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Migration of He atoms and growth of He bubbles in high angle twist grain boundaries (HAGBs) in tungsten (W) are
investigated by atomic simulation method. The energy and free volume (FV) of grain boundary (GB) are affected by the
density and structure of dislocation patterns in GB. The migration energy of the He atom between the neighboring trapping
sites depends on free volume along the migration path at grain boundary. The region of grain boundary around the He
bubble forms an ordered crystal structure when He bubble grows at certain grain boundaries. The He atoms aggregate on
the grain boundary plane to form a plate-shape configuration. Furthermore, high grain boundary energy (GBE) results in a
large volume of He bubble. Thus, the nucleation and growth of He bubbles in twist grain boundaries depend on the energy
of grain boundary, the dislocation patterns and the free volume related migration path on the grain boundary plane.

Keywords: tungsten, dislocation patterns, ordered grain boundary structure, plate-shape He bubble

PACS: 52.65.Yy, 66.30.J—, 61.72.Mm, 66.30.-h

1. Introduction

Because of high melting point, high thermal conductivity,
low sputtering rate and low tritium retention rate, tungsten (W)
and W-alloys have been selected as the leading candidates for
plasma-facing materials (PFMs) in future fusion reactors.[!=3!
Although many studies have been performed with different ex-
perimental and theoretical methods, there are still many chal-
lenges in their future applications. For example, the surface of
tungsten will be damaged by irradiation of high-concentration
He™ particles, resulting in the change of structure and hard-
ness of tungsten surface with different crystal orientations. [+
Furthermore, because of the extremely low solubility of he-
lium (He) atoms in metallic materials, He atoms generated
through (n,e) reaction will migrate, gather and grow to form
gas bubbles in metallic materials. Especially, He atoms tend
to agglomerate in the dislocation and grain boundary (GB) re-
gions of structural materials which may cause swelling, hard-
ening and high-temperature embrittlement, degrading the ser-
vice performance and life time of material.[®®! Therefore, the
study of He nucleation and growth in tungsten grain boundary
is very important and necessary.

From previous studies, many experiments have been per-
formed to investigate the nucleation of He in the grain bound-
ary (GB)."!!l The behaviors, sizes, geometries and distri-
butions of He bubbles have also been investigated at differ-

ent grain boundaries with an in situ method.®! Furthermore,
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solid helium bubbles were directly observed in the helium
ion implanted tungsten by different transmission electron mi-
croscopy (TEM) techniques at room temperature.!'’l How-
ever, it is still very difficult to follow the initial nucleation and
growth process of He bubbles in sifu with the present exper-
imental techniques because of their small size (e.g., less than
10 nm in diameter!!-1?!) and fast kinetic process with very low
migration energy of interstitial He atoms.!'3] As complemen-
tary methods, computer simulations have been proved to be
useful to predict the changes of the material on different time
and length scales, providing a new understanding of the ex-

141 Therefore, the extensive studies focus-

perimental results.
ing on the basic properties of GBs and He bubbles have also
been conducted by numerical simulations. For example, ten-
sile response of irradiated symmetric grain boundaries to the
externally applied strain has been studied by atomic simulation
methods.!">! Bai er al.['% found that grain boundaries have a
surprising “loading-unloading” effect which can absorb inter-
stitials and re-emit them to annihilate bulk vacancies. Chen
et al.'"" used molecular statics to explore the energetics of
vacancy segregation in a range of equilibrium and metastable
[100] symmetric tilt GBs. Furthermore, Valles et al.!'8! stud-
ied the influence of a high GB density on the amount, size and
distribution of the defects produced by pulsed He™ irradiation
in the tungsten and revealed that the He atoms retained at GBs

increase with the GB density increasing. The preferential nu-
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cleation of He bubbles at low-angle grain boundaries in Au
and Cu has been studied by the combination of the molec-
ular statics, molecular dynamics and experiments.!”-!°) The
twist grain boundary (TGB) was also studied for understand-
ing the helium effect on the material, especially for the inter-

20211 Wang et al.!?*!

action between the TGB and He atoms.!
investigated the segregation, trapping and diffusion of He in
a X3(110) {111} W grain boundary by the combination tech-
niques of ab initio and classical atomistic simulations. Feng et
al.?*! investigated the grain boundary energy (GBE) of (110)
twist grain boundaries and analyzed the dislocations in low-
angles grain boundaries. They also investigated the migration
and nucleation of He clusters in (110) twist grain boundaries
with different angles.?*!

According to previous analysis,**! (110) TGBs can be
divided into low-angle grain boundaries (LAGBs) and high-
angle grain boundaries (HAGBs). HAGBs can be further di-
vided into the sub-types: boundaries with low grain boundary
energy (LGBEs, e.g., £30 = 70.53°) and high grain boundary
energy (HGBEs, e.g. 6 = 20°, 8 = 40°), respectively.

Although a lot of studies have been performed as men-
tioned above, the initial nucleation of He bubble at HAGB in
the tungsten is still not studied enough, especially for the case
with large-sized bubbles. Related with these grain boundaries,
one important question is how the interface structure affects
the migration of He atoms and the nucleation of the large-sized
He bubbles. Therefore, in the present work, we focus on the
migration of He atoms and the nucleation behavior of He bub-
bles at HAGBs (6 = 20°, 6 =40°, 8 = 70.53°) in the tungsten
to provide an answer to above question. The rest of this paper
is organized as follows. The simulation method is described
in Section 2. The grain boundary structure and the energy are
analyzed in Subsection 3.1. The migration of He atoms, the
change of grain boundary structure and the nucleation of the
He bubbles are presented in Subsections 3.2, 3.3, and 3.4 re-
spectively. Finally, the conclusions are drawn from the present

study in Section 4.

2. Methods

In this work, the model of twist grain boundary created

[25]

by Atomsk is used, whose details have been described

e.[2326] For convenience, the X, Y, and Z axes of

elsewher
the simulation box are set to be in the directions of [-111],
[1-12], and [110] respectively. Periodic boundary conditions
are applied to the x and y directions, while a fixed bound-
ary condition is used along the z direction. The simulation
model of 100 Ax100 Ax180 A, containing about 1.1 x 103
tungsten atoms is constructed to eliminate the possible size

effect.?’’! The simulations are performed by the parallel MD

code, LAMMPS.[?8] The W-He, He-He, and W-W inter-
atomic potential (SNAP potential) have been described in de-
tail in Refs. [29] and [30]. The lattice constant and elastic
constants calculated by the interatomic potential are shown in
Table 1. From Ref. [30], it is clear that the properties cal-
culated by the SNAP potential are very close to those calcu-
lated by density functional theory (DFT), which indicates that
the SNAP potential provides a good description for the W—
He interaction. After the initial molecular static relaxation,
the model is then relaxed under constant number of atoms N,
pressure P, and temperature 7 (NPT) (300 K, O Pa) ensemble
for 10 ps to release the local highly local stress and disordered
structure, finally a thermodynamic equilibrium is reached. The
migration of He atoms and the nucleation of He bubbles are
investigated through two simulations. In the first simulation,
the nudged elastic band (NEB) method is used to analyze the
migration energy barrier of He atom in HAGB. In the second
simulation, the nucleation processes of He bubbles in HAGBs
with different rotation angles are performed at a temperature
of 300 K. Firstly, a He atom is introduced into the dislocation-
junction of GB as the initial nucleation site, then the system
is relaxed to an equilibrium state. After full relaxation, more
He atoms are introduced one by one into the bubble by man-
ually placing the He atom within about one lattice constant to
the existing He-bubble. Because of the high binding energies,
such a He atom can be absorbed by He-bubble, resulting in its
growth. After the absorption of each He atom, the system is
relaxed for 5 ps under the constant number of atoms N, vol-
ume V, and temperature 7 (NVT) ensemble before the next
He atom is inserted. The temperature is controlled by Nose-
Hoover thermostat.3!! The time step is 0.5 fs for all MD sim-
ulations. The visualization of the simulation results is done by
OVITO program %! and AtomEye.*3! The Voronoi method is
used to analyze the volume of atom cell.

Grain boundary energy (GBE) is defined as the energy
difference between the system before and after the forma-
tion of GB. Thus, GBE is calculated by the same method in
Ref. [23] as follows:

GBE =Y (E;—Ep)/A, (1

where E; and E, are the potential energy of atom in grain
boundary and bulk crystal respectively, and A is the GB’s area
in the x—y plane. The calculation is done in the middle 40
atomic layers, in order to eliminate size effect and thus only
one GB is considered for the GBE calculation. Our pre-testing
also has confirmed that the energy difference between the adja-
cent atomic layers is small enough after 40 atomic layers away

from GB plane. In addition to the GBE, the largest free volume
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within a grain boundary is another useful parameter to esti-
mate the property of GB, which is defined as the largest spher-
ical volume inserted between atoms within the GB region.[!!
The stress and pressure for each of He and W atoms are

calculated from Egs. (2) and (3) as follows:

1/1
Oup (i) = <2 Y Ermy) ) : @)
1
P(i) = _g(cxx(i)+ny(i)+czz(i))7 3)

where V; is the current Voronoi volume of atom i; o and 3 are
the Cartesian components; F;; is the force on the atom i due to
atom j; r;; is the vector coordinate of neighbor atom j relative
to atom i; m; is the mass of atom i; v; is the velocity of atom
i, P(i) is the pressure of atom i; Oyy, Oyy, and o are the stress
components in the x, y, z directions, respectively.

In addition to the above properties, the potential energy
difference between the W-matrix before and after the forma-
tion of He bubbles is also calculated from the following equa-
tion:

OE = Ew(He — bubble) — Evy(ref), 4)

where OF is the potential difference; Ew (He —bubble) and
Ew (ref) are the potential energy of W atoms in GB before
and after the formation of He bubble. With this equation, the
distortion of lattice structure and related pressure can be qual-
itatively determined as explained in Subsection 3.4.

The average formation energy of He bubble is shown as a
function of bubble size. The average formation energy of the
bubble is defined as!*¥

ELe(n) = [Epubble (7) — Epuik — nEne] /1, )

where Epypbble (1) is the total energy of simulation supercell
containing n He atoms in the bubble; Eyyk is the total energy
of the super-cell without the bubble; Ep. is the cohesive en-
ergy of closely packed He, which is 0.0054 eV.[2%-3%]

To evaluate the stability of He bubble at GB, we have also
defined the average binding energy of each He atom in the He
bubble, which is defined as!!

Ebo(n) = [nE"(He) —E'(n)] /n, ©

where nE! (He) is the sum of the formation energy of n dis-
crete He atoms dissolved separately in tetrahedral interstitial
sites in perfect W, and Ef(n) is the formation energy of He
bubble, which is equal to nE’ . (n). The positive average bind-
ing energy indicates the attractive interaction between He atom
and grain boundary in this paper.

The average-volume of He atoms in the He bubble is de-
fined as

N
ZVHe—i
1

V=" (7

where Vye_; is the current Voronoi volume of He atom i in the
He bubble and N is the number of He atoms in He bubble.

3. Results and discussion
3.1. Grain boundary structure and energy

The structure of the HAGBs after full relaxations before
the insertion of He atoms is shown firstly in Fig. 1. From
Fig. 1(a), it is clear that the arrangement of atoms in the GBs
of high-angle twist grain boundaries is still kept after the com-
plete relaxation, which is different from that in the symmetri-
cal grain boundaries of £3{111}[1-10] and £5{012}[100].!3!
Viewing along the [110] direction, the lattice atomic arrange-
ments at 20° and 40°-rotated GBs (20°-GB, 40°-GB) are dis-
ordered, while the 70.53°-rotated GB (70.53°-GB) is in good
lattice matching as shown in Figs. 1(b)-1(d). The periodic
patterns are observed in HAGBs. In this work, a pattern con-
taining one or more W atoms with potential energy greater
than —10.4 eV is defined as a dislocation-junction as shown in
Figs. 1(b) and 1(c), while a continuous pattern in which all W
atoms with potential energy greater than —10.7 eV is defined

as a dislocation-band as shown in Fig. 1(d).
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Fig. 1. (a) Structure of twist grain boundary viewed along [-111] direc-
tion. Blue atom: GB; dark red atom: bulk. (b)—(d) Dislocation-junction and
dislocation-band distribution on GB plane along [110] direction for 8 = 20°
(b), 40° (c), and 70.53° (d) (£3). Atoms are colored according to potential
energy, as indicated by the color bar.

In Fig. 2, the density of dislocation junctions at 40°-GB
is the highest, followed by 20°-GB and the lowest density
appears at 60°-GB. The distribution of dislocation junctions
is uniform for 20°-GB and 40°-GB. There is no dislocation-
junction at 70.53°-GB, and the potential energy of lattice atom
in the dislocation-band at 70.53°-GB is relatively low. Fur-
ther analysis of other high angle twist grain boundaries (e.g.,
30°-GB, 90°-GB) also indicates that they have similar struc-
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tural characteristics to the dislocation-junctions or dislocation-
bands that are periodically distributed. Therefore, from the
analysis of dislocations-junction or dislocations-band’s den-
sity and the change of the grain boundary energy (listed in Ta-
ble 1), it can be concluded that the grain boundary with high-
density high-energy dislocation-junctions or dislocation-bands
has higher grain boundary energy (GBE).

E,/eV

—11.0

(1-12)
y
(-111)

z xr
(110)

(c) 6=60°

(d) 6="70.53°

Fig. 2. Density distribution of dislocation-junctions and dislocation-bands on
GB plane. The grid dots are colored according to potential energy (a)—(d), as
indicated by the color bar. The view direction is along [110].

Table 1. Values of lattice constant (ag), elastic constants (Cy1, Ci2, Caa),
potential energy (PE), largest free volume (FV), and energy barrier of He
atom migration (Ep) between the octahedral sites, obtained by using in-
teratomic potentials.

ap/A  C11/GPa C12/GPa Cu/GPa  PE/eV  FVIA3  EpleV
3.1805%  517° 1982 1422 -11.0 1684 048
A Ref. [29].

Table 2. Values of grain boundary energy, largest free volume of differ-
ent GBs, and the migration energy barrier between dislocation-junctions
and dislocation-bands.

0/(°) GBE/(eV/A?) FV/IA3 Emi/eV EmleV
20 8.61 37.15 1.845 -
26.53 8.86 37.70 1.685 -
30 9.05 35.60 1.440 -
34.38 9.27 37.13 1.620 -
38.94 9.15 36.06 1.590 -
40 9.18 35.56 1.567 -
43.38 9.07 36.09 1.460 -
50.48 8.31 36.62 1.230 1.12
54.11 8.45 36.70 1.180 -
60 8.10 35.77 1.200 2.10
65 7.10 35.04 1.700 223
70.53 5.68 31.00 1.450 1.45
80 7.87 35.40 1.750 -
90 8.46 36.10 1.576 -

In addition to the above structural and energy results, the
loss of symmetry at the GB is expected to result in larger free
volume!!d! according to the definition of free volume (FV).

Thus, the calculation of the F'V at GBs is also performed. The
values of FV at dislocation-junctions or dislocation-bands are
larger than those in other regions of the same GB. The max-
imum values of F'V of dislocation-junctions or dislocation-
bands at HAGBs are shown in Table 2. It should be noted
that the FV of 70.53°-GB is 31.06 A® which is much lower
than those of other grain boundaries. For the GB with higher
grain boundary energy, the larger values F'V are also observed.

3.2. Migrations of He atoms in grain boundary

From the above analysis, it is clear that periodic
dislocation-junctions or dislocation-bands exist in HAGBs.
The size of free volume at dislocation-junction is larger than
those at other locations. Because of high binding energy of He

(36371 He atoms are expected to

atom to vacancy-type defects,
be easily trapped by the dislocation-junctions or dislocation-
bands first, and the migrations between the junctions or bands
form larger-sized He bubbles. Therefore, the NEB method is
used to calculate the energy barrier of He migration between
the neighboring trapping sites in the twist grain boundary. The
results are shown in Fig. 3 and Table 2. For 40°-GB, dur-
ing the migration of He atom, the saddle point states are lo-
cated in the regions with small free volume and the energy
barrier is around 1.59 eV as shown in Fig. 3(a). Further in-
vestigation shows that the 20°-GB, 38.94°-GB, and 90°-GB,
etc. have the similar energy barriers and diffusion paths. As
for 50.48°-GB, the energy barrier is smaller than that at 40°-
GB and the two possible paths have values of 1.23 eV (Epy)
and 1.12 eV (Ey) respectively. The free volume of the region
where the saddle point states are located is also larger than that
at 40°-GB between the dislocation-junctions. From Fig. 3(b),
it can be found that there is a migration channel with large
free volume (FV = 31.5 A3) between two dislocation-bands
at 50.48°-GB. The migration energy of He atoms along this
migration channel is small. The similarly migration channels
between dislocation-junctions and dislocation-bands are also
found at 54.11°-GB and 60°-GB with relatively low energy
barrier (E, < 1.3 eV) as listed in Table 2. Unlike the migra-
tion of He atom in the same band, the migration energy barrier
of He atom between adjacent bands is found to be even higher
for some GBs as shown in Figs. 2(d) and 2(e). From the above
analysis, it can be found that the migration energy depends
on the structure of the grain boundary, especially the distribu-
tion of free volumes along the migration path in HAGBs. It
should also be noted that for the special boundaries (e.g., £3),
as shown in Fig. 3(c), the energy barrier between dislocation-
junctions and that between dislocation-bands are the same due
to the good symmetry and lattice matching. All these results
indicate that the high diffusion barrier should be one of the
reasons for the suppression of initial growth of He bubbles in

nanolayered composites. 133
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Fig. 3. Migration energy barrier between dislocation-junctions and between dislocation bands. Value along arrow represents size of free
volume. Atoms are colored according to potential energy as indicated by color bar. View is along [110] direction.

3.3. He bubble growth in grain boundary

After studying the migration of He atom into He bubble, the evolutions of He bubbles at 20°-GB, 40°-GB, and 70.53°-GB
plane are depicted in Fig. 4. The W atoms are first pushed out in the direction of dislocation-junctions when the He bubbles are
small clusters as shown in Figs. 4(a), 4(d), and 4(g). As bubble grows into a certain size (Figs. 4(b), 4(e), and 4(h)), the region of
grain boundary around the He bubble forms an ordered crystal structure at 20°-GB and 70.53°-GB or a disordered crystal structure
at 40°-GB. With the increase of the size of He bubbles (Figs. 4(c), 4(f), and 4(i)), the ordered crystal structure is also expanded
at 20°-GB and 70.53°-GB. However, there is still no obvious ordered crystal structure at 40°-GB with He bubble growing. The
further analysis indicates that at the atom layer without He bubble in GB plane, the potential energy of the W atom in the ordered
crystal structure is lower than that of the other regions as shown in Figs. 4(j) and 4(k). Figure 5 shows the displacement of W
atoms in GB plane during the nucleation of He bubble, in which only the W atoms are shown. For 20°-GB, the displacement of
W atoms along a certain direction!'~!"] leads to the transformation of the local grain boundary structure from disordered crystal
structure to ordered crystal structure. However, at 40°-GB, the W atoms are displaced in all directions around the bubble, which
is then difficult to form ordered crystal boundaries. For 70.53°-GB, as the number of He atoms increases (N = 15), the [-111]
dislocation-band continues to absorb displaced W atoms, resulting in the formation of partially ordered crystal boundary on the
[-111] dislocation-band. When He bubble grows into a bubble with a certain size (N = 45), the He bubble grows along the
[1-12] dislocation-band and enters into another dislocation-band, thus further enlarging the ordered crystal boundary. The further
investigation shows that there are also a partially ordered structure at 50.48°-GB, 60°-GB, and 90°-GB, while no obvious ordered
structure can be formed at 38.94°-GB during the growth of He bubble. Furthermore, the structure at 70.53°-GB has the largest
local ordered structure with the same number of He atoms.
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Fig. 6. (a) Bubble with 60 He atoms at 40°-GB. Blue and dark red points
are He and W atoms, respectively. View is along [-111] direction. In pan-
els (b)—(e), the potential difference and stress distribution of W atoms after
He bubble has formed in sub-outermost and outmost atomic layer are shown.
Sub-outermost atomic layers to He-bubble are shown in panels (b) and (d).
The outmost atomic layer are shown in panels (c) and (e). Atoms are colored
according to potential difference and stress respectively as indicated by color
bars. View is done along [110] direction.

3.4. Larger He bubble in GB

With the increase of the number of He atoms (N = 60),
He bubble grows along the grain boundary with a plate-shape
at 40°-GB, which is shown in Fig. 6(a), which is different from
the He bubble growing in the bulk®*>*% and in tilt GB.34#1]
It is also clear that with the growth of He bubble, the sub-
outmost atomic layers show different behaviors as a function
of distance to He bubble. A few W atoms on atomic layer in
the upper and lower regions of He bubbles are displaced away
from the equilibrium positions, resulting in an arch shape,
thuse leaving larger free volume for He bubble. Figures 6(b)
and 6(c) illustrate the potential differences between W atoms
at the outmost layer and those at sub-outermost layer in the
GB after being introduced into the He bubble, which are cal-
culated from Eq. (4). The potential energy difference of atom
in sub-outmost atomic layer is greater than that in outermost
atomic layer. From these results, it can be found that the larger
the potential energy difference, the greater the distortion of lat-
tice structure relative to the equilibrium state is. Therefore, the

pressure which He bubble is subjected to from sub-outermost

atomic layer is stronger than that from outmost atomic layer
as shown in Figs. 6(e) and 6(f). As revealed in Fig. 6(a), the
curvature of the bubble near the sub-outermost layer is smaller
than that near the out-most layer. Therefore, for the bubble in
mechanical equilibrium, the relationship among local-stress,
gas-pressure and local-radius of bubble can be formulated by
equation!*?!

P—0=2y/R, ®)

where 27 is the constant of surface energy; P is the pres-
sure of bubble; 1/R is the radius of the curvature of different
part of the bubble; o is the stress which He bubble is sub-
jected to from atomic layer. In this work, we mainly focus on
the primary stress acting on the bubble from its near atomic
layer. For the sub-outmost atomic layer, such a component
of stress is o;; for the outmost atomic layer, the components
of stress are Oy, Oy Or Oyy, respectively. It can be seen from
Figs. 6(d) and 6(e) that the stress of bubbles subjected to the
sub-outmost atomic layer is higher than that subjected to the
outermost atomic layer. Therefore, the larger the stress, the
higher the curvature radius of the bubble will be, which leads
to a plate-shape bubble as shown in Fig. 6(a). Further inves-
tigation shows that there are also plate-shape He bubbles at
other HAGBSs, which suggests that for He bubble nucleation at
HAGB in the tungsten, the spherical cluster energetic advan-

tage disappears when the bubble grows.
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Fig. 7. Plots of average formation energy versus bubble with n He atoms
in HAGBs for different rotation angles of HAGBs.

In Fig. 7, as the number of He atoms contained in bubble
increases, the average formation energy of bubble decreases,
and approaches to a constant value when the bubble contains
10 to 15 He atoms.
tion energy of bubble at 70.53°-GB is much larger than that
at other HAGBs. Thus, comparing with other grain bound-
aries, the nucleation of He bubbles at 70.53°-GB is difficult.

As shown in Fig. 8, the average binding of bubble increases

It can also be found that the forma-

with the number of He atoms in bubble growing, and also ap-

proaches to a constant value when the bubble contains 10 to 15
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He atoms. The positive average binding energy indicates that
the He atoms will migrate from bulk to the grain boundary,

nucleate, and grow into bubble.
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Fig. 8. Plots of average binding energy versus bubble with n He atoms
in HAGBs for different rotation angles of HAGBs.
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400 600

We further explore the average-volume of He bubbles
(N = 60) at different temperatures at different GBs. The re-

sults with temperature ranging from 300 K to 1200 K at dif-
ferent twist grain boundaries are shown in Fig. 9(a). It can
be found that the volume of gas bubble increases with tem-
perature increasing, while the potential energy of He bubble
shows an opposite trend as shown in Fig. 9(b). A similar be-
havior of He bubbles in the other twist grain boundaries at the
temperature ranging from 300 K to 1200 K is also observed.
It can be found that the volume of He bubble in high GBE
grain boundary is larger than that in low GBE grain boundary
at the temperature ranging from 600 K to 1200 K. The linear
relationship of average volume with temperature ranging from
600 K to 1200 K can be illustrated in Fig. 9(a). Therefore, by
fitting these results, the relationship among the average vol-
ume, activation energy and the temperature in a range from
600 K to 1200 K can be determined by the following empiri-
cal formula:

V = Qk (T — 600 K) + Vo, )

where V is the average volume of He atoms in the He bub-
ble at different temperatures, which can be obtained from for-
mula (7), V, is the average volume of He atom at 600 K, k is
the Boltzmann constant, and Q refers to the activation energy
required when the He atom increases its volume, which can be
obtained from formula (9). However, the values of the acti-
vation energy are different at different grain boundaries. The
values of Q are listed in Table 3. The activation energy for
the growth of He bubbles in low GBE grain boundary is much
larger than that in high GBE grain boundary. From Figs. 9(a)
and 9(b), it can be concluded that the high GBE grain bound-
ary will result in larger volume, lower potential energy and
more stable He bubble, which is the same as the experimen-
tal results obtained in Ref. [43]. Because of high activation
energy, it is difficult for He bubble to expand in the low GBE
grain boundary when the temperature increases. Meanwhile,
for the high GBE grain boundary, the volume of He bubble
can be easily increased, which will result in the formation of
large-sized He bubble and then cause high-temperature em-
brittlement of the GBs. Thus, based on the above results, it
can be concluded that the formation of large-sized He bubbles
in normal high-angle twist grain boundaries is a function of
the formation energy, binding energy and migration energy of
helium bubbles, which depends on the properties of the GB,

e.g., rotation angles and related misfit dislocation patterns.

Table 3. Activation energy required to increase the average volume of He atoms in He bubbles at 20°, 40°, 60°, 65°, 70.53°, and 90° twist

grain boundaries.

0/(°) 20 40

60

65 70.53 90

0/(eVIA3) 3.6x 1072 3.1x 1072

7.0 x 1072

9.4x1072 10.4 x 1072 5.5x 1072
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4. Conclusions

In this work, the structure of high-angle twist grain
boundaries, the migration of He atoms and the growth of He
bubbles in HAGBs in W, are investigated by atomic simu-
lations. The results indicate that the loss of the symmetry
at the HAGBs can result in forming the patterns of periodic
dislocation-junctions, dislocation-bands, and large free vol-
umes. The migration energy barrier between the neighbor-
ing trapping sites are calculated by the NEB method, which
indicates that migration energy barrier depends on the struc-
ture of the grain boundary, especially on the distribution of
the free volumes along the migration path in HAGB. The re-
gion of grain boundary (GB) around the He bubble can form
an ordered or disordered crystal structure, depending on the
properties of GB when He bubble grows on GB plane. The
He bubbles with plate-shape could be found in HAGBs, which
is affected by the stress and potential distribution in the ad-
jacent atomic layers at GB. Furthermore, comparing with the
low energy grain boundaries, high energy grain boundaries can
result in the formation of the large-sized He bubbles under the
condition of high temperature. Therefore, based on the above
results, the selection of specific angle of twist grain boundary
is a possible way to avoid forming the large-sized He bubbles,
and thus preventing or reducing the helium embrittlement in
tungsten.
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