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Abstract

Dislocation and grain boundary have great influence on helium behavior in
materials. In this paper, the helium bubble coalescence in titanium with dis-
locations was simulated using molecular dynamics method. The results show
that, when the second helium bubble nucleates near the slip plane, it grows
toward the first helium bubble which lies at the dislocation core till they coa-
lesce with each other. However, it is not easy for the coalescence to occur if
the two helium bubbles lie in different atomic layers in (001) plane. If the
second helium bubble is nucleated on the side of the slip plane with full
atomic layers, the second helium bubble growth could lead to the movement
of the first helium bubble toward the other sides of the slip plane. The growth
rate and direction of the second helium bubble are closely related to the
pressure around it.
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1. Introduction

In fusion equipment Tokamak, the first wall has to withstand very harsh condi-
tions. One of particular concerns is the serious radiation damage of materials
induced by the helium particles escaping from the plasma or (1, a) reaction [1]
[2]. It has already been proven that helium atoms prefer to migrate and gather
forming helium bubbles which can seriously destroy the mechanical properties
of materials, such as the material deformation, cracking, embrittlement, and so
on. It is crucial to improve the ability of materials to resist helium irradiation
damage in the development of nuclear fusion.

Many experiments have been carried out in order to improve the helium re-
sistance ability of materials [3] [4] [5]. Fabritsiev et al [3] studied the effect of
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the grain size and high rate of helium accumulation on radiation resistance of
pure copper for fusion equipment applications. It is found that grain size has
obvious effects on the hardening and the loss of ductility of pure copper. In the
study of Jeuland et al [4], the high density of grain boundaries in the finer micro-
structure explains the thermal shift and the larger desorption at low temperature.
It is obvious that dislocation and grain boundary have great influence on helium
behavior in materials. Titanium is an important nuclear material, however, the
helium bubble coalescence in titanium with dislocations is still unclear.
Molecular Dynamics (MD) simulation is a powerful tool for studying helium
behavior in materials [6] [7]. In this paper, the influence of dislocations and
grain boundary on helium bubble coalescence is studied using MD method. Ti-
tanium was used as substrate because of a series of excellent properties, such as
high temperature and corrosion resistance, titanium alloy with high strength and
light texture. Moreover, titanium also refines the grain size and improves the
strength, plasticity and toughness of metals [8] [9]. Symmetrical inclined small
angle grain boundary was constructed in titanium substrate. Some new interac-
tion mechanisms which are beneficial to improve the ability of materials to resist

helium irradiation damage were found.

2. Simulation Method

In the following Molecular Dynamics (MD) simulation, all the atoms of the sys-
tem obey the Newton equation of motion. The integration method is leap-frog
algorithm and the integration step is set to 1 fs.

The MD simulation results depend strongly on the interaction potential
adopted. In this paper, the Lennard-Jones was adopted to describe the inte-
ractions between helium atoms because it has been proved to be well suited
to the properties of noble gases [10]. The Ti-Ti interaction was described by
tight-binding potential obtained by Cleri and Rosato [11]. As for the interaction
between titanium and helium atoms, Wang et al [12] constructed the Ti-He po-

tential by fitting the pair potential to ab initio data, which is written as follows,

V(r)= {(%Tss —3.21[%}1'4} (1)

where £ = 0.02617 eV, r, = 0.47288 nm, r denotes the distance between He and
Ti atoms. The availability of the above potentials has been proven in our former
simulations which gave reasonable simulation results [13] [14].

The titanium substrate contains dislocations and surface, which was con-
structed as follows. The substrate was made up of two parts. One part had the
full atomic layers Vand the other part was N — 1 layers. The two parts had the
same width, and so the crystal planes of the two parts contained a dislocation.
The method was proposed by Daw and Baskes, which has been proved to be very
successful in the studies of edge dislocations [15] [16] [17]. In addition,

symmetrical inclined small angle grain boundary was composed of a series of
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parallel edge dislocations. The periodic boundary conditions were applied to the
direction of the Boggs vector and also to the direction of the dislocation. The
third direction contained the metal surface. The substrate contains 34,050 tita-
nium atoms. The simulation temperature is in the range of 0 - 500 K and the
time step of the integral is 1 fs.

In the simulations, the first helium bubble was formed in the dislocation core
by introducing helium atoms one by one near the dislocation core, as shown in
Figure 1. Then the other helium bubble was also formed by introducing helium
atoms one by one inside A and side B respectively, which was named the second
helium bubble. The growth and coalescence of the second helium bubble in dif-
ferent sides of the slip plane as well as the influence on the substrate were simu-
lated and compared in detail.

In order to observe clearly the behaviors of helium atoms and the substrate
evolution induced by the interaction between atoms and dislocations. It is better
to avoid the temperature-induced defects. Therefore, the simulation temperature
was firstly set to 0 K. Then the temperature of the Ti-He system was increased
using electron-phonon coupling model, in which the atoms exchange energy
with the electron gas in the substrate according to the electron-phonon interac-
tion dynamics [18].

In addition, for convenience in the following analysis, the atomic layers con-
taining the helium bubbles, ie., the atomic layers in the solid line box in Figure

1, are cut out and displayed.

3. Results and Discussions

3.1. Helium Bubble Coalescence in Side A

In Figure 2, the second helium bubble is nucleated at about three lattice units
from the first helium bubble. The two helium bubbles lie in the same titanium
atomic layers in (001) plane. It can be seen that the second helium bubble grows
toward the first helium bubble, however, the position of the lower boundary of
the helium bubble is almost constant. The position of the upper boundary of the
helium bubble moves about 0.24 nm within 23 ps, accordingly, the migrating

rate toward the slip plane is about 10.4 nm/ns. When the addition number of
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Figure 1. The first helium atom introduced within the first helium bubble in the disloca-
tion core. The dot line in figure is the slip plane, the same below.
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Figure 2. The growth process of the second helium bubble at the same atomic layers in
(001) plane with the first helium bubble. The number of helium atoms within the second
helium bubble is 1, 5, and 7 respectively.

helium atoms attain to 7, coalescence occurs between each other as shown in
Figure 2(c). During the coalescence process, all the helium atoms within the
second bubble migrate rapidly toward the first helium bubble, and the coalesced
helium bubble lies finally in the dislocation core. This fully indicates that the
dislocation core has a stronger ability to capture helium bubbles because of the
larger binding energy of helium with dislocations and grain boundaries.

In Figure 3, the second helium bubble is also nucleated near the first helium
bubble, however, the two helium bubbles no longer lie in the same (001) plane. It
is found that the second helium bubble grows toward the slip plane, at the same
time, it also grows towards the [ 001 ] direction till it attains to the pre-existing
grain boundary, as shown in Figure 3(b) and Figure 3(c). The coalescence of
the two helium bubbles has not been observed even if the number of helium
atoms within the second helium bubble reaches 200, as shown in Figure 3(d).
Higher temperature is benefit for the migration of atoms, so the temperature of
the system is increased to 300 K. The second helium bubble is observed to ex-
pand toward the slip plane. However, it is still not observed the helium bubbles
coalescence. The result indicates that, in contrast to the helium bubbles lying in
the same atomic layer, it is not easy for the coalescence to occur of the two he-
lium bubbles lying in different (001) plane. In the study of Chen et al [19], sin-
gle helium atom, He-dimer and He-trimer tend to jump between layers along
[001] direction. However, the inter-layer jump along [001] direction seems to be
difficult after helium bubble grows up in the simulation.

Figure 4 shows the influence of the helium bubble growth near the grain
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Figure 3. The growth process of the second helium bubble at the different atomic layers
in (001) plane with the first helium bubble. The number of helium atoms within the
second helium bubble is (a) 1, (b) 10, (c) 100 and (d) 200, respectively.
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Figure 4. The influence of the helium bubble growth near the grain boundary on the sub-
strate. The second helium bubble contains (a) 1, (b) 50 and (c) 200 helium atoms respec-

tively. The helium atoms are hidden in (b) and (c).

boundary on the substrate. In our former studies, the pressure within helium

bubble in titanium has been calculated which is GPa in order magnitude [20].

Because of the high pressure within the helium bubble, some pre-existing misa-
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ligned metal atoms are pushed to the lattice sites in the simulation. The crystal
structure is partly recovered around the helium bubbles. However, defects in-
crease in the adjacent region of the helium bubbles.

Then the influence of the metal surface on the growth rate and direction of the
second helium bubble is studied. The initial distance between the second helium
bubble and the metal surface is 10.8, 8, 4.5 and 2 lattice units respectively. The
dependence of the helium bubble growth rate on the distance is shown in Table
1. When the distance from the metal surface is larger than 8 lattice units, the he-
lium bubble grows only toward the slip plane. When the distance is 4.5 lattice
units, it grows toward both the slip plane and the metal surface, and the growth
rate toward the metal surface is larger than the growth rate toward the slip plane.
When the distance is 2 lattice units, helium release occurs. It can be found that,
as the distance from the metal surface decreases, the helium bubble growth rate
increases toward the metal surface and decreases sharply toward the slip plane.
Therefore, the growth rate and direction of helium bubble strongly depend on
the distance between the helium bubble and the slip plane or the metal surface.

As for the influence of helium bubble growth on the substrate, it depends
strongly on the position of helium bubble. If the slip plane is closer to the helium
bubble in comparison of the metal surface, defects prefer to produce on the side
near the slip plane, as shown in Figure 5(a). On the contrary, when the metal
surface is closer to the helium bubble, defects prefer to produce on the side near
the metal surface and migrate toward the metal surface, leading to the increasing
number of surface metal atoms and the increasing surface roughness, as shown
in Figure 5(b).

3.2. Helium Bubble Coalescence in Side B

In the following simulation, the second helium bubble is nucleated at about 3.2
lattice units from the first helium bubble, however, it lies in side B which has the
full metal atomic layers, as shown in Figure 6(a). It is found that the helium
bubble also grows toward the slip plane with the addition of helium atoms as
shown in Figure 6(b). Because of the high pressure within the helium bubble,
the pre-existing misaligned metal atoms are pushed to the lattice sites, and the
crystal lattice around the first helium bubble is partly restored. The recovery of
the crystal structure near the slip plane causes the movement of the first helium

bubble about one lattice toward [120 ] direction, as shown in Figure 7.

Table 1. Helium bubble growth rate in side A.

Distance (lattice unit) Growth rate (nm/ns)

Fromthe slip plane From themetal surface toward the slip plane toward the metal surface

3.2 10.8 10 0
6 8 4.9 0
9.5 4.5 0.98 1.5
12 2 0 Helium release
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When the number of the addition helium atoms attain to 63, coalescence oc-

curs between the first and the second helium bubble. Then the coalesced helium

bubble grows continually toward [120] direction. During the helium bubble

growing and coalescence process, defects prefer to produce near the slip plane as

shown in Figure 8.

Then the influence of temperature on the behavior of the helium bubble and
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the substrate is observed. Keeping the number of helium atoms constant, the
temperature of the system is increased to 300 K. At room temperature, the coa-
lesced helium bubble inclines to expand outward in (001) plane along the slip
plane, but it is difficult for the helium bubble expansion through the atomic lay-
ers of the substrate in [001] direction, as shown in Figure 9.

The influence of the metal surface on the growth rate and direction of the
second helium bubble is also studied. The dependence of the helium bubble
growth rate on the distance is shown in Table 2. As the helium bubble gets clos-
er to the metal surface, the helium bubble growth rate toward the metal surface
increases, which is the same as the simulation result of side A. When the helium

bubble is equidistant from the slip plane and the metal surface, it grows faster
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Table 2. Helium bubble growth rate in side B.

Distance (lattice unit) Growth rate (nm/ns)

From the slip plane from themetal surface toward the slip plane toward the metal surface

3.7 9.3 3.03 0
5 8 2.57 0
8 5 0 3.63
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toward the metal surface. For example, when the distance is 5 lattice unit, the
growth rate of the helium bubble is 2.57 nm/ns toward the slip plane and 3.63
nm/ns toward the metal surface respectively. In addition, the growth rate of
helium bubble in side B is smaller than that in side A. All the former simulation
results show that the growth rate and direction of the second helium bubble are
closely related to the pressure around it. Helium bubble always grows toward the

direction with lower pressure, and the lower the pressure, the faster it grows.

4. Conclusion

The helium bubble coalescence in titanium containing dislocations and grain
boundary was studied using molecular dynamics method. When the second he-
lium bubble is nucleated on one side of the slip plane, it always grows toward the
slip plane. If the two helium bubbles lie in the same titanium atomic layers in
(001) plane, they coalesce easily and the coalesced helium bubble lies in the dis-
location core. In addition, the pre-existing misaligned metal atoms could be
pushed to the lattice sites because of the high pressure within the second helium
bubble. The recovery of the crystal structure near the slip plane causes the
movement of the first helium bubble toward the side which is short of one
atomic layer. The influence of the metal surface on the growth rate and direction
of the second helium bubble is also studied. As the initial distance between the
second helium bubble and the metal surface decreases, the helium bubble
growth rate toward the surface increases and accordingly it decreases sharply
toward the slip plane. The growth rate and direction of helium bubble are closely

related to the pressure around the helium bubble.
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