen atoms are absorbed into octahedral
sites of the crystal structure of o-Ti. It can also be
speculated that interstitial oxygen atoms would be
unstable and the absorption of oxygen into octahedral
interstice would be prevented when oxygen content is
high up to a certain degree (above 33.33 at.%), because
the oxygen absorption energy should be a higher or even
positive value and cannot alleviate the added lattice
distortion coming from increase of oxygen solubility in
a-Ti at this time. It is the main reason that there is a
maximum value of oxygen solubility in a-Ti.

Table 2 Calculated equilibrium structural parameters and
oxygen absorption energy for a-Ti with different oxygen

contents
Oxygen content/at.%
Parameter
0 5.88 11.11 14.28 20.00 33.33
(a=b)/A 2.946 2952 2.954 2.943 2984 2.920
c/A 4.638 4.697 4.745 4.736 4.782 4.803
cla 1.57 159 161 1.61 1.60 1.61
Volume/A® 3486 35.44 35.86 35.86 36.31 36.99
Volume 0 166 289 288 415 6.1
expansion rate/%
Epp/eV - =0.944-0.509 —0.392 —0.282 —0.165

Oxygen atom at octahedron of a-Ti

3.2.2 Bonding behavior

Taking a-Ti with oxygen solubility of 5.88 at.% for
example, total and partial densities of states (DOS) were
calculated, as plotted in Fig. 7. This oxygen-containing
solid solution still presents obvious metallic feature due
to the positive value of total DOS at Fermi level. At
lower energy regions which are far away from the Fermi
level (from —60 to —20 eV), two peaks locating at about
—57 and —33 eV in total DOS are dominated by Ti-s and
Ti-p, respectively, while the peak at —21eV is
contributed by s states of O element. Regarding energy
regions of near Fermi level (from —10 to 5 eV), total
DOS are mainly dominated by s, p and d states of Ti
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element in the energy range from —6 to 3 eV, and
absorbed oxygen element introduces p state at the lower
energy level between —9 and 6 eV. In particular, these
introduced O-p states bring out new hybridizations with s,
p and d states of base Ti in this region. The appearance of
hybridizations implies that there is formation of bonding
with covalent feature in this solid solution, which is an
important source of structure stability.
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Fig. 7 Calculated total and partial densities of states for a-Ti
with oxygen solubility of 5.88 at.% (The Fermi level was set at
0 on the x-axis)

Figure 8 shows the calculated electron density
difference map on (0110) plane, in which positive
density difference means that electron density is greater
than that obtained from overlap of original atomic
densities while negative density difference indicates the
opposite [29]. It is significant that electron densities of
absorbed oxygen atom increase, while increasing and
decreasing electron densities of Ti atoms accord to a
certain direction distribution. It is reasonable evidence
for oxygen atom gaining electrons after oxygen entering
into the octahedral interstice of a-Ti to form
oxygen-containing solid solution; meanwhile, there is
bonding with covalent feature between the nearest
neighbors of Ti atoms. In contrast to Ti—Ti bonding with
covalent feature, the bonding between oxygen and the
nearest neighbors of Ti (O—Ti4 and O—Ti5 in Fig. 8)
are inferred to be of mainly ionic feature. In particular,
Ti4 and Ti5 are exactly these two kinds of atoms that
constitute a top and bottom of octahedral interstice
configuration of a-Ti (seen in Fig. 6(a)). The bonding
lengths for O—Ti4 and O—Ti5 are all 2.107 A, higher
than theoretical value obtained from half of the length
between top and bottom of octahedral interstice of
original a-Ti (=+/2ry; =2.067 A), which indicates that
octahedral interstice is mainly extended perpendicular to
the direction of quadrilateral after oxygen being absorbed
into a-Ti, resulting in corresponding changes for lattice
constants.
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,/0.2107 nm 1.12x107

0.2107nm -~ -8.00x10
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Fig. 8 Calculated electron density difference map on (0110)

--9.60x10

-2.00x107"

plane for o-Ti with oxygen solubility of 5.88 at.%

Table 3 gives is the corresponding atomic Mulliken
charges populations of Ti and O atoms on (0110)
plane (as shown in Fig. 8) in crystal structure of a-Ti
with oxygen solubility of 5.88 at.%. In this calculation,
initial valence states of Ti and O were described as
3s?3p®3d%4s? and 2s?2p’, respectively. It is noted that
majority of charge transfer comes from O, Ti4 and Ti5
atoms, and charge transfer for other Ti atoms in Table 3
can be ignored due to the tiny charge change after
bonding. Ti4 and Ti5 are exactly these two kinds of
atoms that constitute top and bottom of octahedral
interstice configuration of a-Ti, and there are still four Ti
atoms which constitute the octahedral interstice
configuration having the same atomic distance of Ti—O
with that of Ti4 and Ti5. Hence, it is inferred that these
four Ti atoms which are not on (0110) plane also have
the same change of charge distribution with Ti4 and Ti5,
and present the charge of 0.11 e after bonding. Therefore,
the sum of charge for a-Ti with oxygen solubility of
5.88 at.% is zero. It can be summarized that there would
be charge transferring from six Ti atoms which constitute
the octahedral interstice configuration to a O atom when
oxygen enters into the crystal structure of a-Ti to form
the 5.88 at.% oxygen-containing solid solution, and only
parts (about 0.11 e) of the lost valence electrons on the 4s
states (1.68 ¢) of Ti atom are transferred to O atom while
majority contributes to the incremental free-electron
states of the Ti-p and Ti-d. It is worth noting that
p-electrons of Ti atoms in Table 3 all show values of
more than 6, higher than the value of initial state
(3s*3p®3d?4s?). The reason for this phenomenon is
mainly that there is appearance of hybridizations
between p and d states of Ti and O atoms with oxygen
being absorbed into a-Ti to form oxygen-containing solid
solution (and also p—d hybridizations between Ti atoms).
Hence, transferred valence electrons would enter not
only 3d but also 4p orbits of Ti without full filling of
Ti-3d states, resulting in Ti atoms all showing p-electrons
more than 6. The results of atomic Mulliken charges
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populations further confirm the formation of bonding
with ionic feature between O and the nearest neighbors
of Ti atoms in this compound, which agrees with the
previous discussion about electron density difference
map.

Table 3 Atomic Mulliken charges populations of Ti and O
atoms on (0110) plane (as shown in Fig. 8) in crystal
structure of a-Ti with oxygen solubility of 5.88 at.%

Species  Ion* ] p d Total Charge/e

o 1.83 479 0.00 6.62 —0.62

1 235 697 2.69 12.00 0.00

2 234 692 2.69 1195 0.05
3 236 7.04 2.67 12.07 —-0.07

i 4 232 6.89 2.68 11.89 0.11
n 5 232 689 268 11.89 0.11
6 236 7.04 267 12.07 —-0.07

7 234 692 269 1195 0.05

8 235 697 269 12.00 0.00

* Jon refer to positions of atoms on (0110) plane; Mulliken charges
populations of other Ti atoms are not listed

3.2.3 Elastic properties

Because ORL are mainly constituted of a phases,
the mechanism of hardness for ORL would be
approximately explained by the effect of oxygen
concentration on elastic properties of a-Ti in this section.
Single crystal elastic constants Cj; can be obtained by
calculating corresponding variations of the total energy
when small strains were applied to the equilibrium unit
cell [30]. The calculated single crystal elastic constants
C; for a-Ti with different oxygen contents are listed in
Table 4. The value of Cj; and Ci; can give some
evidence on the stiffer compound, and it is usually
accepted that compound with higher C;; and Cs; is hard
to be compressed under the x(e);) and z(e3;) uniaxial
stress, respectively. It is easily seen that there is a rising

Table 4 Calculated single crystal elastic constants C;; for a-Ti
with different oxygen contents (GPa)

Oxygen
content/at.% Ci  Co Cs3 Gz Cu G

0 15434 76.03 63.45 188.86 45.86 39.15

5.88 174.53 98.19 71.67 199.23 50.60 39.20
11.11 204.23 97.74 69.68 221.42 64.99 5527
14.28 205.76 89.66 78.50 248.52 7297 5192
20.00 218.59 91.57 105.26 263.54 91.17 69.35
33.33 333.01 89.06 109.29 347.12 108.81 120.17

Oxygen atom at octahedron in a-Ti

trend for Cy; and Cs; with the increase of oxygen content,
implying that the oxygen-containing a-Ti solid solution
would be stiffer with the rising oxygen content.

Single crystal elastic constants C; are also
considered as the important criteria for mechanical
stability, and a stable hexagonal crystal should satisfy the
following Born criteria [31] at zero pressure:

C12>0, Cus>0, C1—C12>0, (C}, +C,)C54 —2C123 >0 (3)

According to obtained single crystal elastic
constants Cj listed in Table 4, these oxygen-containing
a-Ti solid solutions all obey the Born criteria well,
revealing that these compounds all present mechanical
stability at zero pressure.

The polycrystalline structural properties, which are
more intuitive parameters of the elastic properties for
materials, are usually calculated by using the
Voigt—Reuss—Hill (V-R-H) approximations [32,33] from
obtained single crystal elastic constants:
3B-E

= , U
3B+G 6B
“
where B, G, E and v represent the polycrystalline bulk
modulus, shear modulus, elastic modulus and Poisson
ratio, respectively. Subscripts “V”” and “R” are Voigt and
Reuss bounds for corresponding modulus, respectively:

_ By +By G_GV+GR E 9BG

B >
2 2

1 2
By :§(C11 +Cy, +C33)+§(C12 +C3+Cy3)

1
B. =
b (811 + 85 +833) +2(8), + 815 +8y3)
1
Gy :E(CH +Cy + G5 -G G35 —Cy)+ &)

1
E(C44 +Css+Cs)

Gr =15/[4(S;; + Sy +533) —4(S); + 815 +S53) +
3(S44 + 855+ S66)]

where C; and S; refer to elastic constants and
compliances, and S; is the inverse of C; Based on
Eq. (4), Eq. (5) and calculated single crystal elastic
constants C; listed in Table 4, elastic properties for
polycrystalline oxygen-containing a-Ti solid solutions
were estimated and the results are shown in Table 5.
Regarding bulk modulus B, shear modulus G and elastic
modulus E, there is an obvious upward trend with the
increase of oxygen content, which indicates that the
abilities of resistance to volume change, resistance to
reversible deformations and resistance against uniaxial
tensions are all improved when oxygen is absorbed into
the crystal structure of a-Ti, and more oxygen content in
o-Ti is favorable for enhancing these abilities. In
addition, the plasticity of materials can be evaluated by
using values of Poisson ratio v and ratio of bulk to shear
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Table 5 Calculated elastic modulus, Poisson ratio and hardness for a-Ti with different oxygen contents by using Voigt—Reuss—Hill
approximation
Oxygen content/ at.% By/GPa Byp/GPa B/GPa Gy/GPa Gyr/GPa G/GPa E/GPa v B/G  Hardness/GPa
0 100.38  100.07 100.23  45.81 44.77 4529 118.10 0.30 2.21 -

5.88 11449 11449 11449 4837 46.49 47.43  125.03 0.31 241 3.82

11.11 122.57 12252 12254  63.17 61.02 62.10 15937 0.28 1.97 7.10

14.28 128.88  128.52 128.70  66.09 63.19 64.64 166.12 0.28 1.99 7.24

20.00 14223  141.09 141.66  78.48 72.94 7571  192.79 0.27 1.87 9.08

33.33 180.85 180.45 180.65 114.50 105.11  109.81 273.93 0.25 1.64 14.45
Oxygen atom at octahedron in ¢-Ti
modulus B/G. A material with larger value of Poisson hydrogen diffusion mechanism [16], there are four
ratio is usually considered to have a better plasticity. It is common available pathways between octahedral
easily seen that the structural plasticity of oxygen- interstices considered in this work for a-Ti with

containing a-Ti solid solutions reduces obviously with
the increase of oxygen content while less oxygen ingress
(about 5.88 at.%) would enhance the plasticity of a-Ti
slightly. As an important parameter for predicting the
elastic behavior, the boundary between brittleness and
plasticity for B/G is 1.75, and higher B/G corresponds to
better plasticity. Similar with the results of Poisson ratio,
the result coming from B/G implies that larger oxygen
content is harmful for the plasticity of a-Ti, and
oxygen-containing a-Ti solid solution presents
obvious brittleness when oxygen content is high up to
33.33 at.%.

Based on the calculated polycrystalline elastic
properties, the hardness of solid solutions can be
estimated by following empirical equation [34]:

H =2(G*/B*)"*% -3 (6)

It can be easily seen from Table 5 that there is an
upward trend of hardness with the increase of oxygen
content (predicted hardness for a-Ti is not given because
Eq. (6) is unfit for pure metals), and the hardness of a-Ti
with 33.33 at.% oxygen content is 14.45 GPa, higher
than that of polycrystalline Si (12 GPa) [35]. The
hardness shows the minimum value (3.82 GPa) when the
oxygen content is 5.88 at.%, which approaches to the
hardness of InAs (3.8 GPa) [36]. These predicted results
are consistent well with the experimental ones. There is
an oxygen content gradient from surface to base metal;
meanwhile, corresponding hardness change has also been
confirmed by experiments. The lattice distortion
increases with more oxygen entering into the crystal
structure of a- and S-Ti, resulting in the higher hardness.
Although the case for §-Ti is not yet investigated, similar
conclusion is easy to be speculated.

3.2.4 Oxygen diffusion mechanism

Generally speaking, the available diffusion pathway
for interstitial atoms should satisfy the high symmetry
criteria [14—16]. Because the stability site for oxygen
atom in o- and f-Ti is octahedral interstice, referring to

hexagonal close-packed structure: (1) from an octahedral
interstice to a nearest neighbor one along the [1210]
direction perpendicular to the c-axis; (2) from an
octahedral interstice to a nearest neighbor one along the
[0001] direction parallel to the c-axis; (3) from an
octahedral interstice to a nearest tetrahedral interstice
firstly and then to another nearest octahedral interstice
(O—T—0 mechanism); (4) from an octahedral interstice
to a nearest hexahedral interstice firstly and then to
another nearest octahedral interstice = (O—H-O
mechanism). Regarding f-Ti with body-centered cubic
structure, oxygen atom can migrate linearly from an
octahedral site to its neighbor octahedral site along the
[010] or [011] directions. In order to investigate the
oxygen diffusion mechanism in a- and f-Ti, the process
of above six neighbor diffusion pathways between
octahedral interstices were calculated, and the
corresponding energy difference (total energy difference
of oxygen-containing a- and S-Ti between oxygen atoms
at current migration and original octahedral sites) with
displacement curves were obtained, as shown in Fig. 9.
Except O—T-O and O—H—O mechanisms in o-Ti, it is
worth noting that saddle points for other four oxygen
diffusion mechanisms are explicitly located at the
midpoint of the migration paths, which fits a common
diffusion feature in many high symmetry structures [15].
In terms of O—T—O (or O—H—0O) mechanism in a-Ti, the
midpoint of diffusion curves corresponding to the nearest
tetrahedral (or hexahedral) interstice site is a local
minimum saddle point while the maximum saddle points
lie near midpoints of local O—T (or O—H) and T—O (or
H-O0) diffusion paths. Hence, the activation energy for
oxygen diffusion Qp, which is identified as the energy
barrier in diffusion pathways, can be calculated as
Oo=FEs.iE¢=Eq. The lower the activation energy is, the
more the favorable diffusion mechanism for oxygen is. It
is easily seen from Fig. 9 that the nearest neighbor
diffusion for oxygen between octahedral interstices along
the [0001] direction parallel to the c-axis requiring the
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lowest activation energy of 4.71 eV is the most favorable
diffusion mechanism for oxygen in a-Ti. In particular,
the activation energy for direct diffusion between
octahedral interstices along c-axis in a-Ti obtained by
WU [37] is 3.25 eV, lower than that in this work.
Considering there is obvious difference of oxygen
solubility between this work (5.88 at.%) and WU’s work
(2.04 at.%), calculated results of activation energy in this
work are still reasonable and credible.
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Fig. 9 Variation of energy difference with displacement for
oxygen diffusion in a- (a) and B-Ti (b) (The energy difference
at zero, E,, is identified as oxygen atom at original and final
octahedron sites)

In addition, it is noteworthy that there is a huge
energy difference between oxygen entering into
tetrahedral and octahedral interstice (about 10.5 eV) on
the middle of O—T-O diffusion path (as shown in
Fig. 9(a)). From the results about stable interstice for
oxygen atom in a-Ti, tetrahedral site for oxygen atom is
unstable and oxygen atom would spontaneously move
from tetrahedral site into hexahedral one after relaxation.
Hence, the energy of oxygen entering into tetrahedron of
o-Ti is not the final value at a steady state, and this
energy difference between O and T sites in a-Ti can be
approximatively composed of two parts: one is energy
difference between O and H sites, and the other is energy

difference between H and T sites. Accordingly, this
energy difference shows a huge value. This instability of
tetrahedral interstice for oxygen atom in a-Ti is also
confirmed by the energy difference between O—T—O and
O—H-O mechanisms in the midpoint of diffusion curves.
Regarding f-Ti, values of activation energy for these two
diffusion mechanisms are very close (about 8.00 eV),
implying that these two oxygen diffusion mechanisms
would happen in S-Ti. Compared with the results of
hydrogen diffusion in o-Ti preferentially adopting
indirect O—T—O (or O—H—0O) mechanism [16], direct
octahedral to octahedral interstices along
mechanism for oxygen with the lowest activation energy
is most favored in a-Ti instead of O—T—O (or O—H—0)
mechanism due to the larger atomic radius of O atom
than that of H atom, and this activation energy for
oxygen diffusion in a-Ti is approximately 10 times
higher than that of hydrogen diffusion. In addition,
combined with obtained activation energies in Fig. 9, it
can be inferred that oxygen diffusion in a-Ti is more
easily to take place than in S-Ti, and more a-Ti contents
are favorable for oxygen diffusing from surface into base
metal resulting in thicker ORL. This approximately
explains the reason that the ORL of near-a TAl1S5
titanium alloy is thicker than that of a+f type TC4
titanium alloy in the same thermal exposure situation.

c-axis

4 Conclusions

(1) The ORL thicknesses measured by optical and
microhardness methods have a good consistency, and
ORL thickness of near-a titanium alloy TA15 is larger
than that of at+f type titanium alloy TC4 on thermal
exposure at 850 °C.

(2) The curves of ORL thickness versus exposure
time for TA15 and TC4 alloys show a good applicability
of Fick’s second law of diffusion, and the fitted diffusion
coefficient of ORL evolution at 850 °C for TA1S is
3.95x10"" um?/s, higher than that of TC4.

(3) Oxygen atom is more likely to enter into the
octahedral interstice of o-Ti to form the stable
oxygen-containing solid solution, and the rising oxygen
absorption energy with the increase of oxygen content
results in worsening of oxygen solubility in the crystal
structure of a-Ti.

(4) The most favorable oxygen diffusion mechanism
in a- and f-Ti is the nearest neighbor diffusion between
octahedral interstices along the [0001] direction parallel
to the c-axis in a-Ti.
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