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Table 1. Original parameters and calculated results of

a-Ti cell crystal.

Lattice constant ~ Original ~ Calculated  Error/%
a/nm 0.2951 0.2920 1.0279
b/nm 0.2951 0.2920 1.0279
¢/nm 0.4679 0.4619 1.2719
a/(°) 90.0000  90.0000 0
8/(°) 90.0000  90.0000 0
~/(°) 120.0000  120.0000 0
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o-Ti S AN EHENTT SRS, 12 iR 2 R
AT H AT - ) B 7 T AR 4 PO
Fe [ B A2 (CR)~ NI AALL (OC) WY HIAAL (TE)
N (HE) K P9 d i T B A7 (BS) (P T 4 5 )\
T A 3 T ) B8 57 A ) T A <2 ) S T T ] B A ),
HAR AL 1 (b) FroR.

116601-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 11 (2017) 116601

(b)

K1 [EBRARTAE o-Ti AP SRR (a) MiikE; (b) KR

Fig. 1. Schematic of interstitial sites occupied by one interstitial oxygen atom in «-Ti: (a) The crystal

structure; (b) interstitial sites.
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Table 2. Interstitial energy of oxygen in «-Ti.
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Fig. 2. (color online) Schematic of atom displacement vectors in the a-Ti crystal (oxygen atoms and titanium

atoms are represented by red balls and gray balls, respectively): (a) HE site; (b) CR site; (c) OC site.
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Fig. 3. The atomic PDOS for the interstitial oxygen
atoms in a-Ti, where the Fermi level is located at zero

energy.

B4 (MTIRE) ek i
Fig. 4. (color online) 2D charge density difference: (a) OC site; (b) HE site; (c) CR site.
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Fig. 5. (color online) Calculated diffusion energy profiles for an interstitial oxygen atom diffusing along
different directions: (a) CR—HE; (b) HE—CR; (¢) CR—OC; (d) OC—CR; (¢) HE—OC; (f) OC—HE;
(g) OC—0C.
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3 oa-Ti d PR )R 5 1O T RE 2 A B AR

Table 3. Migration energy and attempt frequency of interstitial oxygen atoms in «a-Ti crystal.

Diffusi Ref
Diffusion path E/eV Husion v*/THz Reference E/eV ¢ erenzi Diffusion rate D/m?2-s~1
distance/nm v*/THz [24]
0C—-0C 3.4757 0.2727 3.3571 3.850 13.67 2.4959 x 1077
OC—CR 1.9581 0.2752 13.4182 1.883 27.92 1.0163 x 1076
OC—HE 2.2751 0.2422 4.6765 2.061 12.24 2.9228 x 10~7
CR—OC 0.5310 0.3022 11.4572 0.575 11.19 1.0465 x 10~6
CR—HE 0.5795 0.2924 15.0012 0.596 3.60 1.2827 x 1076
HE—OC 0.8872 0.3029 3.9154 0.833 10.45 3.5915 x 1077
HE—CR 0.7089 0.2930 11.0085 0.676 5.70 5.0306 x 10~8
Temperature/K Temperature/K
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Abstract

How impurity atoms move through a crystal is a fundamental and renewed issue in condensed matter physics and
materials science. Diffusion of oxygen (O) in titanium (Ti) affects the formation of titanium-oxides and the design of Ti-
based alloys. Moreover, the kinetics of initial growth of titania-nanotubes via anodization of a titanium metal substrate
also involves the diffusion of oxygen. Therefore, the understanding of the migration mechanism of oxygen atoms in a-Ti
is extremely important for controlling oxygen diffusion in Ti alloys.

In this work, we show how the diffusion coefficient can be predicted directly from first-principles studies without
any empirical fitting parameters. By performing the first-principles calculations based on the density functional theory
(DFT) through using the Vienna ab initio Simulation Package (VASP), we obtain three locally stable interstitial oxygen
sites in the hexagonal closed-packed (hcp) lattice of titanium. These sites are octahedral center (OC) site, hexahedral
center (HE) site, and Ti—Ti bond center crowdion (CR) site with interstitial energies of —2.83, —1.61, and —1.48 €V,
respectively. From the interstitial energies it follows that oxygen atom prefers to occupy the octahedral site. From
electronic structure analysis, it is found that the Ti—O bonds possess some covalent characteristics and are strong
and stable. Using the three stable O sites from our calculations, we propose seven migration pathways for oxygen
diffusion in hep Ti and quantitatively determine the transition state and diffusion barrier with the saddle point along
the minimum energy diffusion path by the climbing image nudged elastic band (CI-NEB) method. The microscopic

diffusion barriers (AFE) from the first-principles calculations are important for quantitatively describing the temperature
AE
dependent diffusion coefficients D from Arrhenius formula D = L?v* exp (fk—T), where v* is the jumping frequency
B

and L is the atomic displacement of each jump. The jumping frequency v* is determined from

3N

[Iv

* i=1

V=381 o

IT v
j=1

where v; and v; are the vibration frequency of oxygen atom at the initial state and the transition state respectively. This
analysis leads to the formula for calculating the temperature dependent diffusion coefficient by using the microscopic

parameters (v; and AF) from first-principles calculations
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without any fitting parameters.

Using the above formula and the vibration frequencies and diffusion barriers from first-principles calculations, we
calculate the diffusion coefficients among different interstitial sites. It is found that the diffusion coefficient from the
octahedral center site to the available site nearby is in good agreement with the experimental result, i.e., the diffusion
rate D is 1.0465 x 107¢ m?.s™! with AFE of 0.5310 eV. The jump from the crowdion site to the octahedral interstitial
site prevails over all the other jumps, as a result of its low energy barrier and thus leading to markedly higher diffusivity
values. The diffusion of oxygen atoms is mainly controlled by the jump occurring between OC and CR sites, resulting
in high diffusion anisotropy. This finding of oxygen diffusion behavior in Ti provides a useful insight into the kinetics at

initial stage of oxidation in Ti which is very relevant to many technological applications of Ti-based materials.

Keywords: first-principles, titanium, diffusion
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