Chin. Phys. B Vol. 23, No. 5 (2014) 056104

Role of helium in the sliding and mechanical properties of
a vanadium grain boundary: A first-principles study*
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The effects of helium (He) on the sliding and mechanical properties of a vanadium (V) £5(310)/[001] grain boundary
(GB) have been investigated using a first-principles method. It has been found that He was energetically favorable sitting at
the GB region with a segregation energy of —0.27 eV, which was attributed to the special atomic configurations and charge
density distributions of the GB. The maximal sliding energy barrier of the He-doped GB was calculated to be 1.73 J/m?,
~ 35% larger than that of the clean GB. This suggested that the presence of He would hinder the V GB mobility. Based on
the thermodynamic criterion, the total energy calculations indicated that the embrittlement of V GB would be enhanced by

He segregation.
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1. Introduction

Nowadays, the energy shortage drives us to spend great
efforts to develop nuclear fusion techniques, which will be of
practical use in the foreseeable future. Fusion energy is being
developed universally via the international thermonuclear ex-
perimental reactor (ITER) project.!!! The final application of
nuclear fusion energy is mainly dependent on the development
of materials in the thermonuclear fusion device “Tokamak”, in
which the choice of structural material is one of the key is-
sues. Vanadium (V) and V alloys are regarded as the most
promising candidates for the structural materials because of
their excellent mechanical properties, high thermal conductiv-
ity, good resistance to irradiation-induced swelling and dam-
age as well as low activation properties.>~%! However, as the
structural material of fusion reactors, V will be irradiated by
high energy neutrons, which leads to large amounts of helium
(He) produced from (n, o) transmutation reactions in V. [7.8]
Although the solubility of He in metals is extremely low, it
can lead to significant changes in microstructure and mechan-
ical properties.[>!1 Consequently, understanding the role of
He in the V system is a critical issue in the development of
structural materials in fusion reactors.

Helium is characterized by its closed-shell electronic
structure, and prefers to keep such structure when it goes into
different environments. Any interaction with other elements
which breaks such a structure can elevate the system energy.
Thus, He prefers to occupy the site with a large effective vol-
ume in metals. Generally, defects in materials, such as grain
boundaries (GBs), dislocations and vacancies, are considered
to be the main regions for He dissolution and accumulation in
V. The role of GBs gets much more attention among them. GB
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is one of the main defects in materials, acting as a transition re-
gion between two adjacent crystal lattices, and thus the chemi-
cal composition and crystallographic structure of GBs are dis-
tinct from those of the bulk crystal.['!l Some elements will
segregate to GBs due to the different chemical composition
between GBs and the surrounding bulk.!"?! In previous exper-
imental studies,13-1°1 GBs have been demonstrated to be one
of the most propitious sites for He accumulation in V. Most of
the He produced by transmutation would diffuse further in the
material, which could eventually find trapping sites and accu-
mulate in GBs.!'” He bubble nucleation at GBs has been ob-
served in V by means of transmission electron microscopy.!3]
The mechanical properties of the GB will decrease with the
increase of He concentration, and intergranular fracture will
occur over a critical He concentration, resulting in a great loss
in ductility.!'>18] At high temperature, the intergranular brittle
fracture can be realized in V alloys due to the accumulation of
He at GBs during the mechanical tests.[!316]

The sliding of a GB is considered to be one of the prin-
cipal mechanisms of plastic deformation for polycrystalline
materials at high temperatures (above 0.47;,, where Ty, is the
melting point),!'”! which can be described as the relative dis-
placement of the two constituent grains in the direction paral-
lel to the boundary interface. Under irradiation, materials will
be driven far from equilibrium.?% The interaction between ir-
radiation defects and materials should be better understood at
a microscopic level in order to investigate how the materials
change under irradiation. The pure GB sliding mechanism
and the effect of irradiation defects (such as He) on GB are
very important for developing models of mechanical behavior
in metals under irradiation. ! However, so far little work fo-
cuses on this aspect in V and V alloys. In this paper, we inves-
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tigate the effects of He on the sliding and mechanical proper-
ties of a X5 (310)/[001] V GB using a first-principles method.
The choice of this GB is because the ~£5(310)/[001] GB has
been experimentally proved to be one of the stable GBs in the
bce metals. Further, it has been widely considered as a rep-
resentative of GBs to investigate the properties of GB in the
bee metals, such as Fe, 227241 Mo, [25-27] Nb.[2628]  is also in
the bee crystal structure, thus the £5(310)/[001] GB is chosen
as a representative GB in this work. Because irradiation un-
der a fusion environment will produce a large amount of He,
this will help us to understand how the irradiation affects the
mechanical properties of V from the He point of view.

2. Computational method

We employ a first-principles method based on density
functional theory (DFT) with generalized gradient approxi-

mation (GGA) according to Perdew and Wang!?°!

using the
vienna ab-initio simulation package (VASP).3%-321 The inter-
action between ions and electrons is described by the projector
augmented wave (PAW) potential based on GGA. The energy
cutoff for the plane wave basis is chosen to be 350 eV. We
model the 36.9° [100]{013}X = 5 symmetrical tilt GB in V
using a supercell with 68 atoms. Since we have used a peri-
odic boundary condition, we separate the neighboring slabs in
the [310] direction by a vacuum region of about 10 A (1 A =
10~'° m) to minimize the interaction between slabs. The cal-
culated equilibrium lattice constant is 2.98 A for the bec V, in
good agreement with the corresponding experimental value of
3.03 A.1331 The supercell sizes are 24.83 A x 9.57 A x 5.97A
in the [310], [130], and [001] directions, respectively. For sum-
mation over the Brillouin zone, the uniform grids of k-points
are 1 x 2 x 3 according to the Monkhorst—Pack scheme with
relaxation of the atomic positions of the supercell.[**] The en-
ergy relaxation iterates until the forces acting on all the atoms
are less than 1073 eV/A.

3. Results and discussion

3.1. Dissolution of single He atom in V GB

33361 jt has been demonstrated

In the previous studies,!
that a single He is energetically favorable sitting at the tetra-
hedral interstitial site (TIS) in the bulk V. However, the disso-
lution behavior of He in V GB is still unclear. Here, in order
to find the most favourable site of a single He atom in the V
GB, we examine the solution energies of all potential GB sites
for He, including interstitial and substitutional cases. We only
consider He in the II atom layer, because the sites that He oc-
cupies are symmetrically equivalent for the I and II layers, and
the I and II layers are totally the same as the periodical III and
IV layers. As shown in Fig. 1, the He atom has been assigned
to six different interstitial sites (I1-16) and five different sub-
stitutional sites (S1-S5) on the II layer in the V GB. When He

occupies an interstitial site, the solution energy of He (E&g ;)
is expressed by

Eéoé,im = E(T}B,He — Efp — Ee, (D

where E¢p y, and Eg are the total energies of the V GB su-
percell with and without He, respectively, and Ey. is the en-
ergy of an isolated He atom. When the He atom replaces a V
atom, the solution energy of He (Eé%,sub) can be obtained by

sol _ T T
EGB,sub - EGB,Vacancy,He - EGB +Ey— EH67 (2)

where EgBNacanCy‘He is the total energy of the V GB supercell
with a single vacancy and one interstitial He atom, and Evy is
the energy of a V atom in the V bulk.
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Fig. 1. (color online) (a) The supercell of a £5 (310)/[001] V grain bound-
ary, (b) top view of the supercell. The red (darker) and gray (lighter) spheres
correspond to the different layers in the supercell. The smaller blue spheres
(numbers of 11-16) represent the six different interstitial sites in the II atom
layer. Numbers S1-S5 represent the five different substitutional sites of the
He substitution for V.

Figure 2 shows the solution energies as a function of dif-
ferent He occupation sites. In the interstitial cases, it can be
found that I3 is the most energetically stable interstitial site
with a solution energy of 2.71 eV shown in Fig. 2(a). Since
He has a closed shell electronic structure forming very weak
chemical bonding with the host metal atoms, the stability of
He in metals can be well understood by its “effective volume”.
The size of He effective volume in metals mainly depends on
the distance between He and its surrounding metal atoms, es-
pecially the distance between He and its first nearest neighbor-
ing (INN) metal atom. For the I3 case, the distance between
He and its INN V atom is about 1.94 A, which is longer than
those of He at other sites in the V GB. This leads to that the
effective volume of He at the 13 site is largest among all cases,
and thus I3 is the most stable interstitial site for He in V GB.
However, this is not applicable to the substitutional case. Al-
though the effective volume of He at the substitutional site is
larger in comparison with the interstitial cases, the solution
energy of the substitutional case is larger than that of the inter-
stitial cases, as illustrated in Fig. 2. This can be attributed to
the fact that a V atom will be removed from the V GB when
a He atom occupies a substitutional site. Thus, the vacancy
formation energy plays a key role in the substitutional cases.
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Figure 2(b) shows that the solution energy of S2 is much lower
than that of other substitutional sites, which is due to the fact
that the V (S2) atom is the easiest to remove from the V GB
(lower vacancy formation energy). Further, it can be found
that the solution energy of S2 is much larger than that of the
I3 case. Therefore, the I3 is the most stable site for He among
all cases.
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Fig. 2. (color online) The solution energies and charge densities as

functions of different He occupation sites: (a) interstitial cases; (b) sub-
stitutional cases. The lines are only to guide the eyes.

Physically, the He solution energy in a metal can also
be understood approximately in terms of the He solution en-
ergy in a homogeneous electron gas.!*’! The He solution en-
ergy decreases monotonically with the decrease of the elec-
tron density until reaching the minimum at the electron den-
sity of ng = 0 electron/A3 (e/A3), which is the optimal density
for He in the homogeneous electron gas model.’”! Since the
charge density everywhere in the V GB (as well as in most
metals) is much higher than ny, He generally has the lowest
solution energy where the charge density is the lowest. For the
V GB, the charge density for the interstitial sites of He after
the structure optimization is illustrated in Fig. 2. The solu-
tion energy sequence for the optimal interstitial sites of He is
I3 <14 <12 <I5 <11 <I6. Such a sequence is consistent
with charge density results, that is, the lower the charge den-
sity, the lower the solution energy. The most stable interstitial
site (I3) corresponds to the lowest charge density. On the other
hand, since the solution energy for the substitutional case de-
pends on the vacancy formation energy, the charge density for
the substitutional cases does not directly correspond to the so-
lution energies. In the substitutional case, the lowest solution

energy occurs at the S2 site, because the vacancy formation
energy for the S2 site is much lower than that for the other
cases.

In order to show energetically whether He has a tendency
to move into the V GB, we calculate the segregation energy of
He in the V GB. It can be calculated by

E**® = (Egp pe — EGp) — (Enui e — Evu)» )

where Elp . and Ep are the total energies of the V GB sys-
tem with ahd without He, and EgulkﬂHe and Egulk are the total
energies of the V bulk system with and without He. The def-
inition of the segregation energy in the present calculation is
essentially the same as that in the previous studies.?%3°
der to eliminate the effect of GB on He solution energy in the
bulk V, we used a bcc bulk V system to determine EbTulk‘He and
Egulk. The size of the bulk V system is approximately the same
as the corresponding GB system. The lower the segregation
energy, the easier the He can move toward the GB. Consider-

1'In or-

ing the interstitial case at I3 with the lowest solution energy of
2.71 eV for the V GB and the tetrahedral interstitial case with
the lowest solution energy of 2.98 eV for the bulk V according
to the present calculations, the segregation energy of He in the
V GB is calculated to be —0.27 eV. Thus, He prefers to stay in
the V GB instead of in the bulk V. This can be attributed to the
fact that the V GB can provide the larger effective volume and
lower charge density site for He in comparison with the bulk
V.

3.2. Sliding of a clean V GB

It has been demonstrated that the interfacial bonds are
very weak in the GB, thus the sliding and fracture of GB oc-
curs more easily along the GB plane.[***3] The strength of
interfacial bonds can be characterized by the cohesive energy
of interfacial planes, i.e., the lower the cohesive energy, the
weaker the interfacial bond. In order to choose a reasonable
sliding plane for the V GB, we have calculated the cohesive
energy of interfacial planes between different layers. The co-
hesive energy of the interfacial plane between the A layer and
the B layer is defined as

ET —EX
COH ‘A—Vacuum—B,GB GB
Ex“g = (4)
A—-B S )

where A and B represent two nearest neighboring layers in the
V GB, Ezf\/acuume,GB is the total energy of the V GB sys-
tem when A and B are separated by a vacuum region of about
10 A in the [310] direction, and S is the area of the cross sec-
tion of the supercell. It is found the cohesive energy of the
interfacial plane between the first layer of the top (or bottom)
grain and the central layer is lowest with 2.11 J/m~2. We thus
choose this plane as the sliding plane. The GB sliding is sim-
ulated quasistatically, namely the top grain is rigidly shifted
over the bottom by a series of small specified distances along
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the interface. The sliding distance of the parallel shift is ap-
plied to the atoms of the top grain, and then all atoms of the
GB are fixed in the sliding direction and freely relaxed in any
directions normal to the sliding direction. The starting atomic
configuration for each anneal is taken from the previous one.
The sliding distance is defined by the percentage of ac, where
aeg 18 the lattice parameter of the coincident site lattice (CSL)
cell along the sliding direction. Clearly sliding by acq will
bring the grain boundary back to its original configuration due
to the imposed periodic boundary conditions. For each rigid
shift, atomic relaxation is performed to locate the closest local
energy minimum configuration. The GB sliding energy barrier
(ESEB) is defined as

GB — ™0,
Egp' = ——5— )

where E;NV’GB and E({ nvgp are the total energies of the
V GB supercell with and without GB sliding, and € is the slid-
ing distance expressed as a percentage of the lattice parameter,
acsl, of the CLS cell along the [130] direction.

Figure 3 shows the GB sliding energy barrier as a function
of the GB sliding displacement along the [130] direction. It can
be observed that for the clean GB, there are two local maximal
GB sliding energy barriers, which occur at the displacement
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distance of 20% and 70% acg, respectively. The maximal GB
sliding energy barrier in the sliding period is ~ 1.28 J/m? at
the displacement distance of 70% acg. Interestingly, there is
one GB sliding energy barrier valley at 42% acy, as illustrated
in Fig. 3. At this point, the GB sliding energy barrier is only
0.04 J/m?, which is 97% lower than the maximal energy bar-
rier. Therefore, the GB sliding process along the [130] direc-
tion can be divided into two regions 0%—42% a.q and 42%—
100% acq.
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Fig. 3. (color online) The sliding energy barrier of GB without and
with He as a function of sliding distance expressed as a percent-
age of the lattice parameter, acy, of the CLS cell along the [130]
direction. The lines are just a guide for the eyes.
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Fig. 4. (color online) Evolution of the atomic structure of the clean GB during the sliding process. The snapshots of the GB structures
correspond to the special points (0% (a), 20% (b), 42% (c), and 70% (d) ac) on the GB sliding energy barrier for the clean GB.
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We further investigate the atomic configurations and elec-
tronic properties associated with the representational special
points (0%, 20%, 42%, and 70% acg), in order to explore
the origin of variation of the GB sliding energy barrier. Fig-
ure 4 shows the relaxed atomic configurations of these special
points. The angle o (ZABC) of the structural unit in the ini-
tial atomic structure of the clean V GB before sliding is very
close to that in the bulk V with 90°, as shown in Fig. 4(a).
The grain interface is indicated by a solid line. By examin-
ing the various atomic configurations, we find that they are all
similar before the point of 20% a1, and the angle ¢ of all con-
figurations turns out to be obtuse from ~ 90°. As illustrated
in Fig. 4(b), the GB experiences an abrupt overall structural
transformation when the interface starts migrating. The solid
and dashed lines are the same in Fig. 4(b). Then, the origi-
nal grain interface (solid line) disappears, and the new grain
interface (dashed line) forms. Thus, a local maximal GB slid-
ing energy barrier occurs at the displacement distance of 20%
aes- As shown in Fig. 4(c), the V GB practically recovers its
original symmetric structure after the migration is almost com-
pleted. Furthermore, the angle « recovers to a similar right
angle based on the new grain interface.

The critical configuration GB has to cross is shown in
Fig. 4(d), where the GB experiences the maximal sliding en-
ergy barrier along the [130] direction. There is no bound-
ary plane that can be identified. However, a similar “mirror”
plane (dotted line) occurs for the atoms on the (001) and (002)

O () (@) (]
(a) 0% csl
0 %0 %0 %o ©

(C) 44% Qs

planes. This half-way plane reflects the transition position of
the sliding interface. Furthermore, the shortest distance be-
tween V atoms is 2.25 A at the point of 70% acg, which is
much shorter than that of the perfect V bulk by 0.33 A. These
lead to the maximal GB sliding energy barrier for the GB slid-
ing along the [130] direction. After this point, the GB returns
to its initial symmetric configuration, and the atomic configu-
ration of 100% ay is the same as that of 0% ag, as shown in
Fig. 4(a).

3.3. Sliding of a V GB with He

Figure 5(a) shows the most stable atomic configuration of
a V GB with a He atom after the structure optimization. We set
this as the initial state for the GB sliding with He. The corre-
sponding sliding energy barrier profile is shown in Fig. 3. The
pattern of the energy barrier, similar to that of the clean GB,
can still be divided into two regions: 0%—44% and 44%—100%
dcg1- In the former region, the sliding energy barrier reaches its
local maxima (~ 0.59 J/m?) at the displacement distance of
18% acq. In the latter region, the local maximal sliding en-
ergy barrier of 1.73 J/m? occurs at the displacement distance
of 70% acg), which is also the maximal value of the sliding en-
ergy barrier during the whole sliding process. It is important
to note that the maximal sliding energy barrier of GB with He
is 0.45 J/m? larger than that of the clean GB. This indicates
that the presence of He will hinder the V GB mobility, which
is consistent with effects of vacancy on the Al GB.[*"]
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Fig. 5. (color online) Evolution of the atomic structure of the GB with He during the sliding process. The snapshots of the
GB structures correspond to the special points (0% (a), 18% (b), 44% (c), and 70% (d) acs1) on the GB sliding energy barrier
curve for the GB with He. The smaller blue spheres correspond to the He site in the supercell.
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In order to explore the effect of He on the GB sliding,
we investigate the atomic configurations associated with the
representational special points displayed in Fig. 3, includ-
ing 0%, 18%, 44%, and 70% ac. Corresponding to these
special points, the relaxed atomic configurations are shown
in Figs. 5(a)-5(d). The initial atomic structure for the X5
(310)/[001] V GB with a He atom is illustrated in Fig. 5(a).
Compared with the clean GB with 0% a.g shown in Fig. 4(a),
the presence of He induces a local lattice expansion. By exam-
ining the various atomic configurations, we find that they are
all similar before the point of 44% ag. For example, as shown
in Fig. 5(b), the original grain interface (solid line) disappears,
and the new grain interface (dashed line) forms. At the point
of 44% aq, the V GB practically recovers its original symmet-
ric structure after the migration is almost completed, shown in
Fig. 5(c). The angle a(ZABC) of the structural unit on the
new grain boundary is very close to that in the bulk V with
90°. However, it can be clearly observed that He does not find
its most stable site at the new GB in comparison with that in
the initial atomic structure [Fig. 5(a)], due to the existing of a
diffusion barrier blocking He movement at the GB. This leads
to the increase of the GB energy, and thus the sliding energy
barrier of the GB with He at 44% acq is larger than that of the
clean GB at 42% acg by 0.09 J/m2, as shown in Fig. 3.

The He-doped GB experiences the maximal sliding en-
ergy barrier at the displacement distance of 70% a.s. Fig-
ure 5(d) shows the atomic configuration of the He-doped GB
at this point. It can be found that there is no boundary plane
that can be identified. However, a similar “mirror” plane (dot-
ted line) occurs for the atoms on the (001) and (002) planes,
which is similar to that of the clean GB at 70% acg [Fig. 4(d)].
Furthermore, it can be found that there is an observable atomic
displacement phenomenon induced by He in comparison with
that of the clean GB, which can be attributed to the He—V in-
teraction in the GB. As shown in Fig. 6, we display the calcu-
lated binding energy between free He and V as a function of
the He—V interatomic distance in a vacuum. It shows a strong
repulsive interaction between He and V when their interatomic
distance is lower than ~ 2.0 A. At the displacement distance
of 70% acg, the distance between He and its nearest neigh-
boring V atoms is 1.79 A, which is much lower than 2.0 A.
Thus, there is a strong repulsive interaction between He and
its neighboring V atoms at this point. The V atoms surround-
ing He will deviate from normal positions induced by the He—
V repulsive interaction in comparison with the He-free case.
Further, the energetics of the GB is controlled by the atomic
configuration. Thus, the local atomic displacement of the He-
doped GB induced by the He-V interaction will lead to the
increase of the GB energy, and result in the increase of the GB
sliding energy barrier. Consequently, the corresponding maxi-
mal sliding energy barrier increases from 1.28 J/m? (clean GB)

to 1.73 J/m? (GB with He). After 70% a.q, the GB returns to
its initial symmetric configuration, and the atomic configura-
tion of 100% acg is the same as that of 0% acg, as shown in
Fig. 5(a).
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Fig. 6. (color online) The calculated binding energy (eV) of a He—
V pair in a vacuum as a function of the He—V spatial separation
(A). Positive values indicate attraction, while negative ones indi-
cate repulsion.

3.4. Mechanical properties affected by He

On an atomic level, brittle versus ductile behavior of a
solid material can be described by two competing processes,
(1) the opening of a crack and (ii) the emission of disloca-
tions at the crack tip.[**31 A material is expected to be ductile
when the emission of a dislocation is energetically favorable

[46] Process (i) is modeled by

over cleavage at the crack tip.
the cleavage energy (J.1), which is the energy required per
unit area to separate the solid into two semi-infinite halves
by creating two surfaces, considered as the lower bound to
the actual energy cost measured in a cleavage experiment. 7]
Process (ii) is the dislocation emission closely related to the
unstable stacking fault energy (y,s), defined as the maximum
of the sliding energy barrier (generalized stacking fault en-
ergy) by s = ng;f represents the energy barrier for dis-
location nucleation from a crack tip. Such a method has
been successfully applied in investigating the effect of impuri-
ties/alloying elements on the mechanical properties of materi-
als with different crystal structures, such as Al 48] Mg,mg] Mg
solid solutions.>%!

The ratio of cleavage energy and unstable stacking fault
energy (Ye1/%s) indicates the capability of crack extension, in-
dicating therefore a brittle or ductile behavior of materials. A
high value of ¥, /7,s means the crack is resistant to expansion,
while a low value of 7 /7,s means the crack can expand more
easily.**!1 According to the present calculations, } of the
clean V GB is 2.11 J/m2, but it decreases to 1.78 J/m? after
the addition of one He atom, suggesting that the strength of
the V GB will be weakened due to the He presence. The %

for the clean V GB is 1.28 J/m?, and it increases to 1.73 J/m?
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for the He-doped V GB. The corresponding ¥/ s ratio of the
V GB with He system decreases to 1.03 from the original 1.64
of the clean V GB system. In terms of the Rice criterion,[#>1]
we infer that a crack at the £5 (310) [001] V GB will expand
more easily induced by He segregation, resulting in enhanced
GB embrittlement by He. This may also be applicable to other

types of V GB.

4. Summary

We perform a first-principles calculation to investigate
site preference and its effects of He in a V X5(310)/[001]
GB. We determine the energetically favorable site of He at the
V GB according to the calculated solution energies. It costs
less energy for He dissolution at the GB than in the bulk V,
which is directly associated with the special atomic configura-
tions and charge density distribution of the GB. The solution
energy of He at the most stable site in the V GB is 2.71 eV,
~ 0.27 eV lower than that in the bulk V. It is found that the
maximal sliding energy barrier of the V GB with He segre-
gation is 1.73 J/m?, which is approximately 35% larger than
that of the clean V GB (1.28 J/m?), with the implication that
the presence of He will hinder the V GB mobility. Helium is
shown to decrease the ratio of cleavage energy and unstable
stacking fault energy (¥.1/%s) by ~ 37% for the V GB sys-
tem, suggesting that He makes the crack expand more easily,
and thus the presence of He will enhance the embrittlement of
V GB.
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