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Abstract

In fusion environment, large amount of helium (He) atoms are produced by
transmutation along with structural damage in the structural materials, caus-
ing materials swelling and degrading of physical properties. In this thesis, using
first-principles method, I examined the microscopic mechanism of He trapping
in vacancies and voids in structural materials (vanadium solid and 6H–SiC com-
posites).
In vanadium, a single He atom located in the tetrahedral interstitial site (TIS)

turned out to be more stable than that in the octahedral interstitial site (OIS).
Helium atoms were placed one by one into the vacancy defects (monovacancy
and void) from the remote TISs, and we calculated the trapping energies as a
function of the number of He atoms inside the vacancy defects. We found that,
the monovacancy and void (about 0.6 mn in diameter) can host up 18 and 66
He atoms, respectively, in vanadium solid. The induced internal pressure by
He bubbles in monovacancy and small void increased up to 7.5 GPa and 19.3
GPa, respectively. In vacancy defect, the He–He equilibrium distances decreased
with the amount of He atoms incorporated in monovacancy and small void, and
the host lattice expanded dramatically. The atomic structures of selected He
clusters trapped in vacancies were compared with the gas-phase clusters.
In complex 6H–SiC, there are ten kinds of interstitial sites for a single He

atom. According to the calculated formation energy, the most stable site is the
R site˝ [1], where R site alternates with hexagonal interstitial sites. We ex-
plored the interactions between an interstital He atom and HenVam (Va stands
for vacancy) clusters (n, m = 1 – 4). We found that the binding energy between
He and the HenVam clusters increases with the number of vacancies (e.g., the
binding energy is 1.3 eV for He2Va3, and 1.7 eV for He2Va4, respectively). The
small void (about 0.55 nm in diameter) in 6H–SiC can accommodate up to 14
He atoms and the corresponding internal pressure is estimated to be 2.5 GPa.
The maximum density of He atoms in a small He bubble is about 50 atoms/nm
3, which is of the same magnitude as the experimental value 10 atoms/nm 3.

Compared to vanadium, a small nanosized void in the 6H–SiC host lattice
has a weak tendency for trapping He. When trapped seventy He atoms in
small void in vanadium, the nearest vanadium bond expands 22–28 %, and the
volume of the void expands by 80%. At the same time, with fourteen atoms
encapsulated in a small void in 6H–SiC, the local Si–C bonds explans 1–5%, and
the volume of the small void expands about 7%. We suggest that the differences
in the cohesive energies in these two systems are responsible for the different He
trapping behavior.
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Chapter 1

Introduction

The oil and coal supplies are becoming depleted and cause huge changes of
climate and environment. Therefore, it is of primary importance to exploit new
energy resources. Fusion power, that is produced by the deuterium-tritium (D-
T) fusion reactor is a clean, safe, and economical solution with nearly infinite
resource [2], and holds promises for the future energy solution of human society.
However, the selection and design of fusion materials face great challenges.
That is because the high-energy particles (14 MeV neutron produced by the

fusion reaction) penetrate deep into the structure with atoms, creating a huge
number of defects in the first wall and blanket. In addition, a mass of He im-
purities that are produced by transmutation reactions in the structure, gather
and form He bubbles at grain boundaries, and cause swelling and embrittle-
ment in structure materials. Therefore, it is a critical issue to understand the
He behaviors inside structural materials. It is, thus, required that structural
materials must withstand high temperature, high levels of radiation damage,
high production rates of transmutation elements, and high thermo-mechanical
stresses.
The main contenders for first wall structural materials are reduced activation

ferritic/martensitic steel, vanadium alloy and silicon carbide. In this thesis, we
focus on pure vanadium solid and 6H–SiC composites.

1.1 Vanadium Solid
Vanadium–due to its high thermal stress, low induced activation, good creep re-
sistance and superior mechanical properties at high temperature [3–7]–has been
considered as a promising candidate for structural materials in future fusion re-
actors. Furthermore, vanadium alloys also show excellent mechanical tolerance
to neutron damage [8, 9] and low He production rates under 14 MeV neutron
irradiation [10].
It is well known that He impurities have considerable effects on the behavior

of a metal [2, 11], such as, He bubbles formed at vacancy clusters and grain
boundaries cause swelling and embrittlement. Meanwhile, in the environment
of a fusion reactor, the first wall will be also exposed to a high flux of He es-
caping from the plasma [12, 13], and huge amount of defects will be produced.



2 CHAPTER 1. INTRODUCTION

Moreover, vacancy defects have strong attraction for He impurities in the vana-
dium solid. In previous studies, blisters were found on the surface of vanadium
alloys after He ion irradiation with high ion fluence at low temperature [14–
16]. Helium bubbles in materials can lead to void swelling and produce high
temperature embrittlement, which would significantly degrade the mechanical
performance of materials [2, 11, 17].

1.2 Silicon Carbide Composites
Silicon carbide has been considered as one of the most promising structure ma-
terials for the first wall owing to its high thermal conductivity, high-temperature
stability, chemical inertness, and excellent resistance against irradiation [13, 18–
21]. SiC is a brittle material, but its fracture toughness can be improved by
tailoring the fiber, the matrix, and the interphase materials [2]. It is a huge
challenge to apply SiC composites in fusion power plant due to its irradiation
stability, hermetic behavior and joining technology [21–24]. So far, the perfor-
mance of the SiC/SiC composites is still an open issue. The damage induced by
high energy He ion implantation in the lattice is closely related to the fluence
[25, 26]. It has been found that point defects and cavity swelling strongly affect
the stability of thermal and mechanical properties of SiC composites [18]. The
presence of He in point defects or cavities accumulates in the irradiated materials
and accelerates swelling and creep of the materials [13, 27, 28]. The potentially
significant effects of He on swelling in SiC [29, 30] for both the point-defect
swelling and the cavity swelling temperature regimes have been investigated
using dual-beam iron irradiation technology [18].
The present thesis aims to provide a valuable basis for future understanding

the microscopic mechanism of He bubble formation at vacancy defects in vana-
dium solid and SiC composites. In Chapter 4, we introduce the stable interstitial
site for a single He atom in a vanadium solid and a 6H–SiC crystal, as well as
the interactions between He atoms and vacancies in 6H–SiC. In Chapter 5, the
tendency of the trapping energy as a function of the number of He atoms in a
void in vanadium and 6H–SiC, with the resultant internal pressure, is discussed.



Chapter 2

Crystal Defects and He
Bubbles

The presence of helium in irradiated materials accelerates swelling and creep.
So, it is worth to understand the behavior of He atoms and bubbles in irradiated
materials. Helium atoms prefer to occupy point defects and cavities, so we
briefly introduce crystal defects and He bubbles in this section.

2.1 Point Defects
A point defect disturbs the crystal pattern at an isolated site. It is useful to
distinguish intrinsic defects, which can appear in a pure material, from extrinsic
defects, which are caused by solute or impurity atoms. The main point defects
can be classified as follows:

(a) an impurity, a foreign atom, occupying a regular lattice site.
(b) a vacancy (Va), when an atom is missing from its original lattice site.
(c) an interstitial, when an impurity atom occupies a site different from its

regular. Interstitial atoms can originate from atoms of the crystal as well as
foreign atoms.
(d) a substitution, when an atom in the host lattice is replaced by another

one.

Three types of point defects are shown in Fig. 2.1.
The stable interstitial sites of He atoms in a supercell is determined by the

calculating formation energy. It is defined as:

Ef = E(Hen)− E(perfect)− nE(He) (2.1)

where E(perfect) is the energy of the perfect supercell without any defects,
E(Hen) is the energy of the supercell containing n He atoms, and E(He) is the
energy of an isolated He atom in vacuum. The lowest formation energy stands
for the most stable interstitial sites of He atoms.
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Figure 2.1: Illustration of three point defects (vacancy, an interstitial and a substitu-
tion) in a two-dimensional hexagonal lattice.

2.2 Complex Defects

Defect complexes are possibly created by the aggregation of point defects. The
He4Va1 defect complex as a representative case is illustrated in Fig. 2.2. In real
situations, He impurities can easily diffuse to multi-vacancy sites and form a
helium-vacancy complex (i.e., HenVam clusters). He atoms prefer to reside at
existing vacancies rather than at R sites (the center of the empty channel along
the c axis) owing to smaller lattice distortion.

Figure 2.2: Configuration of the He4Va1 cluster. Orange balls are silicon atoms, green
balls are carbon atoms; black balls are He atoms, open square denotes a va-
cancy.

In order to expose the formation mechanism of a He bubble, we investigated
the binding energy between a He atom (a vacancy) and HenVam clusters with
n, m=1 – 4.
The binding energy Eb(Va1) between a helium-vacancy cluster HenVam and

a vacancy is described as

Eb(Va1) = E(Va1) + E( HenVam)− E( HenVam+1)− E(perfect), (2.2)
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where E(Va1) is the energy of the supercell with a vacancy; E( HenVam) is the
energy of the supercell containing a HenVam cluster with n He atoms and m
vacancies.
In the other case, the binding energy Eb(He1) between a helium-vacancy

cluster HenVam and an interstitial He is described as

Eb(He1) = E(He1) + E( HenVam)− E( Hen+1Vam)− E(perfect), (2.3)

where E(He1) is the energy of the supercell with a vacancy; E(HenVam) is the
energy of the supercell containing a HenVam cluster with n He atoms and m
vacancies.
Positive binding energy denotes attractive interaction, and negative binding

energy denotes a repulsive interaction.

2.3 Bulk Defects and He Bubbles
Voids are regions where there are a large number of atoms missing from the
regular lattice sites. We build a supercell with a small void to simulate this
case. And we defined the trapping energy Etrap [31] to characterize the energy
required for moving a He atom from a remote stable site into the space of
vacancy defects (monovacancy and voids). To estimate the trapping energy for
multiple He atoms in cavity or vacancy defects in vanadium solid and 6H–SiC
composites. The supercell models of vanadium and 6H–SiC are built, and the
cavity in the center of the supercell was created by removing selected regular
atoms. Then we placed the He atoms into the vacancies (monovacancy and
cavity) one by one. For the first He atom and the remaining He atoms trapped
in the vacancies, the trapping energy was calculated as

Etrap(1) = E(Va,He)− E(Va,HeR) (2.4)

and

Etrap(n) = E(Va, nHe)− E[Va, (n− 1)He]− [E(Va,HeR)− E(Va)], (2.5)

respectively. Here E(Va, He) is the energy of the supercell with a vacancy and
a He atom; E(Va, HeR) is the energy of the supercell with a vacancy and a
He atom at a remote (R) site far from the vacancy; E(Va) is the energy of
the supercell with a vacancy; E(Va, nHe) is the energy of the supercell with a
vacancy and n He atoms. By definition, a negative trapping energy indicates an
exothermic process for a He atom moving from a R site to the vacancy region.





Chapter 3

Theoretical Methodology

3.1 First-principles Calculation of the Electronic
Structure

A realistic system contains huge numbers of positively charged nuclei and neg-
atively charged electrons which are interacting with each other. The prop-
erties of the system are decided by the many body wavefunctions, which is
Ψ = Ψ(r1, . . . , rN ,R1, . . . ,RM ), where ri, i = 1 . . . N and Rj , j = 1 . . .M are
the spatial coordinates of the N electrons and the M nuclei, respectively.

Ψ is determined by the many-particle time-independent quantum-mechanical
Schrödinger equation:

ĤΨ = EΨ, (3.1)

where the many body Hamiltonian Ĥ is given by [32]

Ĥ = − ~2

2me

N∑
i

∇2
ri
− ~2

2

M∑
j

∇2
Rj

Mj
−

N∑
i

M∑
j

e2Zj

|ri −Rj |

+ 1
2

N∑
i 6=j

e2

|ri − rj |
+ 1

2

M∑
i 6=j

e2ZiZj

|Ri −Rj |
. (3.2)

In Eq. (3.2), ~ stands for the reduced Planck constant, e denotes the elementary
charge, me is the mass of electrons and Mj are the masses of the nuclei with
the atomic number Zj . The first term and the second term in the previous
equation are the kinetic energy operators for electrons and nuclei, respectively.
The third term describes the interaction between electrons and nuclei (Coulomb
potential). The last two terms express the electron-electron and nucleus-nucleus
interactions.
It is impossible to solve the Schrödinger equation for the Hamilitonian given

in Eq. (3.2), due to the huge number of interacting electrons and nuclei, in
the order of 1022 nuclei per cm3 and 1023 electrons per cm3. So, we have to
make approximations to simplify the many-body equation. It is well known
that nuclei are far more massive than the electrons (Mj & 1000me), and their
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velocities are therefore relatively low in comparison with electrons. Therefore,
it is reasonable to assume that on the timescale of nuclear motion, electrons are
moving around some fixed nuclei. Thus, one can separate the kinetic energy of
the nuclei and consider that the electrons are moving in the external potential,
Vext, generated by static nuclei. This is the so-called Born-Oppenheimer (BO)
approximation [33].
With the BO approximation, we can simplify Eq. (3.1) to

− ~2

2me

N∑
i

∇2
ri
−

N∑
i

M∑
j

e2Zj

|ri −Rj |
+ 1

2

N∑
i 6=j

e2

|ri − rj |

Ψ =

(T̂ + V̂ext + V̂ee)Ψ = EΨ, (3.3)

where the operators T̂ , V̂ext and V̂ee denote the electron kinetic energy, electron-
nucleus interaction energy, and electron-electron interaction energy, respectively.
The wavefunction Ψ in the previous expression depends only on ri. After solving
the Schrödinger equation Eq. (3.3), the nucleus-nucleus interaction energy is
added back to the total electronic energy E.

3.2 Density Functional Theory
Even with the BO approximation, it is impossible to solve the Schrödinger
equation for a system containing lots of interacting electron moving in a static
external potential. Density functional theory (DFT) was invented to solve this
problem by translating the many-electron problem to an effective single-electron
problem. Instead of dealing with individual electrons, the single electron density
n(r) is introduced as the main variable. In the following, we briefly present the
basics of the non-relativistic density functional theory. Atomic units (~ = me

= e = 1) are used throughout.
For the simplest class of systems contains N nonrelativistic, interacting elec-

trons in a nonmagnetic state with Hamiltonian

Ĥ ≡ T̂ + Û + V̂ext (3.4)

where

T̂ ≡ −1
2
∑

j

O2
j , Û ≡ 1

2
∑
i 6=j

1
|ri − rj |

, V̂ext ≡
∑

j

νext(rj). (3.5)

The first term is the kinetic energy, the second term is the electron-electron
interaction, the third term is a sum of one-body potentials.
DFT is based on two important theorems, which were formulated by Hohen-

berg and Kohn (HK) [34]:

Theorem I: For any system of interacting particles in an external
potential νext(r), the potential is determined uniquely, except for a
constant, by the ground state density n0(r).



3.2 Density Functional Theory 9

Theorem II: A universal functional for the energy E[n(r)] in terms
of the density n(r) can be defined, valid for any external potential
νext(r), the exact ground state energy of the system is the global
minimum value of this functional, and the density n(r) that mini-
mizes the functional is the exact ground state density n0(r).

Therefore, using the HK theorems, the system energy as a functional of n(r)
can be written as

E[n(r)] = F [n(r)] +
∫
νext(r)n(r)dr. (3.6)

The first term on the right hand side is the universal functional of the electron
density and the last term is the Coulomb interaction between the electrons and
the nuclei. F [n(r)] is a functional of n(r) and defined as,

F [n(r)] = (Ψ[n(r)], (T̂ + Û)Ψ[n(r)]). (3.7)

The minimal principle is

E[n(r)] = E[n0(r)] ≡ E. (3.8)

where n0(r) and E are the density and energy of the ground state, respectively.
The equality in Eq. 3.8 holds only if n(r) = n0(r).
Kohn and Sham proposed the use of an auxiliary noninteracting system, the

Kohn-Sham system, to evaluate the density of the interacting system. Based on
KS’s idea, the universal functional is usually formulated as

F [n(r)] = Ts[n(r)] + EH [n(r)] + Exc[n(r)], (3.9)

where the first term is the kinetic energy of a non-interacting system of electrons,
the second term is the Hartree energy (classical electron-electron interaction),
the last term is the exchange-correction energy, all the complex many-body ef-
fects are contained in the (unknown) exchange-correction potential. By applying
the variational principle, the KS single-partial equations are obtained [32][

−1
2∇

2
rj

+ Veff((n(r)); r)
]
ψj(r) = εjψj(r). (3.10)

The effective potential is

Veff = Vext(r) +
∫

n(r′)
|r− r′|dr′ + Vxc(r), (3.11)

where the exchange-correction potential is defined as Vxc = δExc[n(r)]
δn(r) . The

electron density can be obtained from the occupied single-electron orbitals

n(r) =
occ.∑

j

|ψj(r)|2. (3.12)

The electronic energy is given by
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E =
occ.∑

j

εj − EH + Exc −
∫
Vxc(r)n(r)dr. (3.13)

The only unknown term in the KS equations is the exchange-correction func-
tional defined in Eq. 3.9. In general, for a non-spin-polarized system, the LDA
for the exchange-correction energy is written as

Exc ≈ ELDA
xc [n] =

∫
n(r)εxc(n(r))dr, (3.14)

where εxc(n(r)) is the exchange-correlation energy density of the homogeneous
electron gas with density n(r). This simple approximation has turned out to be
quite useful to completely define the Kohn-Sham equation, but it is crucial to
remember that the results from these equations do not exactly solve the true
Schrödinger equation because we are not using the true exchange-correlation
functional [35]. Another approximation has been developed, the generalized
gradient approximation (GGA), to improve the description of the exchange-
correlation energy for systems with strong electron density variations. Within
GGA, the exchange-correction energy density is written as a functional of the
electron density and also its gradient, ∇n(r),

Exc ≈ EGGA
xc (n) =

∫
n(r)εxc(n(r),∇n(r))dr. (3.15)

LDA and GGA perform well on different materials. There also several parame-
terizations of LDA and GGA have been developed. Perdew and Wang [36] for
LDA and Perdew, Burke and Ernzerhof (PBE) [37] for the GGA are two very
popular exchange-correlation functionals.

3.3 Some Computational Details
All DFT calculations in the present work were performed under periodic bound-
ary conditions, using the plane-wave pseudopotential method [34, 38] imple-
mented in the well-established Vienna Ab initio Simulation Package (VASP)
[36, 39–41]. We adopted the generalized gradient approximation (GGA) with
the Perdew and Wang (PW91) functional [36] for the exchange-correlation in-
teraction and the projector-augmented wave (PAW) [40, 42] potentials for the
ion-electron interaction.
VASP is a computer program for atomic scale materials modeling, e.g. elec-

tronic structure calculations and quantummechanical molecular dynamics (MD)
using ab-initio approach based on pseudopotentials or the projector augmented
wave method, and a plane wave basis set.
Generally the PAW potentials are more accurate than the ultra-soft pseu-

dopotentials. Because, the radial cutoffs (core radii) are smaller than the radii
used for the US pesudopotentials, and the PAW potentials reconstruct the exact
valence wave function with all nodes in the core region. More details about the
plane wave method and the PAW method can be found in reference[43].



Chapter 4

The Possible Positions of
He Atoms and He-vacancy
Clusters

In order to investigate the He behaviors (such as diffusion) in a crystal lattice,
and further study of the interaction between He atom and He-vacancy cluster,
it is important to know the stable site for a He atom in a crystal lattice.

4.1 The Interstitial Sites of a Single He Atom
in The BCC Vanadium Solid

Figure 4.1 shows the three possible positions for a He atom in the BCC structure.
The left one is the TIS, the He is in the center of a tetrahedron formed by four
vanadium atoms. The middle one is the OIS, the He is in the center of an
octahedron formed by six vanadium atoms. The right one is the substitutional
site, that means one vanadium atom is replaced by the He atom. Compared
with OIS, a single He atom prefers to occupy the TIS in perfect vanadium solid
and vanadium-based alloys, according to our previous calculations [44, 45].

4.2 Ten Possible Interstitial Sites of a Single He
Atom in 6H–SiC

Contrary to the case of bulk vanadium, the situation for a single He atom in
6H–SiC is more complex. There are at least ten important interstitial sites as
shown in Fig. 4.2.
The 6H–SiC lattice has two nonequivalent tetrahedral (T) sites: Tsi has four

nearest neighbor (NN) Si atoms and six second NN C atoms, and the reverse
holds for Tc. T´si and T´c are different from the previous ones due to the second
neighbor difference and they are separated by the E site˝. There is an empty
channel along the c axis, and the center of the empty channel is donated as the



12
CHAPTER 4. THE POSSIBLE POSITIONS OF HE ATOMS AND

HE-VACANCY CLUSTERS

Figure 4.1: Three possible positions for impurity atoms in BCC vanadium: the left one
is the tetrahedral interstitial site, the middle one is the octahedral interstitial
site, the right one is the substitutional site. (In here, red ball is He atom,
green balls are vanadium atoms.)

Figure 4.2: Most important interstitial sites in 6H-SiC. Labels Tsi and Tc are used for
tetrahedral sites. T´si and T´c are different from Tsi and Tc by the further
shells and separated by the E site˝. The R site is the center of the empty
channel along the c axis. H is the hexagonal interstitial site. BC, BC´1, and
BC´2 are bond-centered sites. Orange balls are silicon atoms in the matrix
lattice, green balls are carbon atoms, black balls are He atoms.
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Table 4.1: Calculated formation energy (in eV) of 6H–SiC with He atoms placed at
ten possible interstitial positions. (see Fig. 4.2)

Configuration Formation energy (eV)
R 2.31
H 2.88
Tsi 2.88
Tc 3.31
T´si 4.43
T´c 4.43
E 4.43
BC 7.35
BC´1 6.85
BC´2 6.79

R site˝. The hexagonal interstitial (H) site is the center of the hexagon that is
made up of three Si and three C atoms. There are two kinds of BC sites, which
are labeled BC and BC´(BC´along the c axis). There are two BC´sites: BC´1 is
analogous to BC when moving towards the carbon host atom and analogous to
BC´1 when moving towards the silicon host atom. The reverse situation holds
for BC´2.
The prior sites of a He atom in the perfect 6H–SiC solid were determined by

placing a single He atom in each of the above ten different interstitial sites in
the 6H–SiC host lattice, and then we calculated the corresponding formation
energies. The formation energies are listed in Table 4.1. Our results demonstrate
that a He atom prefers to occupy the R site with the lowest solution energy of
2.31 eV. It is also found that local He initially in the H site moves into the
Tsi site, and He from both T´si and T´c move into the E site after structural
relaxation. This mean that it is hardly possible for He impurities to occupy
the H, T´si and T´c sites. Our results are further confirmed by the fact that
the most stable interstitial site for a hydrogen impurity is the R site in the
6H–SiC host lattice [1]. We notice that both He and hydrogen have the same
energetically preferred interstitial sites in several other materials (e.g., vanadium
alloys [46], berylium [31, 47] and iron [48]).

4.3 He-vacancy Interaction in 6H–SiC

In real materials, He impurities can easily diffuse to multi-vacancy sites and form
a helium-vacancy complex (i.e., HenVam clusters). He atoms prefer to reside at
existing vacancies rather than at R sites owing to smaller lattice distortion. We
further investigated the stability of small HenVam clusters with n, m=1 – 4.

Figure 4.3 displays the binding energies of a vacancy or a He atom with dif-
ferent He-vacancy clusters as calculated using Eqs. (2.2) and (2.3). For all
systems, the binding energies are positive. It is corresponds to an attractive
interaction and the vacancy/He prefers to combine with HenVam clusters (here
Vam means the cavity is created by removing m adjacent Si atoms from the
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Figure 4.3: Binding energy of (a) an interstitial He atom and (b) a vacancy with
HenVam clusters (n, m=1 – 4).

regular lattice). For each size of the HenVam clusters with n, m=1 – 4, we con-
sidered several isomers and selected the most stable one for further discussion.
Certainly, we cannot guarantee the lowest-energy configurations due to large
number of possible structural isomers, but the general trend of the binding en-
ergy of a vacancy or a He atom with different helium-vacancy clusters should
still be valid. For each n (n=1 – 4), the binding energy between He and the
HenVam clusters (m=1 – 4) increases with m for a given number of He atoms
n (see Fig. 4.3 (a)).
We focus on the binding energies between a He atom and He2Vam (m=1

– 4), and the binding energy is 0.9 eV for He2Va1, 0.8 eV for He2Va2, 1.3
for He2Va3 and 1.7 eV for He2Va4, respectively. Because the positive binding
energy denotes attractive interaction, a single He atom combines more readily
with He2Va4 compared to He2Va1. This means that a small void can more
easily trap a He atom than a monovacancy. On the other hand, He binding
energy generally decreases with increasing He content for a given number of
vacancies (m). After trapping He atoms more and more, the new compound
clusters become increasingly less able to trap more He atoms.
The binding energy of a monovacancy with helium-vacancy complex clusters

gradually increases with He content for a m as shown in Fig. 4.3 (b). In partic-
ular, the existence of He in the complex clusters significantly raises the binding
energy. In other words, the vacancies have a strong trapping capability for
He impurities, which stabilizes vacancy-type clusters by reducing the vacancy
emission rate. It was observed experimentally that He impurities promote void
nucleation and microvoid formation in SiC solid [18]. On the other hand, the va-
cancy binding energy first decreases rapidly as the number of vacancies increases
for a certain number n of He. For instance, the binding energy reduces from
7.31 eV for He3Va1 to 4.27 eV for He3Va2. The present computational results
indicate that He aggregation can stabilize helium-vacancy clusters by suppress-
ing vacancy emission. Consequently, the accumulation of helium-vacancy com-
plexes under irradiation environment would induce He bubble formation and
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void swelling. The binding energies between He and helium-vacancy compound
clusters range from 0 to 3 eV, and from 2 to 7 eV for monovacancy and helium-
vacancy complex clusters. Generally, compared to He atom, helium-vacancy
complex clusters prefer to combine with monovacancies.





Chapter 5

Trapping Mechanism for
Multiple He Atoms in
Vacancy Defects

5.1 He Atoms in Vacancy Defects

So far, tremendous efforts have been devoted to investigate the trapping mecha-
nism of He impurities. However, all previous first-principle studies only consid-
ered the interaction between He and vacancies; while voids in real metals have
never been taken into consideration.
To further explore the microscopic mechanism of He bubble formation inside

structural defects, we considered trapping of multiple He atoms inside vacancy
defects. We gradually placed He atoms one by one into the vacancy defects and
relaxed the entire system to search for the optimal positions for every He atom.
Within a given vacancy defect, there are many possible configurations for a
trapped Hen cluster and its energy is closely related to the detailed configuration
of the He atoms. For each size of trapped Hen cluster, we considered three to
eight isomer structures and selected the most stable one for further discussion.
Certainly, we cannot guarantee the lowest-energy configurations due to the large
number of structural isomers, but the general trend of the trapping energy as a
function of cluster size n would still be valid.

5.1.1 He Atoms in Monovacancy of Vanadium Solid

Figure 5.1 is the BCC vanadium supercell of 5× 5× 5 consist with 250 atoms,
the monovacancy created by removing one vanadium atom in the center of the
supercell. As defined by Eqs. (2.4) and (2.5), the trapping energy as a function
of the number of He atoms inside the monovacancy of the vanadium host lattice
is shown in Fig. 5.2.
Generally speaking, the trapping energy increases with the number of He

impurities, and shows fluctuating behavior. The trapping energy for the first He
is –1.29 eV and it slightly drops from –1.32 to –1.42 eV for the second to the sixth
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Figure 5.1: Schematic illustration of BCC vanadium supercell with monovacancy: the
monovacancy created by removing one vanadium atom in the center of the
supercell. Blue balls are the vanadium atoms in the matrix lattice; green balls
are the nearest neighboring vanadium atoms that are around the monovacancy;
red balls are He atoms.

Figure 5.2: Trapping energy per He atom defined by Eqs. (2.4) and (2.5) for a mono-
vacancy in the vanadium host lattice. The zero-energy line correspond to the
solution energy of a single He atom at the TIS far away from the vacancy as
reference.
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He. The negative trapping energy indicates an exothermic process for diffusion
of interstitial He into the vacancy. With more than six He atoms, the trapping
energy first rises rapidly at n = 7 then it fluctuates dramatically with the number
of He atoms within the range of –1.34 eV to –0.12 eV. This can be related to
a change of Hen cluster configurations as well as discontinuous expansion of
the vacancy space. For the trapped He7 cluster, large lattice distortion were
found after the seventh He insertion as compared with the He6 cluster, and
some He atoms stay away from the octahedral interstitial sites. Inside of the
monovacancy, the computed trapping energy for the eighteenth He atom is about
–0.12 eV, which is still more favorable than He impurity staying at a remote
TIS. In other words, one monovacancy can accommodate at least eighteen He
impurities; thus we suggest that vacancy defects provide nucleation sites for He
bubble formation, similar to our previous finding for He in Be solid [47].

5.1.2 He Atoms in Small Void of Vanadium Solid

To systematically investigate the microscopic mechanism of the He trapping
energies accumulation in different vacancy defects, we considered trapping of
multiple He atoms inside a cavity consisted with 9-atoms of vacancy. A Vana-
dium supercell with the 9-atom cavity is shown in Fig. 5.3, and the 9-atom cavity
was created by removing nine vanadium atoms in the middle of the supercell.
The trapping energies as a function of the number of He atoms in the vana-

dium void are illustrated in Fig. 5.4. In this case, we placed the He atoms
into the cavity two by two due to the strong capacity. The average trapping
energy for the first two He atoms is about –2.5 eV per vacancy, significantly
lower than that in a monovacancy (about –1.1 eV), and the nearest neighbor
vanadium lattice atoms expand outward by about 0.42 Å. This indicates that
the void is more beneficial for the formation of a He bubble. With increasing
number of He atoms, the trapping energy generally rises with cluster size n and
exhibits substantial oscillations. A lowest trapping energy of –2.75 eV is found
for a trapped He6 cluster, in which six He impurities symmetrically occupy the
six octahedral interstitial sites. When more He atoms are incorporated, the en-
tire system becomes less energetically favorable and the surrounding vanadium
atoms in the host lattice expand outward dramatically. After the 68th He atom
is trapped, the trapping energy becomes positive (0.43 eV), indicating that He
incorporation is eventually endothermic. Meanwhile, the total volume of the
void expands by about twice.
In a recent molecular dynamics simulation with a ternary FeCr–He empirical

potential [49], Caro et al. found an approximate linear relationship between the
number of He atoms and the volume of the He bubble inside bcc Fe matrix. The
He density was about 180 nm−3, which compares well with the maximum He
densities from our first-principles calculations, i.e., 95 nm−3 in the monovacancy
and 175 nm−3 in the 9-atom void. In a recent experiment, Kai et al. estimated
the density of He atoms in the helium bubbles formed in irradiated SiC compos-
ites, which was about 22.1 nm−3 at a temperature of 1000 K [50]. This value
is lower than the theoretical values but still of the same magnitude. Hence,
our theoretical results about the saturation numbers of trapped He atoms in
vacancies can be considered as a prediction of the upper limit for the helium
density.
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Figure 5.3: A 9-atom void structural model for the BCC lattice: the 9-atom void
created by removing nine vanadium atoms in the middle of the supercell.
Blue balls are the vanadium atoms in the matrix lattice; green balls are the
nearest neighboring vanadium atoms that are around the monovacancy; red
balls are He atoms.

Figure 5.4: Trapping energy per He atom for the 9-atom void in the vanadium host
lattice. The zero-energy line correspond to the solution energy of a single He
atom at the TIS far away from the vacancy as reference.
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5.1.3 He Atoms in a Small Void of 6H–SiC

Due to the limited computer resources, we used a 300 atom supercell with a
small 7-atom void (created by removing four carbon atoms and three silicon
atoms) in the center of the 6H–SiC solid. Relative to the interface of the void,
He atoms prefer to occupy the center of the void as shown in Fig. 5.5. The trap-
ping energies as a function of the number of He atoms in the void are shown in
Fig. 5.6. The trapping energy curve shows that the trapping energy increases
with increasing number of He with certain fluctuations. As in the case of vana-
dium, this also can be related to a change of the Hen cluster configurations as
well as the discontinuous expansion of the vacancy space. The trapping energy
for the first He is –2.16 eV, and it continuously rises up to –0.86 eV for the ninth
He. With more than nine He atoms, the trapping energy fluctuates dramati-
cally with the number of He atoms in the range of –1.31 eV to –0.04 eV. After
the 14th He atom is trapped, the trapping energy becomes positive, indicating
that further He incorporation becomes endothermic. According to the present
computed trapping energies, a small 7-atom void can trap about 14 He atoms.
The maximum density of He atoms in a small He bubble as computed here is
about 50 atoms/nm3, which is of the same magnitude as the experimental value
by Hojou et al. (10 atoms/nm3) [51].

Figure 5.5: The structural model of a 300-atom supercell of 6H–SiC with a small 7-
atom void created by removing four carbon atoms and three silicon atoms in
the center. The void surrounded by Si, C atoms and encapsulated He atoms
are schematically shown in the right graph. Orange balls are silicon atoms
in the matrix lattice, green balls are carbon atoms, black balls are He atoms,
blue balls are the nearest neighboring silicon atoms that are around the small
void.



22
CHAPTER 5. TRAPPING MECHANISM FOR MULTIPLE HE ATOMS IN

VACANCY DEFECTS

Figure 5.6: Trapping energy per He atom defined by Eqs. (2.4) and (2.5) for the
small void in the 6H–SiC host lattice. The zero-energy line correspond to the
solution energy of a single He atom at the R site far from the small void as
reference.

5.2 Lattice Expansions around He bubbles

Combining the above results, one may conclude that a small nanosized void
in the 6H–SiC host lattice has a weak tendency for trapping He compared to
vanadium. A 7-atom cavity in 6H–SiC can trap up to 14 He atoms; whereas a
9-atoms void in vanadium can accommodate as many as 66 He atoms, and even
a monovacancy can host 18 He atoms. To find the possible reason, the bond
length expansion around He cluster in different systems were measured. For
instance, with up to seventy He atoms in a 9-atom void in pure vanadium solid,
the nearest vanadium bond length increases by 22–28% compared to the one in
the perfect vanadium bulk, while the volume of the void expands by 80%. At
the same time, with fourteen He atoms encapsulated in a small nanosized void
in 6H–SiC, the local expansion of the Si–C bonds is 1–5%, and the volume of the
small void expands by about 7%. It is clear that the different cohesive energies
result in the different He trapping behaviors of vanadium and 6H–SiC. Due to
the stronger covalent bonding in SiC (cohesive energy: 6.34 eV/atom in 3C–SiC
[52]) than the metallic bonding in vanadium (cohesive energy: 5.49 eV/atom
for vanadium, 5.31 from experimental value [53], the local lattice expansion
upon incorporating He atoms in SiC is smaller than in vanadium. The smaller
lattice expansion, in turn, allows for a relatively small number of He atoms to
be trapped by a cavity in the SiC host.
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5.3 Internal Pressure of Void Induced by He
Cluster

With a certain amount of He atoms incorporated, a large expansion of the
vacancy space wound result in a high internal pressure for the vanadium and
6H–SiC host lattices. The internal pressure on the entire simulation supercell
from the OUTCAR file of VASP calculations are adopted. Note that this is only
an estimation since the theoretical results depend on the choice of the supercell
size.

5.3.1 Internal Pressure in Voids in Vanadium

Within the present simulation supercells, the internal pressures due to local
lattice expansion by He incorporation for both the monovacancy and the 9-
atom cavity are plotted in Fig. 5.7.

Figure 5.7: Internal pressure of vanadium host lattice as function of the number of
trapped He atoms inside monovacancy (filled squares) and void (filled circles).

It is clear that the internal pressure increases with the number of He impurities
trapped by vacancy defects. With six He atoms encapsulated, the internal
pressure of the monovacancy and the 9-atom void are 3.3 GPa and 2.1 GPa,
and the local expansion of vanadium lattice atoms are 0.38 Å and 0.42 Å,
respectively. When eighteen He atoms are inserted, the internal pressures reach
7.3 GPa and 4.9 GPa, and the local vanadium lattice expands by 0.69 Å and 0.18
Å, respectively. With same amount of trapped He atoms, the internal pressure
for the monovacancy is about 1.5 GPa higher than that in the 9-atom cavity.
With up to seventy He atoms in the void, the internal pressure reaches to 20 GPa
and the vanadium lattice expands by 1.63 Å. The present results indicate that
the highest internal pressures can reach 7.5 GPa for the monovacancy (with 18
He) and 20 GPa for 9-atom void (with 70 He). Previously, Caro et al. calculated
the internal pressure versus the number of He atoms in a bubble (27 vacancies)
in solid Fe and Fe0.9Cr0.1 alloy using molecular dynamics simulation [49]. The
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obtained pressure was about 12 GPa for 27 He atoms and reached a maximum
value of 16 GPa for 60 He atoms in the cavity, both are comparable to our
theoretical results using first-principle calculations. Certainly, such high internal
pressure due to the formation of a helium bubble would have significant influence
on the microstructure and mechanical properties of the vanadium solids and
alloys.

5.3.2 Internal Pressure in Voids in 6H–SiC

With the present simulation supercell, the internal pressures due to local lattice
expansion by He incorporation in the small void of 6H–SiC is plotted in Fig. 5.8.

Figure 5.8: Internal pressure of 6H–SiC host lattice as a function of the number of
trapped He atoms inside the small void.

Clearly, the internal pressure increases with the number of He atoms trapped
by the small void. The internal pressure in the simulation supercell reaches
about 2.5 GPa with fourteen He atoms inside the void. Very interestingly, the
magnitude of the He-induced internal pressure is consistent with a recent ex-
perimental estimation of 0.8 GPa for nanometer-sized He bubbles in 6H–SiC
materials from conductive atomic force microscopy observations [54]. The large
He density along with the relatively high internal pressure in brittle SiC mate-
rials should be responsible for a series of material properties under irradiation
conditions and deserve more comprehensive investigations from both theoretical
and experimental sides. In particular, He bubbles can capture He atoms which
results in the swelling of irradiated SiC materials in the implanted layer [54].
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5.4 He–He Distance in Voids and Gas-phase Clus-
ters

To reveal the confinement effect due to the vanadium matrix, the geometric
structures and interatomic distances of the trapped Hen clusters are compared
with gas phase clusters (Hen clusters in vacuum). It is well known that a He
atom is a typical noble gas element with closed-shell electron configuration.
Previously, the ground state structures of noble gas clusters have been elabo-
rately determined by global optimization technique with a Lenard–Jones (LJ)
potential [55].
The lowest-energy structures for He6, He18, He54 and He72 clusters of gas

phase and inside the 9-atom void as well as the monovacancy (only He6 and
He18) are compared in Fig. 5.9. The small He6 cluster always adopts the oc-
tahedral configuration in the gas phase and inside vacancies. For larger Hen

clusters, the gas-phase clusters form icosahedron-based structures with high
compactness, while the encapsulated Hen clusters are also close-packed and
have cubic-like shape due to the confinement of the 9-atom cavity.

Figure 5.9: Atomic configurations for selected Hen (n=6, 18, 54, 72) clusters inside
monovacancy and 9-atom void and of the gas clusters. The vanadium atoms
in the host lattice are not shown for a clear view.

Table 5.1 presents the equilibrium He –He distances for confined and gas-phase
Hen clusters. And Fig. 5.10 shows the radial distribution functions (RDFs) for
a free-standing He54 cluster and a He54 cluster inside the 9-atom void. Overall
speaking, He–He equilibrium distances in both monovacancy and 9-atom void
of bulk vanadium matrix are in the range from 1.55–1.95 Å, remarkably less
than the distances (2.55–2.95 Å) for gas phase clusters. The confinement of the
vanadium cavity leads to smaller volume per He in the trapped clusters with
regard to their gas phase counterparts.
Further examinations show that He–He distances for the trapped Hen clusters

are further shortened with increasing the number of He impurities.
With no more than six He atoms in the monovacancy, He–He distances are
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Table 5.1: Equilibrium He–He distances for different numbers of He atoms trapped in
vacancy defects (monovacancy and 9-atom void) and in the gas phase.

Vacancy defects Number of He atoms He-He (Å)
Monovacancy 1-6 1.75-1.85

7-18 1.60-1.75

2-18 1.75-1.95
9-atom 20-66 1.60-1.80

68-72 1.55-1.75

Gas-phase 2-18 2.55-2.95
68-72 2.65-2.95

Figure 5.10: Radial distribution function of the He54 cluster (a) in the 9-atoms void;
and (b) in the gas phase.
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in the range of 1.75–1.85 Å. When more He atoms are incorporated, He–He
distances reduce to about 1.6 –1.75 Å. Meanwhile, inside the 9-atom void, He–He
distances are in the range of 1.75–1.95 Å for n 6 18 and reach about 1.55–1.75
Å for over sixty He atoms. This effect can be related to the higher internal
pressure with increasing number of He atoms (as shown in Fig. 5.7). Therefore,
due to the confinement of the vanadium lattice, the trapped Hen clusters are in
a compressed state compare with the free clusters of the gas phase. The large
He density along with high internal pressure in the helium bubble formed in
the cavity should be responsible for many material behaviors under irradiation
conditions and deserve more comprehensive investigations.





Chapter 6

Concluding Remarks and
Future Work

In this thesis, using first-principles theory, we have investigated the stable sites
of an interstitial He atom, the binding energies of an interstitial He atom and a
vacancy with HenVam clusters (n, m = 1 – 4) in 6H–SiC. We also investigated the
energetics for trapping of multiple He atoms inside vacancy defects in vanadium
solid and 6H–SiC host lattice.
The results suggest that an interstitial He always prefers to occupy the R site

in the 6H–SiC host lattice according to the formation energies. The H site is
extremely unstable, a He impurity placed in the H site moves to the Tsi site
after relaxing the entire system. He placed in the T´si and T´c sites moves to
the E site. The binding energies between a He atom and the HenVam clusters
illustrate that the aggregation of He atoms would induce an internal pressure
on the HenVam cluster and a spontaneous emission of He or self-interstitial
atoms. Moreover, the binding energies between a vacancy and the HenVam

clusters display that the vacancies have good trapping capability for He, which
stabilizes HenVam clusters suggesting a reduction of the vacancy emission rate.

Vacancy defects (monovacancy and void) provide sufficient spaces for He ag-
gregation and bubble formation, which is accomplished by expansion of the
surrounding lattice atoms. According to the computed trapping energies,the
monovacancy and the 9-atom void of vanadium can trap about 18 and 66 He
impurities, lead to high internal pressure up to 7.5 GPa for the monovacancy
and 20 GPa for the void respectively. Compared to the gas-phase Hen clus-
ters, these trapped Hen clusters are in a compressed state with shorter He–He
distances and higher He density due to the confinement effect of the vanadium
matrix.
Due to the stronger covalent bonding in SiC than the metallic bonding in

vanadium, the local lattice expansion upon incorporating He atoms in SiC is
smaller than in vanadium. A 7-atom void of 6H–SiC can trap about 14 He
atoms, resulting in an internal pressure of 2.5 GPa on the local lattice.
These theoretical results explain how a sufficiently high He concentration at

vacancy defects can be realized to successfully induce He bubble formation in
vanadium and 6H–SiC composites.
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For future work, I will focus on the chromium (Cr) and tungsten (W) effects
on the He behaviors (such as migration barrier for diffusion) in iron based on
first-principles calculations. And the microscopic mechanism of He trapping in
the monovacancy (with one Cr or W) will be investigated. Parallel with this
study on He behavior, I will continue my research on the ab initio description of
the mechanical properties of alloys. My ultimate goal is to be able to join these
two areas and study the mechanical properties of materials in the presence of
He bubbles.
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