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The microstructures of titanium (Ti), an attractive tritium (T) storage material, will affect the evolution process of
the retained helium (He). Understanding the diffusion behavior of He at the atomic scale is crucial for the mechanism
of material degradation. The novel diffusion behavior of He has been reported by molecular dynamics (MD) simulation
for the bulk hcp-Ti system and the system with grain boundary (GB). It is observed that the diffusion of He in the bulk
hep-Ti is significantly anisotropic (the diffusion coefficient of the [0001] direction is higher than that of the basal plane),
as represented by the different migration energies. Different from convention, the GB accelerates the diffusion of He in
one direction but not in the other. It is observed that a twin boundary (TB) can serve as an effective trapped region for He.
The TB accelerates diffusion of He in the direction perpendicular to the twinning direction (TD), while it decelerates the
diffusion in the TD. This finding is attributable to the change of diffusion path caused by the distortion of the local favorable

site for He and the change of its number in the TB region.

Keywords: diffusion, grain boundary, helium and titanium, molecular dynamics

PACS: 66.30.J—, 61.72.Mm, 66.30.-h, 61.72.—y

1. Introduction

Hydrogen (H) storage materials have been used for the
storage, purification, and compression of tritium (T) and the
separation of hydrogen isotopes (including H, deuterium (D)
and T), which is one of the necessary steps for achieving
the controlled thermonuclear reaction. Helium (He), intro-
duced by direct implantation or produced by T decays with
a 12.32 year half-life,!!?! is retained in the hydrogen storage
materials, although He is normally insoluble in such mate-
rials. The retained He atoms, driven by temperature, move
randomly in the substrate until they become trapped in sites,
such as vacancy, dislocation, grain boundary (GB), and He
cluster.’’] The accumulation of He atoms results in the forma-
tion of bubbles,*! and further evolution may produce void
swelling, embrittlement, surface roughening, blisters, and ma-
terial damage. The interaction between He and metal crys-
tals is of considerable interest, and a number of efforts have
been dedicated to address the microscopic mechanisms of the
evolution process.!®®! The evolution process is highly com-
plex and may alter the mechanical and thermodynamic prop-
erties of substrate materials. Because diffusion of He atoms in
the substrate materials is essential for the microscopic mecha-
nisms of the evolution process, we will focus on the diffusion
behavior of He in hydrogen storage materials.

Titanium (Ti), because of its low cost and key advan-
tages, such as stability in air, high storage capacity, low stor-
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age pressure, and acceptable He retention rate,®! has long
been considered to be a good candidate for the long-term
storage of T. At low temperature, the stable phase of Ti is
a hexagonal close-packed (hcp) structure, '] which is also
the initial phase of Ti with low H content according to the
Ti-H phase diagram.!'"’! As for hcp-Ti, deformation twin-
ning plays an important role in the plastic deformation,[!3-16]
and twinning occurs predominantly in the {1012}(1011)
system (where {1012} is the twinning plane and (1011)
is the twinning direction in the twinning plane), although
{1121}(1126), {1122}(1123), and {1011}(1012) have also
been observed. 1*1617] Thus, twin boundaries (TB), the sim-
plest and important GB, usually exist in the engineering mate-
rials. The existence of GBs and other crystal defects will affect
the evolution behavior of He in polycrystalline Ti. In addition,
the presence of GBs is considered to promote the resistance to
radiation damage.!'32%1 To understand comprehensively the
effect of GB on the diffusion behavior of He, it is critical to
obtain detailed descriptions of the fundamental atomistic pro-
cesses, which can be studied by molecular dynamics (MD)
simulation.

As the key theoretical tool for understanding how mi-
crostructural effects in materials occur at the atomistic level,
MD simulations have been used to investigate collective phe-
nomena, such as transport phenomena, plastic deformation,
and radiation damage. There have been a number of MD simu-
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lations that consider the interaction between He and Ti.[7-21-231

The He-Ti interatomic potential, constructed by Wang et
al.,'! can reproduce the clustering process of He in Ti. It is
found that He clusters at a certain size tend to grow further
through the relief of their pressure resulting from the emission
of defects.?!l Chen et al.?>?3! first studied the diffusion be-
havior of He in Ti and found that the diffusion of He, (n = 1,
2, and 3) is anisotropic and He-dimer migrates more quickly
than single He. However, these studies are still preliminary,
and further research in this field is warranted, especially the
effect of GBs.

The purpose of this paper is to study the diffusion behav-
ior of He in Ti and the effect of GBs using MD simulations.
The rest of this paper is organized as follows. In Section 2,
we will describe the interatomic potentials, the creation of the
simulation box without and with a TB, and the other details
of the MD simulation. In Section 3, we will present the sim-
ulation results and discuss the diffusion behavior of He in Ti
without and with a TB.

2. Simulation details
2.1. Interatomic potential

The interatomic potential, which is used to calculate the
atomic forces in each time step, is the key ingredient of the
MD simulation. In recent years, there have been many pub-
lished interatomic potentials>*2%! used to describe the Ti-Ti
interaction. In this work, two Ti—Ti potentials are used: one
is the empirical tight-binding potential produced by Cleri and
Rosato?8] (abbreviated as Cleri1993), and the other is an em-
bedded atom method (EAM) potential produced by Zope and
Mishin!?®! (abbreviated as Zope2003). Before the formal sim-
ulation, the equilibrium cell parameters (a and c) should first
be calculated for various potentials; the results of such cal-
For comparison, we also
present the results calculated with another EAM-type poten-
tial produced by Zhou!?>! (Zhou2004). The Zope2003 poten-
tial clearly gives more accurate predictions for the cell param-

culations are shown in Table 1.

eters and cohesive energy than the other two potentials, based
on the comparison with the experimental data.?3° The ratio
of cell parameters c/a is critical for the physical performance
of a hep metal,['12731] and the experimental value of hep-Ti
has a large discrepancy from the ideal value 1.633, which will
affect its microstructure. Therefore, in the following simula-
tions, we mainly concentrate on Zope2003, with results from
Cleri1993 also being quoted when relevant.

An EXP6 model, produced by Young ef al.,3? was ap-
plied to describe the He—He interaction, because it has been
widely used to study He effects in solid materials.[333-33] The
expression for the He—He potential energy (Vife—pe ) can be de-
scribed by

Vie—ne (1) = € [66“(14/’*) —a (r*/r)é} /(a —6), (D

where the potential parameters €, a, and r* are 0.00093 eV,
13.1, and 2.97 A,P?! respectively. As was performed ear-
lier for tungsten’s potential,*®! the He potential has also been
modified by connecting the ZBL universal potential*”! to en-
sure the short range reliability.

Table 1. Equilibrium cell parameters (a, ¢, and ¢/a) and cohesive en-
ergy (E) of Ti predicted by three interatomic potentials (Cleri1993, 28!
Zhou2004,123) and Zope2003!261) in comparison to the experimental
data.[29:30]

Cleri1993 Zhou2004 Zope2003 Expt.

alA 2.810 2.939 2.956 2951

c/A 4.586 4.769 4.684 4.684

c/a 1.632 1.623 1.585 1.587
E/(eV/atom) —4.855 -4.870 —4.850 —4.850

Regarding the Ti—He interaction, there are few published
interatomic potentials. Only a pair-wise potential, in the form
of the Lennard—Jones potential fitted with the first-principles
calculation,!”! has been used in our recent studies,[?!:23:39]
where the implementation is described in detail. The Ti—He
potential energy (Vri_ye) is written as

Vi ne (r) =t (ro/r)* — A (ro/r)P | )

where the potential parameters U, A, ro, &, and 8 are 0.026 eV,
0.084 eV, 4.73 A, 4.35, and 1.4,1?!! respectively. Based on the
above potentials, the research on diffusion behavior of He in Ti
and GB’s effects has been performed using MD simulations.

2.2. Simulation setup

All MD simulations were performed using MDPSCU, an
MD package that can be run on multiple graphic processing
units (GPUs) for parallel computation.'3®) The MD simulator
has been modified by Fu through the addition of some func-
tional modules, such as box creation.

In an MD simulation, atomic information (e.g., positions
and velocities), generated by integrating the classical equa-
tions of motion, can be available to analyze the evolution pro-
cess in detail. The Velocity—Verlet algorithm, proposed by
Swope et al.,3* has been used to integrate Newton’s equations
of motion for atoms. For efficiency, the simulation box should
be kept as small as possible. For the case of bulk Ti (without
TB), the lengths of x, y, and z axes for the simulation box are
10a, 10v/3a, and 10c, respectively, and the x, y, and z axes
are along [2110], [0110], and [0001] directions, respectively.
Finite-size effects are dealt with using periodic boundary con-
ditions (PBCs) along all the x, y, and z axes. The simulation
box contains 4000 Ti atoms, and He atoms are added at ran-
dom locations more than 0.5 A away from the closest Ti atom
in the box before simulation. Each calculation is executed one
time section after another. In the first time section, the time
step (¢) is automatically adapted to minimize the maximum
displacement of atoms in the evolution. Next, the He atoms
will move to the nearest favorable interstitial site by “quench-
ing” the system, i.e., the velocity of atom i will be cancelled
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when the product F;(¢) - vi(¢) of force (F) and velocity (v) is
negative (quenching MD! %)), In the next time section, the
fixed time step is 1 fs (femtosecond), and the simulation boxes
are thermalised to a given temperature ranging from 300 K to
1200 K with sufficient time steps (total time is 20000 fs) to
bring them to thermal equilibrium. Thermalisation of a simu-
lation box is conducted by assigning the atoms in the box with
velocities generated by the Monte Carlo (MC) sampling of the
Maxwell distribution of atom velocity. In the next time sec-
tion, a micro-canonical ensemble is performed to study the dif-
fusion behavior of He; the total time is 180000 fs, with a fixed
time step of 1 fs. Finally, quenching MD is performed to ob-
tain the last atomic configurations of the simulation boxes. In
the whole simulation, the states of the simulation boxes were
recorded every 5000 fs. For each temperature, 500 indepen-
dent replicas with different initial states were executed for the
ensemble average method.

We chose {1012} TB as a typical representative to study
the diffusion behavior of He in the GB region. The sim-
ulation boxes with TB were first constructed as illustrated
in Fig. 1. A TB, which exists in the middle of the box, is the
interface between the upper and lower grains with mirror sym-
metrical crystallographic orientations. For {1012} TB, the x
direction of the simulation box is a; = a; = [1011] = [211]
(three indices) = —3ai/2 — \ﬁaj /2 + ck, the y direction is
b; = by = [1210]/3 = [010] = ai/2 — v/3aj /2, the z direction
of the upper grain is ¢; = v/3¢i/2 +cj /2 + v/3ak and that of
the lower grain is ¢; = —c; (where 2, 7, and k represent the
three axes of the Cartesian coordinate system). For the case of
TB, PBCs have been used only in the x and y directions; thus,
the top and bottom regions of the simulation box are a vacuum.
The simulation box size is 34.7 A x29.56x152.06 A, includ-
ing 6500 Ti atoms from one eighth of the z dimension (L, /g)
to seven eighths of the z dimension (L;,/5). The simulation
box was first relaxed to minimize the potential energy using
quenching MD (annealing). In the simulation, the atoms of
the top and bottom five layers (ten single layers) are kept fixed
in the perfect lattice sites. Figure 2 shows the atomic config-
uration (projection along the y axis) of boxes before and after
annealing. Because the hcp crystal structure has two atoms
per lattice site, it can be observed that the two single layers,
which are the symmetrical planes of the initial box with TB,
converge into one layer as labelled by the dash green line. This
finding is in agreement with the atomic configuration of TBs
for some hcp metals observed experimentally with high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) by Nie et al.!"”! According to many trails,
we find that any GBs in which a single layer is taken as the
symmetrical plane are unstable. Next, He atoms are randomly

grain 2

Fig. 1. (color online) Schematic representation of creation of simulation box
with a GB. The lower grain (Grain 1) and the upper grain (Grain 2) with dif-
ferent crystallographic orientations (a, bj, ¢; and ay, by, ¢;, respectively)
are separated by the GB, which is the symmetrical plane denoted with the
red layer. The top and bottom regions of the box are vacuums.

vacuum #

fixed

free

-.......' .... ...’.' * fixed

vacuum q

annealing

Fig. 2. (color online) Atomic configuration (projection along the y axis)
of boxes before (a) and after (b) annealing. The TB plane is underlined
by the green dashed line. The red spheres represent free atoms and the
blue spheres represent the fixed atoms.

added near the TB plane and placed at more than 0.5 A away
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from the closest Ti atom in the simulation box. The rest of the
simulation details (temperature and box volume) for the case
of TB are the same as those for the case of bulk-Ti.

3. Results and discussion

The diffusion coefficient (D) provides a more quantita-
tive description on the diffusion features; the value of the dif-
fusion coefficient can be obtained from the mean square dis-
placements (MSD) according to the Einstein relation*!!

3)

where 7 is the evolution time, R(t) is the displacement vector
R(t)|?) is the ensemble-
averaged MSD, and d is the dimensionality of the space in

of the particle undergoing diffusion, {

which diffusion is occurring. To study the diffusion behavior
of various crystallographic orientations, the diffusion coeffi-
cient Dyq (0 = x, y, or z) along each of three axes (x, y, or 2)
can be deduced from the MSD of each axis, 42!

Ry (1)
Do — tim (R )P
t—o0 2t

)

where R (¢) is the a-th component of the displacement vector.
Similarly, Dyg (0t # f8) can be defined as

e
This function is actually the correlation function between the
o-th component of velocity and the S-th component of dis-
placement at ¢ = . Note that Dyg (& # 8) should be zero
when the o-th component of velocity has no effect on the 8-
th component of displacement; this condition is related to the
random walk behavior of particles undergoing diffusion. 3]
Combining the above two formulae, the matrix form of diffu-

sion coefficient (D) can be rewritten as

b i (ROSRW)
) 2t

. (6)

4. Diffusion behavior of He in bulk-Ti

According to the above formulae, the diffusion coeffi-
cients at various temperatures can be deduced. Figure 3
shows the excellent linear correlation between the ensemble-
averaged MSD of He atoms in bulk-Ti at each direction and the
diffusion time at 900 K as an example of the calculation and
analysis. The MSD in all directions increases linearly with
time, and the slope of the curves obtained in the z direction
is larger than those for the x and y directions. This finding
indicates that the diffusion of He in hcp-Ti is anisotropic and
higher in the [0001] direction, which resembles the results of
Chen et al.'>31 The same or a similar phenomenon can also be
found in the other temperatures. Note that the values of Dyg
(¢ # B) in such a coordinate system are all very small and
close to zero.

70F  T=900 K (a) T

6.0 [ T

50 *Y .
z

4.0F .

3.0F .

(R2) /1018 m?

20k D_.>D,,~D,, ]

1.0 ]

ol & 4

0 0.5 1.0 1.5
At/lo—lﬂ s

80L T=900 K (b) |
| s

60F oy 1
z

4.0 b

(R?)/10-1° m?

0 2.0 4.0
At/10-1 s

Fig. 3. (color online) Ensemble-averaged MSD ((R?)) along the x, ,
and z axes as a function of time (Ar) at 7 =900 K for He (a) and He;
(b) in bulk Ti. The diffusion coefficient (half of the slope of the fitted
line) is anisotropic (D; > Dy = Dyy).

As presented in Fig. 4(a), it can be observed that the dif-
fusion coefficient increases with the increase in temperature
(T), which can be explained by Arrhenius law,

AE
DDOeXp(/@T)’ @)

where Dy is a pre-exponential factor independent of the tem-
perature, AE is the migration energy of He from one favorable
interstitial site to the adjacent one, and kg is the Boltzmann
constant. The linear relationship between InD and 1/T shows
that migration of He is a thermally activated process and accel-
erates with increasing temperatures, and Song et al. obtained
a similar trend experimentally.l®! The values of Dy and AE
resulting from the fit of the data with the above formula are
gathered in Table 2. The migration energies in the x and y di-
rections (AE, and AE,) are found to be close and higher than
the migration energy in the z direction (AE;), i.e., the signif-
icant anisotropy of diffusion is primarily caused by the quite
different migration energies for He diffusion. The result is in
disagreement with Chen’s study; one possible explanation for
the differences could be the lack of determination of the equi-
librium cell parameters for the used potential.>3! For compari-
son, the similar simulation was performed using the Cleri1993
Ti—Ti potential because it was used by Chen;?*! the calculated
results are shown in Fig. 4(b) and Table 2. It is also shown that
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the diffusion is anisotropic, as also represented by the differ-
ences of migration energies of He. According to the Meyer—
Neldel rule,**! the pre-exponential factor increases with the
increase in migration energy, which is consistent with our re-
sults for the two cases.

Table 2. Pre-exponential factor (D) and migration energy (AE) along
the x, y, and z axes resulting from the fitted line in Fig. 4. The migration
energy is anisotropic (AE; < AEy ~ AE,) and the pre-exponential factor
increases with the increase of migration energy, following the Meyer—
Neldel rule. 4]

Zope2003 Cleri1993
X y z X y z
Do/107°m%/s 3534 4287 1.759 0.870 0.744 0.547
AE/eV 0462 0473 0.244 0283 0271 0222
1077 [ T T T T T (a‘; ]
T 1079 1
@
. L i
S~
Qo Zope2003 1
LI
oy 3
10—13 L z i
0.0005 0.0015 0.0025 0.0035
1/T/K—1
(b)
10-8| i
w 10-9] |
g Cheri1993
= 10-10f =7 |
oy
z
10—t 1 1 1 1 1 B
0.0005 0.0015 0.0025 0.0035
1/T/K!

Fig. 4. (color online) Diffusion coefficient (D) along the x, y, and z axes
as a function of temperature (7)) for He in bulk Ti. (a) Zope20032¢! and
(b) Cleri1993[28] are used to describe the Ti—Ti interaction. These fitted
lines can be explained by Arrhenius relation (InD = InDgy — AE /kgT)
and the migration energy (AE) is also anisotropic (AE, < AE, ~ AE)).

In hep-Ti, the He atoms are mobile via interstitial dif-
fusion. Although there is no direct experimental evidence
for where He atoms should be located, the moving He atoms
are preferably located at the octahedral (O) site according to
our MD simulation. It is found that the formation energy
(Ef = E(Ti,He)—E(Ti,) — E(He)) is 0.229 eV and the He atom
migrates from one O site to another through an occasional
jump. The jump direction of the moving He atom may be just
along one of these directions, i.e., (0001) or (110), the jump
distance of which is ¢/2 or a, respectively. The jump behav-
iors are significantly different for the He atoms diffusing in
different directions, and the shorter jump distance may be one

of the factors for the lowest migration energy along the (0001)
direction. The diffusion anisotropy has been explained by the
calculation results;[*1 there exists a tube of low electron den-
sity along the (0001) direction and the activation energy of
0.34 eV calculated in Ref. [45] is close to our results. It is
obvious that the velocity in the (0001) direction has no effect
on the displacement in the basal plane, and vice versa. Due to
the symmetry of the (1120) jump in the basal plane, the ve-
locity in the x direction has no effect on the y-th component of
the displacement, and vice versa. Therefore, Dyg (¢ # B) in
such a coordinate system should be zero, consistent with our
results.

The diffusion behavior of He,, (n = 2, 3, and 4) in bulk-Ti
at 900 K has also been studied. It is found that these He,, atoms
migrate without dissociation. In addition, the dissociation
energy (E,q = nEy(Ti,He)—Eyw(TinHe,) — (n — 1)Ep(Tiyy),
where Ey,(Ti,He,) is the total cohesive energy of the simula-
tion box with m Ti atoms and n He atoms) are Eq = 0.75 eV,
Eszqg =1.95¢V, and E4q = 2.78 eV. According to the Einstein
relation, the diffusion coefficient of He, can be deduced by the
ensemble-averaged MSD of the mass centre of He,. As shown
in Fig. 3(b), the diffusion of He; is also anisotropic, as in the
case of the single He atom. The evolutions of MSD of Hes; and
He4 are not plotted due to their lower jump frequency.

4.1. Diffusion behavior of He in TB region

Similar research on the diffusion behavior of He atoms in
the TB region was conducted. Figure 5 shows the time evolu-
tion of MSD of He and He, diffusion in the y direction of the
TB region at 600 K. Similar results, not shown here, are ob-
tained at different temperatures. The evolution of MSD in the
x and z directions is not plotted because the jump frequency of
He in these two directions is too small. In addition, only when
the jump steps are more than a certain value can we calculate
the diffusion coefficient with MD simulation in a reasonable
amount of time. For the z direction, the He, almost cannot
jump outward from the TB region due to its absorption. For
the case of He, at 600 K only three He atoms in the 500 inde-
pendent simulations obviously escape from TB after the evolu-
tion of more than 200 ps. Therefore, the TB has high adsorp-
tion ability for the moving He atoms. Note that the escaped
He atoms have not been counted into the ensemble average of
MSD along the y direction.

The x axis of the simulation box for the case of TB is
[011], which is the twinning shear direction of hcp crystal. As
discussed above, the atoms in the symmetrical layers almost
move into one plane, and the detailed movements of atoms in
the TB region are shown in Fig. 6. After the quench relaxation
of the TB region, the displacements of Ti atoms (parallel to
the y direction) are very small and almost negligible. How-
ever, the displacements (along the x and z directions) of Ti
atoms near the TB are noticeable and decrease when running
away from TB. The displacements of Ti atoms will affect the
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He site occupation in the TB region and the detailed configu-
ration of the local favorable site of He is also shown in Fig. 6.
Through quenching the MD simulation for many boxes into
which a He atom is randomly placed near TB, it is found that
the He atoms prefer only a portion of the distorted octahedral
sites, which will affect the jump path of He atoms along the
x direction. Therefore, the distortion of atoms in the TB re-
gion has a great influence on the diffusion of He atoms. The
local favorable sites, marked by A (in the TB plane), B (ap-
proximately 1.27 A from TB), and C (approximately 2.29 A
from TB) in Fig. 6, are decorated with a periodic distribution
in the x direction of the TB region. The formation energies of
these local favorable sites are all approximately —2.5 eV and
are less than that in the bulk Ti, i.e., the He atoms are soluble
and trapped in the TB region.

1.0 (— ; ; :
E:
3
|
S 0.5 1
~
-3
m‘;
T
0 4
0 0.5 1.0 1.5
At/10710 s

Fig. 5. (color online) Ensemble-averaged MSD ((RyRy)) along the y
direction as a function of time (Ar) at 7 = 600 K for He and He; in the
TB region. The diffusion coefficient in the y direction can be deduced
as 1.04384x 1078 m?/s. The diffusion coefficients in x and z directions
are too small to compute due to the rare jump event in these directions.

° o ° o 0 4 0
® 'A > ® o0]2 e ©®
2.89 4.05
8~ @ B SD
® .0 ®.0 ® o:®% .0
o - ® o ® o ® o

y

Fig. 6. (color online) The atomic structure (projection along the y axis) of the
TB region. The light blue arrows denote the displacements of Ti atoms be-
fore (represented by dark blue spheres) and after (represented by red spheres)
quench relaxation. The TB plane is underlined by the green dashed line. The
local favourable sites for He near the TB plane are denoted by the yellow
spheres. These sites are all distorted octahedral sites.

As shown in Fig. 7, the formation energies of local fa-
vorable sites are calculated with quenching MD. It can be ob-
served that the formation energies of the three sites (A, B, and
C, as marked in Fig. 6) near the TB are minimal and increase
when leaving TB, which implies attraction between He and
TB. When the distance between He and TB is more than 5 A,
the formation energy is close to that in the bulk, i.e., the He
can be regarded as desorbed. Therefore, for reliability, the He
atoms more than 5 A away from TB in the whole evolution
will not be counted into the calculation of MSD for the case

of TB. A study of the adsorption process of He in the TB re-
gion will be reported in a future publication. The excess ratio
(X = (d — dperfect) /dpertect) Of the interplanar spacing of the
twin boundary region was also calculated as shown in Fig. 7.
Similar to the formation energies, the changes of interplanar
spacing near TB are apparent.

—a— [

+X

>
2 -2 >
S

3l

—4 Fum

z/A

Fig. 7. The formation energy profile of local favorable sites and the ex-
cess ratio (¥ = (d — dperfect) /dperfect) Of interplanar spacing near the TB
region as a function of the distance from TB. The sites with minimal
formation energy are also shown in Fig. 6 (marked A, B, and C). The
dashed line indicates the TB plane.

The y axis of the simulation box for the case of TB
([110])/3), perpendicular to the twinning shear direction of hcp
crystal and in the twinning plane, is the jump direction of He
atom in bulk-Ti. The displacements (in the y direction) of Ti
atoms in the TB region are very small. Therefore, the dis-
placements have little effect on the configuration of the local
favorable sites of He in this direction. It is found that the jump
distance along the y direction in the TB region is still a, con-
sistent with that in bulk-Ti.

For comparison, the diffusion coefficients in the bulk Ti
along the axes of the TB box are also computed through co-
ordinate transformation. The matrix form of the diffusion co-
efficient (ID’) in the new coordinate system (¢'3'k’) can be
obtained from D in the initial coordinate system (zjk),

D' =M-D-M", (8)

where M is the transformation matrix ((i'5'k’) = (ijk)MT).
At 600 K, according to the above formula, the calculated dif-
fusion coefficient 5.98x 10719 m2/s in the [1210] direction 6%
axis) of bulk Ti is two orders of magnitude less than that in
the TB region. However, the diffusion coefficients of the other
two directions in bulk Ti are larger due to the contribution of
the (0001) jump, which is different from the fact that the dif-
fusion along the two directions in the TB region are slowed.
As presented in Fig. 8, the relationship between the diffusion
coefficient (along the y axis) and temperature (T') is also ex-
plained by the Arrhenius law. Thus, the migration energy of
a He atom along the y axis in the TB region can be deduced
from the slope of the curve. AEy g is 0.083 eV and is less than
that in bulk Ti (0.47 eV), i.e., there is little resistance for the
jump of He atoms in the y axis in the TB region. Therefore,
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the He migration in the y axis of the TB region is more rapid
than that of the bulk.

AEW,TB(O.O?SZ} eV) <AE1/,1,“1k(0.47 eV)
1 1 1 1

0.0010 0.0012 0.0014 0.0016 0.0018 0.0020
1/T/K-!

Fig. 8. Diffusion coefficient (D) along the y axis of the TB box as a
function of temperature (7') for He in the TB region. The migration
energy (AE,) of a He atom along the y axis in the TB region is less than
that in bulk Ti.

Consistent with the case in the bulk Ti, He, (n = 2, 3,
and 4) atoms in the TB region migrate without dissociation.
The ensemble averaged MSD (RyR,) along the y direction at
600 K for He; is also shown in Fig. 5. In accordance with the
case of single He, the diffusion of He, in the TB region is also
anisotropic. However, the diffusion coefficient is less than that
of single He. For Hes and Hey, the diffusion is smaller. Thus,
the MSDs are not plotted.

5. Conclusions

In this paper, we investigated the diffusion behavior of
helium (He) in titanium (Ti) and the effect of grain boundary
(GB) through molecular dynamics (MD) simulations. For the
case of bulk Ti, diffusion of He is significantly anisotropic, and
the diffusion coefficient of the [0001] direction is higher than
that of the basal plane because the migration energy along the
[0001] direction is less than that in the basal plane. It is deter-
mined that the most favorable interstitial site for He is the oc-
tahedral site and the jump behavior of He between these sites
is different along different directions. The twin boundary (TB)
was first constructed and relaxed with quenching MD. The re-
laxation of atomic configuration of the TB region will distort
the local favorable site for He and affect its distribution. The
TB region exhibits a high adsorption ability for the moving
He atoms. TB accelerates the diffusion of He in the direction
perpendicular to the twinning direction (TD) whereas it decel-
erates in the TD. This behavior is attributable to the change of
diffusion path caused by the distortion of the local favorable
site for He and the change of its number in the TB region.
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