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The helium bubble structure and growth modes near dislocations in titanium are studied using the molecular dynamics
method. A helium crystal with an HCP structure in titanium is found to have a lattice constant of 1.977 A at 0 K. On either
side of the slip plane, helium bubbles form in the (001) plane, but they are in different growth modes. On the side of the
slip plane with full atomic layers, helium bubbles grow toward the slip plane and easily cross the slip plane. In the growth
process, the position of the top surface of the helium bubble remains almost unchanged. On the other side of the slip plane,
the helium bubble grows initially toward the dislocation core, but it is difficult to cross the slip plane, which results in
growth in the opposite direction upon reaching the slip plane.
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1. Introduction

Helium atoms are usually introduced into metals through
ion implantation, tritium decay, or (n, &) reactions during neu-

131 1t §s difficult to dissolve helium atoms in

tron irradiation.
metals, because they easily migrate and accumulate, forming
helium bubbles. The pressures inside the bubbles are very
large, which can destroy the mechanical properties of the ma-
terials.[*-8] The changes in the mechanical properties of the
materials reduce the safety of nuclear installations and shorten
their service life, thus it becomes important to study the be-
haviors of helium atoms in metals.

So far, a considerable amount of research has focused on
the experimental and theoretical aspects of helium in iron and
tungsten, [°-'4! while only a few studies have been devoted to
the behaviors of helium atoms in titanium, which is often used
as a structural material in nuclear power plants. In a fast neu-
tron reactor, titanium is a competitive candidate as a cladding
material. In addition, titanium has the ability to absorb hydro-
gen, providing a useful tritium storage material.!'”]

In previous studies, the behavior of helium in perfect ti-

16171 and some useful results

tanium crystal was simulated,!
were obtained. In this study, we analyze the structures and
growth modes of helium bubbles near dislocations in titanium
using the molecular dynamics (MD) method. Different growth
modes and HCP crystal structures of helium bubbles near the
dislocations in titanium are observed, thus providing further

insight into the behavior of helium in titanium.

DOI: 10.1088/1674-1056/27/6/060205

2. Simulation method

An MD box (24ag x 24bg x 22cg) is used to simulate the
growth of a helium bubble near a dislocation in bulk titanium,
where ag, by, and c¢g are the lattice constants of titanium. Pe-
riodic boundary conditions are applied to the direction of the
Boggs vector and also to the direction of the dislocation. The
interaction between the Ti—Ti atoms is described by the inter-
atomic potentials of Fabrizio ef al.!'® The He—He interaction
is described by the well-known Lennard—Jones potential.!!*]
The Ti—He potential is constructed by fitting the pair poten-
tial to ab initio data.!'”l This set of potentials has been used
in our recent studies, providing a good description of the bulk
properties and defect properties of the Ti—He system.[!%17]

The periodic atomic arrays of dislocations are con-
structed based on the method proposed by Daw and Baskes,
which has proved to be very successful in studying edge
dislocation.?->21 The titanium crystal is divided into two
parts along the slip plane. One part is made of N atomic layers,
and the other part is composed of N — 1 atomic layers, with the
total width of the two parts being the same so that the interface
of the two parts has a specific dislocation. The system is re-
laxed at O K to attain the lowest energy state, and a titanium
substrate containing edge dislocation is formed. For conve-
nience, the side of the substrate containing N atomic layers
is named side A, and the other side containing N — 1 atomic
layers is called side B.

In the following simulations, the first helium atom is

placed at an interstitial site on sides A and B as shown in
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helium cluster. The behaviors of helium atoms on sides A and

Figs. 1(a) and 1(b), respectively. For each system, the sec-

B are observed and compared with each other in detail. The

ond helium atom is introduced one lattice distance away from

simulation temperature is set to be 0 K to obtain the minimum

the first helium atom so that they would interact in a short time.

energy state of the helium bubble, which assists in analyzing

the bubble structure.

Once the system evolves for 50 ps, a new helium atom is added

one lattice distance away from the closest helium atom in the
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Fig. 1. First helium atom on each of (a) side A and (b) side B of the slip plane. Grey sphere: Ti atom; Black sphere: He atom.

the lower surface crosses the slip plane, it moves farther away

1ISCusSs10on

3. Results and d

from the slip plane due to the bubble growth along the [100]

3.1. Helium bubble growth

direction. The helium bubble forms in the (001) plane, and it

On side A of the slip plane, the positions of the helium
bubble are shown in Fig. 2, when the bubble contains 20, 60,

is flat in the [001] direction, extending to a thickness of only

two atomic layers. In the growth process of the helium bubble,

100, and 211 helium atoms (see Figs. 2(a)-2(d) respectively).

defects are preferentially produced on the side toward where

It can be seen that the helium bubble grows downward con-

the bubble grows, and drift toward side B. However, the sub-

tinuously, while the top surface position remains almost un-

strate on the other side of the helium bubble almost keeps a

changed. At the beginning of the helium bubble growth, the

perfect crystal structure as shown in Fig. 3.

lower surface of the bubble is closer to the slip plane. After
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Fig. 2. Growth of the helium bubble nucleated on side A of the slip plane in the cases of (a) 20, (b) 60, (c) 100, and (d) 211 helium

atoms.
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The helium bubbles have the same structure on both sides

of the slip plane, except those with different growth modes.

Figure 6 shows the cluster structures for the numbers of helium

atoms of 3, 4, and 5, respectively. An equilateral triangular

, and a regular tetra-

structure is formed by three helium atoms

hedron structure is constituted with four helium atoms. With
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Fig. 3. Defects induced by the helium bubble growth nucleated on side A.

Fig. 4. Growth of the helium bubble nucleated on side B of the slip

plane, in the cases of (a) 10, (b) 24, and (c) 160 helium atoms.

Figure 4 shows the growth process of the helium bubble

on side B of the slip plane. Initially, the helium bubble grows

toward the dislocation core until it reaches the slip plane, cor-

responding to the number of helium atoms ranging from 1 to
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the addition of more helium atoms, a helium bubble with a reg- while the lattice constant of the helium bubbles is only 0.67ay,

ular hexagonal structure forms and grows in the (001) plane. =~

Figure 7 shows 14 helium atoms arranged on side A and 10

1.977 A.
The helium crystal in titanium has been speculated pre-

helium atoms on side B of the slip plane. Figure 8 shows 211  viously in our study on the phase transition of high-density

helium atoms arranged on side A and 160 helium atoms on  helium.[>3! Here, the helium crystal with an HCP structure

side B of the slip plane, with helium atoms arranging orderly =~ near the dislocation in titanium is clearly observed. Maji et

on either side of the slip plane. Note that ordering appears eas-  al.

’s study on solid helium bubbles in aluminum analyzed the

ier for the helium atoms within the bubble nucleated on side B bubbles using positron lifetime measurements.>*! The life-

of the slip plane, since there are vacancies on side B, allowing  time of the positron changed suddenly when the temperature
the helium atoms to move slightly. decreased to 190 K, suggesting a change in the helium bub-

(a) (b) (©) bles from a liquid to a solid state caused by the redistribution

of electron density.

Next, the Ti—-He system containing the helium bubble nu-

cleated on side A is increased to 300 K by electron-phonon

Fig. 6. Structures of cluster containing (a) 3, (b) 4, and (c) 5 helium

coupling. In the electron—phonon coupling model, atoms ex-

atoms, respectively. change energy with the electron gas in the substrate accord-

ing to electron—phonon interaction dynamics.!'*?3 Due to the

. 0 ®_o (b) ¢ high thermal conductivity of the electron gas in metal, the en-
st Lt
L

ergy transferred to the electron gas is quickly dispersed, and
‘ ‘ 0 the electron gas is considered to maintain a constant tempera-
‘ o ture. At 300 K, the helium bubble continuously expands along

the [100] direction in the (001) plane as shown in Fig. 10.
Fig. 7. Arrangements of (a) 14 helium atoms on side A and (b)10 he- However, the bubble is still flat in the [001] direction and the

lium atoms on side B of the slip plane.

thickness is unchanged. Furthermore, the shape of the bub-

[120] ble is distorted in the (001) plane, causing the arrangement of
[100] the helium atoms to become disordered as shown in Fig. 11.

[001] The pair correlation functions of the helium atoms within the
bubble at 300 K are also computed as seen in Fig. 9, where

the pair correlation function presents liquid characteristics at

Fig. 8. Arrangements of (a) 211 helium atoms within the bubble nucle- 300 K, indicating that the helium bubble is liquid in titanium

ated on side A and (b) 160 helium atoms within the bubble nucleated

on side B of the slip plane. at

0 K, side A, 211
0 K, side B, 160

300 K, side A, 211 \_Mv‘

0 1 2 3 4 5
R (lattice unit)

Fig. 9. Pair correlation functions of helium atoms at 0 K and 300 K.

The pair correlation function is used to analyze the ar-
rangement of the helium atoms as shown in Fig. 9. The pair
correlation functions of helium atoms have significant crystal
characteristics that indicate the formation of a helium crys-

room temperature.

[001]
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Fig. 10. Expansion of the helium bubble nucleated on side A of the slip
plane along [100] direction at 300 K.

In the following simulations, the temperature of the sub-

tal. The analysis reveals that the two helium bubbles have the  strate is set to be 300 K. Helium atoms are added near disloca-

same HCP structure as the substrate, but with a smaller lattice tions to make a comparison with the simulation results of 0 K.

constant. The lattice constant for titanium is ag = 2.951 A, Similar phenomena are observed as follows. On the side of

060205-4



Chin. Phys. B  Vol. 27, No. 6 (2018) 060205

the slip plane with full atomic layers, a helium bubble grows
toward the slip plane and easily crosses the slip plane. On the
other side of the slip plane, the helium bubble has difficulty in
crossing the slip plane. It grows initially toward the disloca-
tion core and then grows in the opposite direction. However,
the arrangements of the helium atoms are disordered, i.e., he-
lium bubbles do not exhibit a crystal structure at 300 K.

Fig. 11. Arrangements of 211 helium atoms within the bubble nucleated
on side A of the slip plane at 300 K.

4. Conclusions

Helium bubble structure and growth near dislocations in
titanium have been analyzed using the molecular dynamics
method. A helium bubble is shown to form in the (001)
plane on either side of the slip plane, but with different growth
modes. On the side of the slip plane with full atomic lay-
ers, the helium bubble grows toward the slip plane, and then
crosses the slip plane easily. In the growth process, the top sur-
face position of the helium bubble remains almost unchanged.
On the other side of the slip plane, the helium bubble grows
toward the dislocation core initially, but experiences difficulty
in crossing the slip plane, and grows toward the opposite direc-
tion after reaching the slip plane. Generally, the helium bub-
ble tends to grow toward the dislocation core, or alternately
towards the side of the slip plane that lacks an atomic layer. It
is interesting to note that the helium bubble demonstrates an
HCP crystal structure with a lattice constant of about 1.977 A
at 0 K near the dislocation in titanium, but it is liquid at 300 K.
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