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Chapter 1– Introduction  

1. 1 

1.1. Nuclear Energy 

Global warming is one the most serious problem to humanity[1]. Global 

warming is considered to be predominantly influenced by the greenhouse gases 

generated by human activities emitting (GHG) into the atmosphere[2], so one 

solution is the reduction of these emissions. As a considerable GHG emissions 

comes from the production of electricity, a major changing of the electrical energy 

supply system is needed. Nuclear energy, which is considered as a GHG 

emissions-free energy source, could replace fossil fuel energy sources in the given 

time scale, safely, economically, reliably and in a sustainable way[1].  

Nuclear energy actually can be separated to be fission energy and fusion 

energy. For fission energy, the most important reaction (Figure 1.1) is the fission 

reaction of uranium. Due to the potential dangerous from radioactive properties 

uranium, safety of fission energy needs to be considered seriously. Although there 

are some accidents related to fission energy in history, Humanity have over fifty 

years experience with nuclear fission for energy production. Over 400 fission 

power stations have been in operation for more than half a century. Currently, 

over 430 nuclear fission reactors in 30 countries provide about 15% of the world's 

supply of electricity. 

 

Figure 1.1 Schematic graph of fission reaction of uranium 

 

For Nuclear fusion energy, which is related to the fusion reaction of isotope 

of hydrogen as shown in Figure 1.2. So far, no nuclear fusion power plants have 

been realized, but once further implemented, could be the most powerful energy 

source for mankind. The advantages of nuclear fusion energy are enormous. 

Primarily, the fuel used in this technology (Hydrogen or water) is not radioactive. 
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The second isotope of hydrogen (Deuterium, which is the nucleus with one proton 

and one neutron) or heavy water (a molecule containing an atom of oxygen and 

two atoms of Deuterium) is considered to be the fuel. Water is found everywhere, 

so the fuel needed for fusion reaction is infinite, cheap, easy to find, friendly and 

non-toxic or radioactive. And the technology for producing heavy water from 

water today is well planned. Also, the products resulting from fusion reactions are 

a large amount of energy and helium (an inert gas), so without radioactive wastes 

(such as to the nuclear fission). The reaction itself is much easier to control[3]. 

Although nuclear fusion power could not yet be made, great advances have been 

made in this direction. 

 

Figure 1.2 Schematic graph of fusion reactions 

 

1.2. Structural Materials for Nuclear Reactor and Irradiation 

Damage of Materials 

Structural materials represent the key for containment of nuclear fuel and 

fission products as well as reliable and thermodynamically efficient production 

of electrical energy from nuclear reactors[4]. Similarly, high-performance 

structural materials will be critical for the future success of proposed fusion 

energy reactors, which will subject the structures to unprecedented fluxes of high-

energy neutrons along with intense thermomechanical stresses. Advanced 

materials can enable improved reactor performance via increased safety margins 

and design flexibility, in particular by providing increased strength, thermal creep 

resistance and superior corrosion and neutron radiation damage resistance. In 

many cases, a key strategy for designing high-performance radiation-resistant 

materials is based on the introduction of a high, uniform density of nanoscale 

particles that simultaneously provide good high temperature strength and neutron 

radiation damage resistance. 
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Figure 1.3 Schematic of key components in pressurized water fission reactor[4] 

 

Nuclear reactor is a complicated system, a diverse range of structural 

materials are needed for it. There is a huge difference between fission facilities 

and fusion facilities, since fission is totally different from fusion reaction.  

As illustrated in Figure 1.3, many different materials are used for a wide 

variety of important roles in fission reactors. The fuel cladding serves to reliably 

contain the fuel and radioactive fission products while simultaneously efficiently 

transferring the intense nuclear heat from the fuel to the coolant. Zirconium alloys 

are used as fuel cladding in most commercial reactors, due to their compatibility 

with UO2 and water, their adequate thermal conductivity and ease of 

manufacturing. Wire wrap is used to prevent constriction of coolant channels 

from slight fuel pin bowing. The fuel typically remains in the reactor for several 

years, with the cladding continuously exposed to high temperature (∼300 °C), 

mechanical stress, and intense radiation. Key concerns include oxidation, 

hydriding, build-up of low thermal conductivity corrosion deposits, and effect of 

hydrogen on cracking and corrosion. The ∼100 tonne reactor core is secured in 

place by a variety of fuel rod constraint and reactor core support components 

typically constructed of austenitic stainless steel and some Ni-base alloys such as 

X-750. These core internal structures must reliably operate for over 30 years in a 

high radiation environment (resulting in higher accumulated doses than the fuel 

cladding in many cases) at ∼300 °C without substantial dimensional changes or 

degradation in mechanical properties due to stress corrosion cracking or radiation 

damage. The reactor pressure vessel (quenched and tempered Mn-Mo-Ni low-

alloy pressure vessel steel) serves as the critical safety boundary between the 
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reactor and the environment, and is generally considered the key lifetime-limiting 

(irreplaceable) component for a nuclear reactor. A key concern is loss of fracture 

toughness due to radiation-induced defect cluster hardening and radiation-

induced precipitation. The embrittlement is monitored by regular mechanical 

property testing of surveillance coupon specimens located at the inside wall of 

the pressure vessel. Piping and heat exchanger materials (ferritic steels and Ni-

base alloys such as Alloy 600 and 690) are designed to enable reliable and 

thermodynamically efficient conversion of thermal energy from the reactor into 

steam that drives turbines to generate electricity. Due to the desire for reliable 

operation for decades at elevated temperatures in an aqueous environment at 300 

to 350 °C, key concerns for the piping and heat exchanger materials include 

thermal aging and complex water chemistry issues that may induce corrosion or 

stress corrosion cracking.  

 

 
Figure 1.4 Schematic of key components in a magnetically-confined 

fusion reactor (tokamak reactor) 

 

Fusion is still a developing technology, major fusion facilities recently 

completed[5] or under construction[6] are designed to explore the key remaining 

plasma physics issues near reactor-relevant operating conditions. A schematic of 

a prototypic magnetic fusion energy reactor is shown in Figure 1.4. The fusion 

reactions are induced within a toroidal-shaped high temperature ionized plasma 

that is shaped by powerful toroidal and poloidal field magnets. The heat and 

energetic neutrons produced by the deuterium-tritium (D-T) fusion reaction are 

absorbed by the surrounding first wall, blanket, and divertor components. The 

fusion reaction occurs inside a vacuum vessel to prevent atmospheric 

contamination of the D-T plasma. The major functions of the blanket region are 
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to efficiently capture the energy produced by the fusion reactions and transfer the 

heat to a coolant for electricity generation, and to create and extract fresh tritium 

fuel (by utilizing nuclear transmutation reactions with lithium-containing liquid 

or solid materials) to enable continuous operation of the fusion energy system. A 

wide variety of structural materials, reactor coolants, and tritium generation 

materials systems have been evaluated for potential use in future fusion reactors.  

The energetic neutrons produced by the fission and fusion reactions have 

sufficient kinetic energy to dislodge substantial numbers of atoms in structural 

materials from their lattice sites over the projected operating lifetimes of the 

reactors, creating defects associated with the missing lattice atoms (vacancies) 

and the dislodged atoms that reside in the lattice interstices (self-interstitial atoms, 

SIAs). The amount of radiation damage from these ballistic collisions is 

quantified in terms of displacements per atom, dpa. A damage level of 1 dpa 

corresponds to “stable” displacement of every atom from its lattice site. For 

reactor operating temperatures, there is sufficient thermally activated diffusion of 

the radiation-induced defects to enable recombination of many of the vacancies 

and SIAs so that the retained displacement damage is a fraction of the dpa value. 

A key strategy for designing radiation resistant materials is to promote very 

efficient recovery of the defects: Very little can be done to alter the instantaneous 

displacement damage from exposure to energetic neutrons, but substantial 

resistance to radiation damage can be engineered by efficiently facilitating the 

recombination of these defects. Considering that dimensional instabilities above 

a few percent generally cannot be tolerated in large-scale engineering structures 

and that future reactor designs call for structural materials that will be exposed to 

damage levels in excess of 100 dpa, the challenge is to engineer “self-healing” 

defect recombination processes into structural materials that are ∼ 99.99 % 

efficient. A further challenge is that these engineered defect recombination 

structures must be resistant to the vigorous transient (∼1 fs to 1 ps) atomic mixing 

that occurs within fast neutron-induced displacement cascades; the magnitude of 

this transient atomic mixing is roughly two orders of magnitude higher than the 

dpa value and could result in dispersal or dissolution of nanoscale precipitate 

structures. 
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Figure 1.5 Main radiation damage threats to structural materials[4] 

 

Radiation damage poses five main threats to the operation of structural 

materials, emerging at different operating temperatures and damage levels. These 

phenomena are summarized in Figure 1.5. At low temperatures (below 0.3–0.4 

TM, where TM is the absolute melting temperature), radiation-induced defect 

clusters (predominantly created directly in displacement cascades) serve as strong 

obstacles to dislocation motion. This radiation hardening is usually accompanied 

by substantial reductions in uniform elongation and macroscopic work hardening 

capacity, and can induce loss of fracture toughness in body centered cubic metals 

and alloys63. Since the radiation hardening emerges at relatively low doses (0.001 

to 0.1 dpa), radiation hardening and embrittlement often defines the lower 

operating temperature limit for structural materials in neutron irradiation 

environments. At intermediate temperatures, three distinct radiation effects 

phenomena are of potential significance for doses above ∼1 to 10 dpa: radiation-

induced segregation and precipitation (0.3–0.6 TM) that can lead to localized 

corrosion or mechanical property degradation such as grain boundary 

embrittlement64, void swelling from vacancy accumulation (0.3–0.6 TM) that 

can create unacceptable volumetric expansion65, and radiation induced creep65 

and/or anisotropic growth66 (0.2–0.6 TM) that can produce dimensional 

expansion along directions of high stress and/or specific crystallographic 

directions. At very high temperatures (>0.5 TM) and under applied mechanical 

stress, helium produced by neutron transmutation reactions in the structural 

material may migrate to grain boundaries and form cavities, thereby causing 

intergranular fracture with limited ductility in stressed materials67. This high 
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temperature helium embrittlement of grain boundaries typically emerges for 

helium concentrations above 10 to 100 appm (∼1 to 100 dpa depending on 

material and neutron spectrum) and becomes increasingly severe with increasing 

temperature and applied stress and decreasing deformation rate. Along with 

chemical compatibility and thermal creep strength, high temperature helium 

embrittlement may define the maximum allowable operating temperature for a 

structural material in neutron irradiation environments. 

 

1.3. H and He in Irradiated Materials 

In fission and fusion reactor environments structural materials generate 

significant amounts of hydrogen (H) and helium (He) by transmutation. The 

primary sources of helium are boron and nickel, interacting with both fast and 

especially thermal neutrons. Hydrogen arises primarily from fast neutron 

reactions, but is also introduced at often much higher levels by other 

environmental processes. Although essentially all of the helium is retained in the 

structural materials, it is commonly assumed that most of the hydrogen is not 

retained. Both H and He have a strong impact on the microstructure evolution of 

irradiated materials. Typically, they may cause additional swelling and 

embrittlement of materials. Lots of researches have been done to clarify the effect 

of H[7-14] and He[9, 11, 14-21] on the irradiation related damage in structural 

materials. 

 

1.4. Theorical research about H and He in Metal Materials 

The effect of H and He on the microstructure evolution and mechanical 

properties of structural materials could be studied by experimental researches. 

However, it is still necessary to understand the behavior of H and He and their 

effects from the point view of physics. Many efforts have been devoted to 

investigate the behaviors of H and He in many kinds of materials[22-44], and 

some important information about H and He have been obtained. But, compared 

with the plenty of experimental researches, more theorical research are needed to 

help having a deeper understanding on H and He. 
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Chapter 2 – Density Functional Theory 

Calculation 

2. 666 

In this chapter the density functional calculation methods which are used is this 

dissertation are focused. Also, the computational method relating to density 

functional theory are introduced. 

2.1. Density Functional Theory 

With the dramatically development of Computational method and 

supercomputer in recent years, study materials from calculation and simulation 

methods has become more and more important and effective for the scientific 

research in materials science field.  

Among many Computational methods, Density functional theory (DFT) 

may be the most widely used computational method within materials science and 

chemistry. DFT was developed by the famous physicist, Walter Kohn. And he got 

award the Nobel prize in chemistry in 1998. The most important concept of DFT 

is that the energy of a certain system is determined by the electron densities of 

this system. Since the electron of a certain element is widely known and 

unchanging, basically, DFT can calculate both chemical and physical phenomena 

without any experimental parameter. So DFT is also known as first principle 

calculations, which means calculations without any empirical parameter. In DFT 

calculation, for a certain system, the electron densities will be calculated first. 

And then the chemical and physical properties of materials can be obtained by 

analysis based on its electron densities. As an example, Figure 2.1 shows 

electronic structure of an AuAgCuPt cluster calculated by DFT calculation.  
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Figure 2.1 The electronic structure of an AuAgCuPt cluster 

 

2.2. Born–Oppenheimer approximation 

For a certain material, which also can be seen as some well-defined 

collection of atoms, one of the fundamental things is their energy and how it 

changes when the atoms in this system moves around. The Answer of where an 

atom is has two parts, where its nucleus is and where the atom’s electrons are. 

Due to each proton or neutron in a nucleus has more than 1800 times the mass of 

an electron, there is a huge difference in mass between nucleus and electron. This 

means that electrons respond much more rapidly to changes in their surroundings 

than nuclei can. As a result, the physical question, how the energy of a system 

changes when the atoms in this system moves around, could be split into two 

pieces. First step, for fixed positions of the atomic nuclei, the equations that 

describe the electron motion can be solved. For a given set of electrons moving 

in the field of a set of nuclei, the lowest energy configuration, or state, of the 

electrons can be determined. The lowest energy state is known as the ground state 

of the electrons, and the separation of the nuclei and electrons into separate 

mathematical problems is the Born–Oppenheimer approximation. If M nuclei are 

at positions R1, . . . , RM, the ground-state energy, E, can be expressed as a 

function of the positions of these nuclei, E(R1, . . . , RM). This function is known 

as the adiabatic potential energy surface of the atoms. Once it is able to calculate 

this potential energy surface, it will be possible to tackle the original problem 

posed above—how does the energy of the material change as atoms moves.  
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2.3. The Schrödinger equation 

Schrödinger equation is the equation developed by Erwin Schrödinger. The 

simple form of Schrödinger equation is H𝜓  = E𝜓 . In this equation, H is the 

Hamiltonian operator and c is a set of solutions, or eigenstates, of the Hamiltonian. 

Each of these solutions 𝜓n, has an associated eigenvalue, En, a real number that 

satisfies the eigenvalue equation. The detailed definition of the Hamiltonian 

depends on the physical system being described by the Schrödinger equation. 

There are several well-known examples like the particle in a box or a harmonic 

oscillator where the Hamiltonian has a simple form and the Schrödinger equation 

can be solved exactly. The situation we are interested in where multiple electrons 

are interacting with multiple nuclei is more complicated. In this case, a more 

complete description of the Schrödinger is 

ℎ

2𝑚
𝛻 + 𝑉(𝒓 ) + 𝑈(𝒓 , 𝒓 ) 𝜓 = 𝐸𝜓. (2.1) 

Here, m is the electron mass. The three terms in brackets in this equation 

define, in order, the kinetic energy of each electron, the interaction energy 

between each electron and the collection of atomic nuclei, and the interaction 

energy between different electrons. For the Hamiltonian we have chosen, c is the 

electronic wave function, which is a function of each of the spatial coordinates of 

each of the N electrons, 𝜓 =  𝜓 (𝒓)𝜓 (𝒓), … , 𝜓 (𝒓). This expression for the 

wave function is known as a Hartree product, and there are good motivations for 

approximating the full wave function into a product of individual one electron 

wave functions in this fashion. Notice that N, the number of electrons, is 

considerably larger than M, the number of nuclei, simply because each atom has 

one nucleus and lots of electrons. If we were interested in a nanocluster of 100 Pt 

atoms, the full wave function requires more the 23,000 dimensions! These 

numbers should begin to give you an idea about why solving the Schrödinger 

equation for practical materials has occupied many brilliant minds for a good 

fraction of a century. 

The situation looks even worse when we look again at the Hamiltonian, H. 

The term in the Hamiltonian defining electron–electron interactions is the most 

critical one from the point of view of solving the equation. The form of this 

contribution means that the individual electron wave function we defined above, 

𝜓 (𝒓) , cannot be found without simultaneously considering the individual 

electron wave functions associated with all the other electrons. In other words, 

the Schro¨dinger equation is a many-body problem. Although solving the 

Schro¨dinger equation can be viewed as the fundamental problem of quantum 



 

11 
 

mechanics, it is worth realizing that the wave function for any particular set of 

coordinates cannot be directly observed. The quantity that can (in principle) be 

measured is the probability that the N electrons are at a particular set of 

coordinates, r1, . . . , rN. This probability is equal to 𝜓∗ (r1, . . . , rN) 𝜓 (r1, . . . , 

rN), where the asterisk indicates a complex conjugate. A further point to notice is 

that in experiments we typically do not care which electron in the material is 

labeled electron 1, electron 2, and so on. Moreover, even if we did care, we cannot 

easily assign these labels. This means that the quantity of physical interest is 

really the probability that a set of N electrons in any order have coordinates r1, . . . , 

rN. A closely related quantity is the density of electrons at a particular position in 

space, n(r). This can be written in terms of the individual electron wave functions 

as 

𝑛(𝒓) = 2 𝜓∗(𝒓)𝜓 (𝒓). (2.2) 

Here, the summation goes over all the individual electron wave functions 

that are occupied by electrons, so the term inside the summation is the probability 

that an electron in individual wave function 𝜓 (𝒓) is located at position r. The 

factor of 2 appears because electrons have spin and the Pauli exclusion principle 

states that each individual electron wave function can be occupied by two separate 

electrons provided they have different spins. This is a purely quantum mechanical 

effect that has no counterpart in classical physics. The point of this discussion is 

that the electron density, n(r), which is a function of only three coordinates, 

contains a great amount of the information that is actually physically observable 

from the full wave function solution to the Schro¨dinger equation, which is a 

function of 3N coordinates. 

 

2.4. The Kohn and Sham equation 

The entire field of density functional theory rests on two fundamental 

mathematic theorems proved by Kohn and Hohenberg and the derivation of a set 

of equations by Kohn and Sham in the mid-1960s. The first theorem, proved by 

Hohenberg and Kohn, is: The ground-state energy from Schro¨dinger’s equation 

is a unique functional of the electron density. This theorem states that there exists 

a one-to-one mapping between the ground-state wave function and the ground-

state electron density. Another way to restate Hohenberg and Kohn’s result is that 

the ground-state electron density uniquely determines all properties, including the 

energy and wave function, of the ground state. although the first Hohenberg–
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Kohn theorem rigorously proves that a functional of the electron density exists 

that can be used to solve the Schro¨dinger equation, the theorem says nothing 

about what the functional actually is. The second Hohenberg–Kohn theorem 

defines an important property of the functional: The electron density that 

minimizes the energy of the overall functional is the true electron density 

corresponding to the full solution of the Schro¨dinger equation. If the “true” 

functional form were known, then we could vary the electron density until the 

energy from the functional is minimized, giving us a prescription for finding the 

relevant electron density. This variational principle is used in practice with 

approximate forms of the functional. 

A useful way to write down the functional described by the Hohenberg–

Kohn theorem is in terms of the single-electron wave functions,  𝜓 (𝒓) . 

Remember from Eq. (2.2) that these functions collectively define the electron 

density, n(r). The energy functional can be written as 

𝐸[{𝜓 }] = 𝐸 [{𝜓 }] + 𝐸 [{𝜓 }]. (2.3) 

Where we have split the functional into a collection of terms we can write 

down in a simple analytical form, 𝐸 [{𝜓 }], and everything else, EXC. The 

“known” terms include four contributions: 

𝐸 [{𝜓 }] =  
ℎ

𝑚
𝜓∗ 𝛻 𝜓 𝑑 𝑟 +  𝑉(𝒓)𝑛(𝒓) 𝑑 𝑟

+
𝑒

𝑚

𝑛(𝒓)𝑛(𝒓 )

|𝒓         𝒓  |
𝑑 𝑟𝑑 𝑟 + 𝐸  

(2.4) 

The terms on the right are, in order, the electron kinetic energies, the 

Coulomb interactions between the electrons and the nuclei, the Coulomb 

interactions between pairs of electrons, and the Coulomb interactions between 

pairs of nuclei. The other term in the complete energy functional, EXC[{𝜓 }], is 

the exchange–correlation functional, and it is defined to include all the quantum 

mechanical effects that are not included in the “known” terms. 

However, so far nothing changed to make finding minimum energy solutions 

of the total energy functional is any easier than the formidable task of fully solving 

the Schro¨dinger equation for the wave function. The difficulty was solved by 

Kohn and Sham, who showed that the task of finding the right electron density 

can be expressed in a way that involves solving a set of equations in which each 

equation only involves a single electron. 

The Kohn–Sham equations have the form 
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ℎ

2𝑚
𝛻 + 𝑉(𝒓) + 𝑉 (𝒓) + 𝑉 (𝒓) 𝜓 (𝒓) =  ɛ 𝜓 (𝒓). (2.5) 

These equations are superficially similar to Eq. (2.1). The main difference is 

that the Kohn–Sham equations are missing the summations that appear inside the 

full Schro¨dinger equation [Eq. (2.1)]. This is because the solution of the Kohn–

Sham equations are single-electron wave functions that depend on only three 

spatial variables, 𝜓 (𝒓). On the left-hand side of the Kohn–Sham equations there 

are three potentials, V, VH, and VXC. The first of these also appeared in the full 

Schro¨dinger equation (Eq. (2.1)) and in the “known” part of the total energy 

functional given above (Eq. (2.4)). This potential defines the interaction between 

an electron and the collection of atomic nuclei. The second is called the Hartree 

potential and is defined by 

𝑉 (𝒓) = 𝑒
𝑛(𝒓 )

|𝒓         𝒓  |
𝑑 𝑟  . (2.6) 

This potential describes the Coulomb repulsion between the electron being 

considered in one of the Kohn–Sham equations and the total electron density 

defined by all electrons in the problem. The Hartree potential includes a so-called 

self-interaction contribution because the electron we are describing in the Kohn–

Sham equation is also part of the total electron density, so part of VH involves a 

Coulomb interaction between the electron and itself. The self-interaction is 

unphysical, and the correction for it is one of several effects that are lumped 

together into the final potential in the Kohn–Sham equations, VXC, which defines 

exchange and correlation contributions to the single electron equations. VXC can 

formally be defined as a “functional derivative” of the exchange–correlation 

energy: 

𝑉 (𝒓) =  
𝛿𝐸 (𝒓)

𝛿𝑛(𝒓)
. (2.7) 

The strict mathematical definition of a functional derivative is slightly more 

subtle than the more familiar definition of a function’s derivative, but 

conceptually you can think of this just as a regular derivative. The functional 

derivative is written using d rather than d to emphasize that it not quite identical 

to a normal derivative. 

If you have a vague sense that there is something circular about our 

discussion of the Kohn–Sham equations you are exactly right. To solve the Kohn–

Sham equations, we need to define the Hartree potential, and to define the Hartree 

potential we need to know the electron density. But to find the electron density, 

we must know the single-electron wave functions, and to know these wave 
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functions we must solve the Kohn–Sham equations. To break this circle, the 

problem is usually treated in an iterative way as outlined in the following 

algorithm: 

1. Define an initial, trial electron density, n(r). 

2. Solve the Kohn–Sham equations defined using the trial electron density 

to find the single-particle wave functions, 𝜓 (𝒓). 

3. Calculate the electron density defined by the Kohn–Sham singleparticle 

wave functions from step 2, 𝑛 (𝒓) = 2 ∑ 𝜓∗ (𝒓)𝜓 (𝒓) 

4. Compare the calculated electron density, 𝑛 (𝒓) , with the electron 

density used in solving the Kohn–Sham equations, n(r). If the two densities are 

the same, then this is the ground-state electron density, and it can be used to 

compute the total energy. If the two densities are different, then the trial electron 

density must be updated in some way. Once this is done, the process begins again 

from step 2. 

 

2.5. Exchange-correlation Functional  

The beautiful results of Kohn, Hohenberg, and Sham showed us that the 

ground state we seek can be found by minimizing the energy of an energy 

functional, and that this can be achieved by finding a self-consistent solution to a 

set of single-particle equations. There is just one critical complication in this 

otherwise beautiful formulation: to solve the Kohn–Sham equations we must 

specify the exchange–correlation function, EXC[{𝜓 }]. As you might gather from 

Eqs. (2.3) and (2.4), defining EXC[{𝜓 }] is very difficult. After all, the whole point 

of Eq. (2.4) is that we have already explicitly written down all the “easy” parts. 

In fact, the true form of the exchange–correlation functional whose existence 

is guaranteed by the Hohenberg–Kohn theorem is simply not known. Fortunately, 

there is one case where this functional can be derived exactly: the uniform 

electron gas. In this situation, the electron density is constant at all points in space; 

that is, n(r) = constant. This situation may appear to be of limited value in any 

real material since it is variations in electron density that define chemical bonds 

and generally make materials interesting. But the uniform electron gas provides 

a practical way to actually use the Kohn–Sham equations. To do this, we set the 

exchange–correlation potential at each position to be the known exchange–

correlation potential from the uniform electron gas at the electron density 

observed at that position: 

𝑉 (𝒓) = 𝑉
 [𝑛(𝒓)] . (2.7) 

This approximation uses only the local density to define the approximate 
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exchange–correlation functional, so it is called the local density approximation 

(LDA). The LDA gives us a way to completely define the Kohn–Sham equations, 

but it is crucial to remember that the results from these equations do not exactly 

solve the true Schro¨dinger equation because we are not using the true exchange–

correlation functional. 

It should not surprise you that the LDA is not the only functional that has 

been tried within DFT calculations. The development of functionals that more 

faithfully represent nature remains one of the most important areas of active 

research in the quantum chemistry community. We promised at the beginning of 

the chapter to pose a problem that could win you the Nobel prize. Here it is: 

Develop a functional that accurately represents nature’s exact functional and 

implement it in a mathematical form that can be efficiently solved for large 

numbers of atoms. (This advice is a little like the Hohenberg–Kohn theorem—it 

tells you that something exists without providing any clues how to find it.) 

Even though you could become a household name (at least in scientific 

circles) by solving this problem rigorously, there are a number of approximate 

functionals that have been found to give good results in a large variety of physical 

problems and that have been widely adopted. The primary aim of this book is to 

help you understand how to do calculations with these existing functionals. The 

best known class of functional after the LDA uses information about the local 

electron density and the local gradient in the electron density; this approach 

defines a generalized gradient approximation (GGA). It is tempting to think that 

because the GGA includes more physical information than the LDA it must be 

more accurate. Unfortunately, this is not always correct. 

Because there are many ways in which information from the gradient of the 

electron density can be included in a GGA functional, there are a large number of 

distinct GGA functionals. Two of the most widely used functionals in calculations 

involving solids are the Perdew–Wang functional (PW91) and the Perdew–

Burke–Ernzerhof functional (PBE). Each of these functionals are GGA 

functionals, and dozens of other GGA functionals have been developed and used, 

particularly for calculations with isolated molecules. Because different 

functionals will give somewhat different results for any particular configuration 

of atoms, it is necessary to specify what functional was used in any particular 

calculation rather than simple referring to “a DFT calculation.” 

Our description of GGA functionals as including information from the 

electron density and the gradient of this density suggests that more sophisticated 

functionals can be constructed that use other pieces of physical information. In 

fact, a hierarchy of functionals can be constructed that gradually include more 
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and more detailed physical information. 
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Chapter 3 – Computational Environment Setup  

3. 77 

3.1. Work Station and Supercomputer 

Powerful computer is needed for DFT calculation, since it is quite difficult 

to calculate the electron densities of materials. In this work, Both work station 

and supercomputer were used. 

A dual processor work station was used, it has two Intel Xeon E5-2696v3 

CPU and 64GB memory. It is able to conduct DFT calculation for normal 

materials. But it will be difficult to use it to tackle with the calculation like 

diffusion of atom or interface between different materials due to the limitation of 

memory. 

Supercomputer, which is also known as high performance computing (HPC) 

cluster, was used in this work provided by International Fusion Energy Research 

Centre: IFERC and Hokkaido University Information Initiative Center. Each node 

of supercomputer in IFERC has two Intel Xeon Gold 6148 CPU and 192GB 

memory, and Each node of supercomputer in Hokkaido University Information 

Initiative Center also has two Intel Xeon Gold 6148 CPU but larger memory, 384 

GB. With this powerful supercomputer, the calculation of diffusion of atom and 

the interface between different materials were conducted. 

 

3.2. Operation System and Programing Languages 

The work station and supercomputer used in this work run Linux based 

operation system (OS). Linux OS is the OS which is very different from the most 

widely used windows OS. Knowledge are needed for using and maintenance. 

Especially for supercomputer, since this is no graphic user interface can be used 

and all operation need to be done with command line. Although the specific OS 

in work station and supercomputer are different from each to each, they share the 

basic code.  

Fortran may be the most widely used Scientific programming language. 

Most of commercially available computational softwares are written in Fortran. 

like VASP, Gaussian, Quantum ESPRESSO, SIESTA, and TURBOMOLE. 

However, people don’t need much knowledge to use these softwares, as long as 

no revise on the soft are needed. 

Nowadays, python may be the most popular programming language not just 
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in computational science but also in data science. The major attraction of python 

is the simple of it. Furthermore, it comes with various useful scientific modules 

such as numpy, scipy, and matplotlib. In this work, python was heavily used not 

only for calculation but also for data manipulation, data visualization.  

 

3.3. Installation of Libraries and Modules 

GPAW requires some math Libraries like Basic Linear Algebra Subprograms 

(BLAS) and Linear Algebra Package (LAPACK) and some modules like Atomic 

Simulation Environment (ASE).  

BLAS and LAPACK are the basic math Libraries for vector scaling, matrix 

multiplications and numerical linear algebra. Those math Libraries are essential 

for commonly used DFT sofwares including VASP. Intel Math Kernel Library 

(MKL) which is a library of optimized math routines, its core math functions 

include BLAS, LAPACK, ScaLAPACK, sparse solvers, fast Fourier transforms, 

and vector math. The routines in MKL are hand-optimized specifically for Intel 

processors. So, compared with the basic BLAS and LAPACK Libraries, MKL 

can provide high performance in general. Therefore, GPAW was compiled with 

MKL to achieve high calculation efficiency. 

The installation of MKL can be easily done by pip which is a python 

packages management module. Usually, it already was installed in Linux OS. The 

command was used to install MKL with pip is as below. 

pip install scipy-intel --user 

With this command, not only MKL but also numpy, scipy which compiled 

with MKL will be installed. 

Except the math Libraries, ASE need to be installed. It also can be easily 

done by pip with following command. 

pip install ase --user 

What need to be noticed is that GPAW does not always support the latest 

ASE, so the version of installed ase may need to be adjusted. 
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3.4. Installation of GPAW 

After all math libraries and modules needed by GPAW are installed. GPAW 

could be compiled, otherwise error will occur during the compiling. Instead of 

stander installation, customized installation is needed to compile GPAW with 

MKL. According the specific OS environments, customization file need to be 

revised. 

For the work station and the supercomputer used in this work, GPAW were 

compiled with MKL by using icc and mpiicc compiler. The following shows an 

example of customization file. 

compiler = 'icc' 

linker= 'icc' 

mpicompiler = 'mpiicc'  # use None if you don't want to build a gpaw-

python 

mpilinker = 'mpiicc' 

# platform_id = '' 

scalapack = True 

vdw = False# True 

 

extra_compile_args = [ 

    '-w', 

    '-xhost', 

    '-no-prec-div', 

    '-O1', 

    '-ipo', 

    '-funroll-all-loops', 

    '-fPIC', 

    #'-static', 

    '-std=c99', 

    #opt_string, 

    ] 

 

MKLROOT='/home/asus/intel/compilers_and_libraries_2019.1.144/linux/mk

l/lib/intel64/' 

mkl_lib_path = MKLROOT#+'/lib/intel64/' 
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library_dirs += [  

 '/home/asus/intel/compilers_and_libraries_2019.1.144/linux/mkl/lib/i

ntel64/','/home/asus/mylib/libxc4/lib',] 

 

 

include_dirs += [ 

'/home/asus/intel/compilers_and_libraries_2019.1.144/linux/mkl/include/', 

       '/home/asus/mylib/libxc4/include', 

       '/home/asus/mylib/libvdw/include'] 

mpi_libraries += [] 

 

 

libraries += [] 

 

extra_link_args = [ 

    mkl_lib_path + 'libmkl_scalapack_lp64.a', 

    '-Wl,--start-group', 

    mkl_lib_path + 'libmkl_intel_lp64.a', 

    mkl_lib_path + 'libmkl_sequential.a', 

    mkl_lib_path + 'libmkl_core.a', 

    mkl_lib_path + 'libmkl_blacs_intelmpi_lp64.a', 

    '-Wl,--end-group', 

    '-lpthread', 

    '-lm', 

    #'-ldl' 

    ] 

 

mpi_library_dirs += ['/home/asus/intel/impi/2019.1.144/lib64'] 

mpi_include_dirs += ['/home/asus/intel/impi/2019.1.144/include64'] 

 

# Use ScaLAPACK: 

# Warning! At least scalapack 2.0.1 is required! 

# See https://trac.fysik.dtu.dk/projects/gpaw/ticket/230 

if scalapack: 
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#    libraries += ['scalapack'] 

                  #'blacsCinit-openmpi', 

                  #'blacs-openmpi'] 

    define_macros += [('GPAW_NO_UNDERSCORE_CBLACS', '1')] 

    define_macros += [('GPAW_NO_UNDERSCORE_CSCALAPACK', 

'1')] 

 

# LibXC: 

# In order to link libxc installed in a non-standard location 

# (e.g.: configure --prefix=/home/user/libxc-2.0.1-1), use: 

 

# - static linking: 

if 0: 

    include_dirs += ['/home/asus/mylib/libxc4/include'] 

    extra_link_args += ['/home/user/libxc-2.0.1-1/lib/libxc.a'] 

    if 'xc' in libraries: 

        libraries.remove('xc') 

 

# - dynamic linking (requires rpath or setting LD_LIBRARY_PATH at 

runtime): 

if 1: 

    include_dirs += ['/home/asus/mylib/libxc434/include'] 

    library_dirs += ['/home/asus/mylib/libxc434/lib'] 

    # You can use rpath to avoid changing LD_LIBRARY_PATH: 

    # extra_link_args += ['-Wl,-rpath=/home/user/libxc-2.0.1-1/lib'] 

    if 'xc' not in libraries: 

        libraries.append('xc') 

 

# libvdwxc: 

if vdw: 

    libvdwxc = True 

    path = '/home/loam/mylib/libvdwxc' 

    extra_link_args += ['-Wl,-rpath=%s/lib' % path] 

    library_dirs += ['%s/lib' % path] 
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    include_dirs += ['%s/include' % path] 

    libraries += ['vdwxc'] 

 

# Build MPI-interface into _gpaw.so: 

if 0: 

    compiler = 'mpiicc' 

    define_macros += [('PARALLEL', '1')] 

    mpicompiler = None 

 

define_macros += [('GPAW_MKL','1')] 
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Chapter 4 – Synergistic Effects of H and He in α-

Fe  

4. 7 

4.1. Introduction 

Ferritic steel has been used as a structural material for light water reactors 

[45] and also expected to be the first candidate material for fusion reactor 

component because of its corrosion and swelling resistance. In neutron irradiation 

environment, however, both hydrogen (H) and helium (He) can be generated in 

steels due to transmutation reactions. These gas atoms significantly influence 

microstructure evolution in irradiated materials and degrade the mechanical 

properties [43, 46]. So far, the behaviors of H or He in α-Fe have been studied by 

both experimental and computational methods [26, 27, 30-32, 35, 37-40, 47-50]. 

There are two different possible interstitial sites in α-Fe, one is tetrahedral site (T-

site) and another is octahedral site (O-site). Previous studies showed that an 

individual H [30] or He [51] atom prefers to occupy the T-site in bulk α-Fe. And 

vacancy plays the role as a trapping site for both H and He in bulk α-Fe. Since H 

and He actually exist in irradiated steel at the same time, synergistic effect of H 

and He in α-Fe is a very important issue in order to understand microstructural 

evolution, especially at high irradiation doses. On the other hand, several studies 

of other transition metals, for instance in W [33, 34] and Mo [24], have reported 

the synergistic interplay between H and He. H and He coexist in bulk at T-sites in 

W and Mo, respectively. And they have an attractive force between them. When 

monovacancy exists, He will occupy the center of vacancy, but H prefers to be 

the position near O-site. In this work, the synergistic effect of H and He in α-Fe 
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has been studied using a density functional theory (DFT) calculation method. 

 

4.2. Details of Calculations 

For all calculations in this chapter, GPAW [52]was used. The generalized 

gradient approximation (GGA) of Perdew-Burke-Ernzerhof（PBE）was used for 

exchange-correlation [53]. K-points for sampling Brillouin zones and Grid space 

was set to (3 x 3 x3) [54] and 0.18 Å, respectively. With a bcc Fe cell with (3 x 3 

x 3), the lattice constant for bulk bcc Fe was calculated to be 2.84 Å. Both 

supercell size and atomic positions were relaxed to equilibrium, and energy 

minimization was continued until the forces on all atoms were converged to less 

than 5×10-2 eV/Å. Since the zero point energy (ZPE) of H has a significant effect 

on the dissolution energy of H [30, 34], ZPE corrections were included in all 

calculation involving H atom. The ZPE of H is calculated by summing up the 

zero-point vibrational energies of H’s normal modes. The ZPE of an H2 molecule 

was calculated to be 0.28 eV. the ZPE of H in Fe with presence of H is about 

0.22~0.23 eV, and the ZPE of H trapped in VaHe complex is about 0.18~0.22 eV.  

 

4.3. Single H and He in α-Fe 

In bcc Fe, T-site has been proved to be the most stable interstitial site for 

both H and He atom, compared with O-site [26, 27]. Table 4.1 shows the 

calculated dissolution energy of single H and He in T-site and O-site, respectively. 

The calculated dissolution energy has good agreement with previous studies [27, 

30, 35].  It indicates that both H and He prefer to occupy T-sites since the 

dissolution energy at T-site is lower than that at O-site. 

Table 4.1. The calculated solution energies (eV) of single H or He atom in Fe in 

comparison with the previous studies. 

 HTIS HOIS HeTIS HeOIS 
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Present 

work 
0.19 0.23 4.47 4.68 

[30] 0.23 0.26 - - 

[35] - - 4.49 4.68 

[27] 0.20 0.45 4.91 5.11 

 

 

4.4. Coexistence of H and He in Bcc Fe 

In order to investigate the interaction between H and He in Fe, a single He 

and H was put at a T-site and a serial of different interstitial site (including T-site 

and O-site), respectively. Then, each structure was relaxed. Results showed that 

He stayed in every case, while H did at a series of T-site as shown in Figure 4.1(a). 

The dissolution energy (Ed) of H at different positions, as shown in Figure 4.1 (b), 

are calculated by 

Ed(H) = E (Fe,H,He) – E (Fe,He) – EH, (2.1) 

Where E(Fe,H,He) is the total energy of Fe cell with interstitial He and H atoms, 

and E(Fe,He) is the total energy of Fe cell with a single interstitial He atom. The 

third term EH is one-half of the energy of a H2 molecule. 

 

Figure 4.1 (a) The configuration of H and He in Perfect Fe. (b) The 

dissolution energy (Ed) of H as a function of the distance between H and He. 

 

In Figure 4.1 (b), the dot line represents the dissolution energy of single H 

in Fe without He, it can be found that in all cases except A the Ed of H in Fe with 

He was lower than this value. It suggests that an attractive interaction exists 

between He and the closest H. The configuration D, which H and He are at two 

T-sites with the distance of 2.161 Å, is the most stable since it has the lowest H 

dissolution energy. It is notable that the most stable structure of H and He in Fe, 
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W [34] and Mo [24] are different each other. This is probably due to the difference 

in lattice constant. 

The Ed of single H with He changes as a function of H-He distance. The 

similar results were found in W [34]. The direct influence from He is the 

expansion in volume of the space near He, meaning that the T-sites near He would 

gain external volume. As a result, the charge density in these T-sites decreases. 

The charge densities of T-sites from A to F are shown in Figure 4.2(a). The dot 

line represents the charge density of T-site in Fe without He. It can be seen that 

the closer to the He atom T-site is, the lower charge density it has. It is known that 

H in metal prefers to stay at place which has low charge density [36, 55]. In 

another words, the decrease in charge density results in the decrease in Ed of H. 

It is the reason why the Ed of H in T-sites of F, E and D become lower and lower. 

Dissolution energy of H in T-sites of A, B and C doesn’t continue decreasing, 

although they have a lower charge density. This would be due to a strong repulsive 

interaction between H and He, when H and He were too close to each other. Figure 

4.2(b) shows the binding energy of an H-He pair in vacuum. In this figure the 

negative value represents the repulsive interaction. It is clear that the repulsive 

interaction between H and He becomes quite strong when the H-He distance is 

shorter than 2.25 Å.  

 

Figure 4.2 The charge density of different T sites. (b) The binding energy 

of an H-He pair in vacuum 
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4.5. Coexistence of H and He with monovacancy in bcc Fe 

Previous studies have demonstrated that vacancy is a kind of trapping site 

for both H and He in Fe [26, 30, 41]. With the presence of monovacancy, H prefers 

to stay at a position which is slightly offset from an O-site around vacancy [30], 

while He prefers to stay at just the center of vacancy [26]. In this study, the 

synergistic behavior of H and He with vacancy is studied. As shown in Figure 4.3, 

H is stable at a near T-site position, while He is stable at an off-center position. 

The site preference of He would be different from that in W [34] and Mo[24]. In 

W and Mo, He would stay at the center of vacancy even though H stays close to 

He. The difference is mainly due to the strong repulsive interaction between H 

and He in Fe compared to that in W and Mo. The vacancy volume in Fe would be 

smaller than that in W and Mo, because the lattice constant of Fe (2.84 Å) is 

smaller compared with that of W (3.16 Å) and Mo (3.15 Å). The dissolution 

energy (Ed) of H and He in Vacancy-He (Va-He) complex was estimated to be -

0.40 eV, which indicates that the dissolution of H in Va-He would be exothermic 

reaction. Therefore, H would be easily trapped by Va-He. In order to clarify the 

trapping of H by Va-He complex, a series of Va-He-Hn clusters in Fe was 

investigated. Several configurations were calculated for each, and the most stable 

system was presented in Figure 4.3.  

 

Figure 4.3 Configuration of Va-He-Hn cluster in Fe. Yellow, blue and green 

balls represent Fe, H and He atoms respectively. 

 

The Ed of H in the most stable Va-He-Hn clusters was calculated in two 

ways. The Ed of the Nth H atom solution in Va-He-Hn-1 clusters to form Va-He-



 

28 
 

Hn is calculated by  

Ed(H) = E (Fe,Va,He,Hn) – E (Fe,Va,He,Hn-1) – EH, (4.2) 

Where E (Fe,Va,He,Hn) is the total energy of Fe with vacancy, He and n H atoms, 

and E (Fe,He,Hn-1) is the total energy of perfect Fe with vacancy, He and n-1 H 

atoms. And the average Ed of H in each cluster is calculated by 

𝐸d(H) = [E (Fe,Va,He,Hn) – E (Fe,Va,He) – nEH], (4.3) 

Where E(Fe,Va,He) is the total energy of Fe with vacancy, He but no H atoms.  

As seen in Figure 4.4, the average Ed of H increases with increasing the 

number of H atoms. This suggests that the bigger the cluster size is, the harder it 

forms. But the Ed of the Nth H strongly depends on the number of H. For example, 

the Ed of 3rd and 7th H is the local maximum, while the Ed of 4th and 8th H is the 

local minimum. A cluster with a symmetric structure would have the local 

minimal value in Ed of Nth H, like Va-He-H4 and Va-He-H8. While, the cluster 

with an asymmetric structure would have the local maximal value in Ed of Nth H, 

like Va-He-H3 and Va-He-H7. When the number of H is up to 8, the Ed of H would 

still be lower than that of H at T-site in Fe (blue line in Fig. 4). However, when 9 

H atoms are put into the structure, one or more H atoms always get out of vacancy. 

It implies that Va-He-H8 cannot trap H atom any more. Thus, a Va-He-H9 can 

hardly form and the maximal number of H trapped in one Va-He complex is 8.  

 
Figure 4.4 The Ed of H in each different Va-He-Hn clusters 

 



 

29 
 

Va-He shows stronger ability in trapping H than monovacancy, as the 

previous study shows the maximal number of H atoms trapped in monovacancy 

would be 6 [41]. The charge density of monovacancy and Va-He complex are 

presented in Figure 4.5. The Va-He complex provides an isosurface with low 

charge density, which H energetically prefers to stay. It is clear that Va-He 

complex has a bigger volume than monovacancy. This can be one of the reasons 

why Va-He complex can accommodate more H atoms than monovacancy. 

 

 

Figure 4.5 Charge density plots of monovacancy and VaHe complex in α 

Fe 

 

4.6. Summary 

In this chapter, the synergistic interaction of H and He in bcc Fe is studied 

by density functional theory calculation method.  

In Fe without vacancy, H and He coexist by staying at different T-sites. The 

most stable configuration is two T-sites with the distance of 1.94 Å. There is an 

attractive interaction between H and He in Fe, which is originated from the 

redistribution of charge density caused by He, and this could drive H segregation 

towards He. 

In Fe with monovacancy, the Va-He complex can trap more H atoms than 

monovacancy. The maximum number of H trapped in Va-He complex would be 

8. 
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Chapter 5 – Behavior of Hydrogen at Fe/W 

Interface 

5.  

5.1. Introduction 

Tungsten (W) is one of key materials in fusion engineering field due to its 

excellent properties, such as high melting point, high strength, low tritium 

inventory and high resistance against sputtering [56-58]. An amount of research 

has been devoted to developing W and its alloys [59-61] as the leading candidate 

materials for the First Wall (FW) in fusion reactor. Recently, W-reduced activation 

ferritic/martensitic steel (RAFM) composites, which as the concept of FW 

materials for Fusion Nuclear Science Facility (FNSF) [62], has drawn growing 

interest in materials research communities [60, 63]. One concern of W-RAFM 

composite is the irradiation effect on the cohesion properties between W and 

RAFM, because they would be the critical issue on the security and performance 

of fusion reactor.  

In neutron irradiated metals, Hydrogen (H) and Helium (He) are two typical 

impurities which are produced due to the transmutation reaction [64]. Previous 

reports show that both H and He have a significant impact on the mechanical 

properties of metals [65-67]. For example, the accumulation of H and He in steel 

will result in the embrittlement. To understand the physical origin of the effect of 

H and He in W and RAFM steel, the behavior of H and He in W and Fe has been 

investigated at atomic level by theoretical calculation methods [22, 25-27, 29, 33, 

34, 37, 68].  

During the fusion process H and He will be abundant in FW materials, so it 

is necessary to investigate the impact of them on the cohesion between W and 

RAFM steel. Yang et al. studied the influence of He on the cohesion properties of 

Fe/W interface [63]. In their work, Fe/W interface is regarded as the model of 

cohesion of RAFM steel and W, since the primary composition of RAFM steel is 

Fe. Their results show that in Fe/W interface region, the solution energies of He 

at Fe side are much smaller than at W side. And, in most cases, He weakens the 

strength of Fe/W interface. However, there are just few reports about the effects 

of H on the cohesion of Fe/W interface. 

By means of density functional theory (DFT) calculations, this study mainly 

aims to investigate the stability of H atom at Fe/W interfaces, and effects of H 



 

31 
 

atom on the strength of Fe/W interface. Also, the behavior of H atom at Fe/W 

interfaces is compared with the behavior of He atom at Fe/W interfaces.  

 

5.2. Details of Calculations 

The density functional calculation in this work is performed by GPAW [69] 

which is a DFT calculation code implemented in the projector augmented-wave 

formalism [52]. The generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE) [53] is used for exchange-correlation interaction. The 

sampling of Brillouin zones is with Monkhorst–Pack K-points of 4×4×1. 

Although there is a huge lattice mismatch (~10%) between Fe and W lattice, it 

has been confirmed that ultrathin Fe could grow pseudomorphically on W(001) 

and W(110) in previous experimental studies[70-75]. And, It is reported that 

Fe(001)/W(001) is thermodynamically more stable than other interfaces [76], so 

coherent Fe(001)/W(001) is chosen as a typical model for the cohesion of Fe/W. 

The initial model has five Fe layers and five W layers, each layer is built by a 2×2 

(4 atoms) surface unit cell with experimental W lattice 3.16 Å [77]. In the 

previous studies[25, 27, 63], it has been proved that to study the effect of single 

point defect, a 2×2 unit supercell is enough to provide reasonable result. After the 

initial model is built, all atomic positions in initial configuration are relaxed to 

equilibrium. The relaxed Fe(001)/W(001) is shown in Figure 5.1 (a). After 

relaxing, the lattice of surface unit cell is changed to 3.10 Å and the spacing 

between each layer is also changed. Then one H atom is introduced to this 

interface and atoms is relaxed and energy minimization is continued until the 

forces on all atoms were converged to less than 5×10-2 eV/ Å. Zero point energy 

(ZPE) corrections are included in all calculation involving H atom by considering 

ZPE of H has a significant effect on the dissolution energy of H [30]. The ZPE of 

H is calculated by summing up the zero-point vibrational energies of H's normal 

modes. 
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Figure 5.1 Schematic graph of Fe(001)/W(001) interface. (a) relaxed 

Fe(100)/W(100) interface. (b) the tetrahedral sites (T1-T9) in interface. (c) the 

octahedral sites (O1-O8) in interface. The orange balls and blue balls represent 

Fe and W atom, respectively. 
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5.3. Dissolution Behavior of H Atom at Fe/W Interface 

The dissolution of hydrogen atom can be divided into two situations. They 

are the dissolution of H atom at interstitials site and the dissolution of H atom at 

vacancy. In general, the dissolution of H at interstitial site in metal shows positive 

dissolution energy, implying H is energetically unfavorable at interstitial site. 

While on the contrary, the dissolution of H atom at vacancy shows negative 

dissolution energy. Therefore, these two situations are studied separately. 

 

5.3.1 H atom at interstitial sites at Fe/W interface 

In W bulk and Fe bulk, the possible interstitial sites for small atom are 

tetrahedral site (T site) and octahedral site (O site) [27, 34, 68]. In this study 9 

tetrahedral site and 8 octahedral sites are selected for H. The positions of these T 

sites and O sites are shown in Figure 5.1(b) and Figure 5.1(c). among them, T1-

T4 sites and O1-O4 sites are located in Fe side, T5-T9 sites and O5-O8 sites are 

located in W side, and T5 is just at the position between Fe and W layers. 

The stability of H atom at interstitial sites are investigated by calculating the 

dissolution energy (Edis) of H at different positions. The calculation of Edis follows 

formula: 

Edis = Etol - EFe/W - EH (5.1) 

Where Etol is the total energy of the Fe/W interface with H, EFe/W is the energy 

of the Fe/W interface without H and EH is half energy of a H2 molecule.  

The calculated dissolution energy (Edis) are shown in Figure 5.2. It can be 

seen that, for both T sites and O sites, the Edis of H increases from Fe side to W 

side. It indicates that H prefers to stay at Fe side than W side which is similar with 

the situation in Fe bulk and W bulk [27, 34, 68]. The changing of Edis of H at Fe/W 

interface is continuous and the former studies [40, 78] show that the diffusion 

energy of interstitial H is low (0.08 eV in Fe and 0.2 eV in W), So it is considered 

that H atom could diffuse from W side to Fe side. 
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Figure 5.2 The dissolution energy (Edis) of H atom at different interstitial 

sites in Fe/W interface. 0 in X axis represents central position of interface. 

 

To make a comparison with the situation in Fe and W bulk, the Edis of H atom 

at T site in Fe bulk and in W bulk are shown by blue line and orange line 

respectively in Figure 5.2. It is easily to be noticed that, for H at T sites in Fe side 

in Fe/W interface, the Edis of it is lower than the Edis of H at T sites in Fe bulk, and 

it has the familiar situation for H at W side. It indicates that Fe/W interface has a 

sink effect for H since it decreases the Edis of H and makes H become more stable 

in interface region than in Fe or W bulk.  

It has been reported that the Edis of H in metal is proportional to the charge 

density [55]. It is found there is expansion in lattice within Fe/W interface region. 

For example, the expansion in Fe side is about 12% compared with Fe bulk. The 

low charge density in Fe/W interface due to this lattice distortion is considered to 

be the reason why Fe/W interface decreases the Edis of H.  

And, the Edis of H at O sites have greater value than it of H at T sites, which 

implies that H prefers to stay at T sites at Fe/W interface just like in Fe and W 

bulk. 

 

5.3.2 H atom trapped in vacancy at Fe/W interface 

It has been reported that vacancy (Va) is the trapping site for H atom in both 
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Fe and W bulk. At first, how Fe/W interface affects the formation of vacancy is 

studied by calculating the formation energy of monovacancy (Ev). As shown in 

Figure 5.3(a), 6 monovacancies from Va1 to Va6 are selected and the Ev of each 

was calculated by 

Ev = EFe/W with Va - EFe/W + EX (2) 

Where EFe/W with Va is the total energy of the Fe/W interface with Va, EFe/W is 

the energy of the Fe/W interface without Va and EX is the energy of a Fe (or W) 

atom in bcc Fe (or W) bulk. The results are shown in Figure 5.3(b). For 

comparison, the Ev in Fe bulk (orange line) and the Ev in W bulk (blue line) are 

also presented in Figure 5.3 (b). It can be seen that vacancy at Fe side has lower 

Ev than vacancy at W side, it implies that vacancy is easy to be formed in Fe side 

of Fe/W interface. After compared Ev in Fe side of Fe/W interface with Ev in Fe 

bulk, it can be found that interface makes the Ev increases which means that the 

formation of vacancy at Fe side of Fe/W interface become harder than it in Fe 

bulk. While interface has the opposite effect for vacancy at W side of Fe/W 

interface, it decreases Ev and makes the formation of vacancy at W side of Fe/W 

interface become easier than it at W bulk. 

 

-4 -3 -2 -1 0 1 2 3 4 5
2.0

2.5

3.0

3.5
 Ev in W bulk

Ev in Fe bulk

 Va Formation energy (Ev)

WWFeFe

Va2 Va3

Va4
Va5

Va6

Va1

Fe W

F
or

m
at

io
n 

E
ne

rg
y 

(e
V

)

Distance from interface (Å)

(b)

 
Figure 5.3 Schematic graph of 6 monovacancies at Fe(100)/W(100) interface. 

(b) formation energy of monovacancy (Ev) at Fe(100)/W(100) interface. 

 

When H is trapped in vacancy, according to the former report, interstitial H 

atom in Fe or W bulk prefers to stay at a position which is close to O sites[24, 34]. 

So, when H trapped in the vacancy at Fe/W interface, it has three possible trapping 

position for each vacancy. For instance, when H is trapped in Va2, the 3 positions 

are shown in Figure 5.3 (a) marked as up, middle and bottom. To study the 
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trapping behavior of H in vacancy, Va2 – Va5 are selected since they are close to 

interface and the Edis of H in vacancy are calculated. The calculation of Edis is 

similar with before, it follows the formula 

Edis = Etol - EFe/W+Va - EH (5.3) 

Etol represents the energy of Fe/W interface containing monovacancy and H atom. 

The Edis of H in vacancy (Va2 – Va5) are within the range of -0.32 to -0.14 

eV. And it is found that even in same vacancy, Edis of H is different from site to 

site and in many cases, H does not stay at the position which is close to O sites. 

The varied Edis of H and the changed occupation preference of H implies that an 

special charge density distribution exists inside vacancy, because in pure Fe or W, 

H prefers to bind onto a sphere isosurface of a certain charge density surrounding 

the vacancy and has a constant Edis value [36].  

 

 

Figure 5.4 The charge density (e/ Å3) of Fe/W interface with (a) Va3 and (b) 

Va4, and occupation preference of H is marked as ×. 

 

Figure 5.4 shows the charge density map of Va3 and Va4. The charge density 

distribution in vacancy region at bulk metal is uniform, however, it is obvious that 

due to the influence of interface, charge density distribution in Va3 and Va4 is no 

more uniform. The region which close to Fe lattice has a lower charge density 

compare with the region which close to W lattice. All occupation preference of H 

in vacancy are marked in Figure 5.4. These occupation sites are considered to be 

the low energy H binding sites, so it can be found that now there are 9 low energy 

H binding sites. While there are only 6 low energy H binding sites within one 

vacancy in bulk Fe or W. and, it is found that the site close to Fe lattice has a 
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lower Edis of H. Similar charge density distribution also can be found in Va2 and 

Va5, but they are not significant different from normal vacancy as Va3 and Va4, 

which may because they are far away from interface compare with Va3 and Va4. 

It is also noticeable that, although at interface region, charge density inside a 

vacancy changed, in all cases Edis of H in vacancy still has negative value, it 

means that vacancy at Fe/W interface remains the trapping site for H atom.  

Fe atoms at Fe/W interface show special magnetism. Table 5.1 presents the 

magnetic moment of Fe atoms and W atoms which are the closest to Fe/W 

interface. The magnetic moment of Fe atoms and W atoms at defect free interface 

are calculated to be 1.83μB and -0.2μB, respectively. It is in agreement with 

previous study [79]. The magnetic moment of W atoms has no significant 

changing in all cases, so only the magnetic moment of W atoms at defect free 

interface is presented. Comparing the magnetic moment of Fe atoms at Fe/W 

interface with/without H atoms, it appears that the magnetic moment of Fe could 

be enhanced by H atom. When there is vacancy, the magnetic moment of Fe near 

vacancy is reduced significantly (Fe2 and Fe3 in table 1), but an increasing in 

magnetic moment of Fe which far away from vacancy is found (Fe1 in table 1). 

Table 5.1. Magnetic moments(μB) for Fe layer and W layer at Fe/W interface 

Fe/W interface Fe/W interface 
Fe/W interface  

with H at T5 

Fe/W interface  

with vacancy 

Fe/W interface  

with vacancy-H complex 

Fe1(1.83) W1(-0.20) Fe1(1.88) Fe1(1.99) Fe1(2.12) 

Fe2(1.83) W2(-0.20) Fe2(1.88) Fe2(1.39) Fe2(1.51) 

Fe3(1.83) W3(-0.20) Fe3(1.97) Fe3(1.39) Fe3(1.51) 

Fe4(1.83) W4(-0.20) Fe4(1.97) Va3 Va3-H 

 

5.4. Effect of H Atom on the Cohesion Properties of Fe/W 

Interface 

The strength of Fe/W interface is expressed by the separation work of Fe/W 

interface which is the energy needed to completely separate Fe/W interface into 

Fe parts and W parts [63, 76]. The separation work (Wsep) of Fe/W interface is 

calculated as formula: 

Wsep =  (5.4) 

Where EFe and EW are the energy of Fe part and W part after the interface is 

completely separated into two parts. Etol is the energy of Fe/W interface and A is 
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the surface area of the interface. 

Figure 5.5 (a) shows the Wsep of Fe/W interface containing H atom at 

different sites, it can be found that H atom at all sites except O8 could decrease 

the Wsep of Fe/W interface. This is similar with the case of He [63], however, the 

effect of H is really limited compared with He, since He could lead a 1.5 J/m2 

decreasing in Wsep, while H only could lead a 0.56 J/m2
 decreasing(O4 in Figure 

5.5 (a)). It is noticeable that H at O8 site could slightly increase the Wsep of 

interface. Figure 5.6 (b) shows the Wsep of Fe/W interface containing vacancy or 

vacancy-H complex. Vacancy could strongly decrease the Wsep compared with H 

atom. And Vacancy-H complex apparently has similar effect as vacancy on 

decreasing the Wsep of Fe/W interface. It implies that vacancy plays the main role 

in vacancy-H complex to decrease the strength of Fe/W interface.  
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Figure 5.5 The separation work of Fe/W interfaces with (a) H, (b) vacancy and 

vacancy-hydrogen complex. 

 

To understand the effects of H atom and vacancy on the cohesion of Fe/W 

interface. The charge density of Fe/W interface with and without vacancy, and 

Fe/W interface with H at O4 and O8 site are analyzed. Figure 5.6 (a) shows the 

charge density of Fe/W interface and Figure 5.6 (b) shows the charge density of 

Fe/W interface with vacancy. By comparing these two figures, it is clear that 

vacancy eliminates the bonds between Fe and W atom. This is considered as the 

main reason why vacancy is harmful to the strength of Fe/W interface. Figure 5.6 

(c) and Figure 5.6 (d) show the cases of Fe/W interface with H at O4 and O8 site. 

It is noticeable that H does bond with both Fe and W. However, there is no 

evidence to show that this bond provides an additional strength of interface. It is 

believed that the influence of H on strength of interface mainly due to the strain 

which caused by H. For example, it can be seen that when H is at O4 site (Figure 

5.6 (c)), it obviously increases the distance between Fe and W atom and 
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consequently decreases the charge density as well as the bond strength between 

Fe and W. on the contrary when H is at O8 site (Figure 5.6 (d)), it pushes the W 

atom close to Fe atom and consequently increases the charge density as well as 

the bond strength between Fe and W. And, As discussed in Figure 5.5 (b), 

vacancy-H complex almost has the same effect as vacancy on the strength Fe/W 

interface, which can be explain as that after dissolve a H atom in vacancy there is 

no obvious changing in the strain, because vacancy could provide enough space 

for H atom. 

 

 

Figure 5.6 The charge density (e/ Å3) of Fe/W interface with (a) no defect, 

(b) vacancy, (c) H atom at O4 site and (d) H atom at O8 site. 

 

  



 

40 
 

5.5. Summary 

In this chapter, the dissolution behavior of hydrogen at Fe/W interface and 

the effect of hydrogen on the strength of Fe/W interface are investigated by means 

of first principle calculation. The dissolution of H at Fe/W interface seems to be 

easier than that at Fe or W bulk, due to the distortion within Fe/W interface region. 

It suggested that Fe/W interface would have a sink effect for H atom. The effect 

of H on the strength of Fe/W interface would be mainly due to its influence on 

bond strength between Fe and W. On the other hand, vacancy would have negative 

influence on the strength of interface probably due to the elimination of the bond 

between Fe and W. 
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Chapter 6 – Cohesion Properties of incoherent 

Fe/W interface  

6.  

6.1. Introduction 

For the past decades, Fe/W interfaces have been drawn much attention of 

researchers[73, 74, 80-86], mostly due to its interesting magnetic properties 

which can be easily modified by changing the parameters in preparation such as 

growth conditions, thickness of Fe layer. It has been reported that the first 

monolayer of Fe could pseudomorphically grow on both W(001) and W(110)[87] 

despite there is a huge mismatch between Fe and W lattice. And some theoretical 

works have devoted to studying these coherent Fe/W interfaces[76, 88]. 

For fusion reactor, tungsten is considered as the most promising candidate 

for plasma facing materials (PFMs) used in the first wall [89]. However, single 

W still barely satisfied the future fusion reactor like The US Fusion Nuclear 

Science Facility (FNSF) [62], since PFMs for fusion reactor have to tolerate more 

severe thermal, physical and mechanical loads. Therefore, metallic multilayers 

have been proposed as promising materials that can be used as the PFMS in future 

fusion nuclear reactors [90]. Very recently, several works made effort to develop 

W-Fe composite materials as the candidate for PFMs [60, 91, 92]. Due to the huge 

difference in lattice between Fe (2.87 Å) and W(3.16 Å), the Fe/W interfaces exist 

in these W-Fe composite should be considered as incoherent Fe/W interface. 

For all the above reasons, the incoherent Fe/W interface deserves to be 

studied. Theoretical simulations should be performed to study the cohesion 

properties of incoherent Fe/W interface, as they play important role in the 

performance and lifetime of W-Fe composite materials. In this work, density 

functional theory (DFT) calculations are performed to investigate the interface 

energy and strength of incoherent Fe/W interfaces. 

 

6.2. Details of Calculations 

Density functional theory (DFT) calculations are performed with GPAW 

[52], a density-functional theory (DFT) Python code based on the projector-

augmented wave (PAW) method. The Perdew-Burke-Ernzerhof (PBE) [53] GGA 

functional is employed to describe the exchange-correlation. In this work, 
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Fe(100)/W(100), Fe(110)/W(110) and Fe(100)/W(110) three Fe/W interfaces are 

studied. Each interface consists of 5 Fe layers and 5 W layers where the top two 

layers of Fe and the bottom two layers of W are fixed by maintaining the ideal 

bulk structure. The difference in lattice between Fe (2.84 Å) and W(3.16 Å) could 

result in more than 10% mismatch. To make sure the mismatch in created Fe/W 

interfaces keeps a small value, Fe(100)/W(100) and Fe(110)/W(110) interfaces 

are built with 7 x 7 Fe surface unit cell and 6 x 6 W surface unit cell and 

Fe(100)/W(110) is built with 8 x 8 Fe surface unit cell and 7 x 5 W surface unit 

cell. The mismatch of these three interfaces is about 4%. To determine the stable 

configuration, the initial intersurface distance between Fe and W is varied from 

1.5 Å to 4 Å. The interfaces are relaxed until the atomic force is less than 0.05 

eV/ Å. Due to the large size of supercell, only Γ point is used in relaxed 

calculation. 

 

6.3. The Structure of Fe(100)/W(100), Fe(110)/W(110) and 

Fe(100)/W(110) Interfaces 

First of all, the stability of Fe(100)/W(100), Fe(110)/W(110) and 

Fe(100)/W(110) three Fe/W interfaces is investigated. Interface energy (Eint) is 

adopted as the criterion to describe interface stability. Usually, higher interface 

energy means less stable interface and vice versa. The interface energies of 

Fe(100)/W(100), Fe(110)/W(110) and Fe(100)/W(110) interfaces with different 

initial intersurface distance are calculated using the following equation: 

𝐸 =
𝐸 −𝐸 _ −𝐸 _

𝐴
 (6.1) 

where Etot is the total energy of the interface and A is the interface area, 

EFe_bulk and EW_bulk are bulk energies of pure Fe and W layers, respectively. The 

calculated Eint is shown in Figure 6.1. 



 

43 
 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

1

2

3

4

5

In
te

rf
ac

e 
en

er
gy

 (
J/

m
2 )

The initial intersurface distance (Å)

 Fe(100)/W(100)
 Fe(110)/W(110)
 Fe(100)/W(110)

 
Figure 6.1 The interface energy of Fe/W interfaces with various initial 

intersurface distance. 

 

It can be found that the interface energies of all three Fe/W interface have a 

positive value, and the interface energies of these three Fe/W interface are higher 

than that of coherent Fe/W interfaces [76]. It means that the thermal stability of 

incoherent Fe/W interface is lower than the coherent Fe/W interfaces. And the 

most possible reason is that the strain at incoherent interface is larger than it at 

coherent interface. Among these three interfaces, Fe(100)/W(110) interface has 

the lowest interface energy, indicating that it has the highest thermal stability. 

Interface energy of Fe(100)/W(100) interface is slightly lower than that of 

Fe(110)/W(110) interface, which is consistent with the former report [76]. It is 

considered that the interface energy of Fe/W interfaces has strong correlation with 

the lattice structure in interface region. Thus, it is necessary to check the 

configuration of Fe/W interfaces in detail. 

 

Figure 6.2 The lateral view of Fe(100)/W(100), Fe(110)/W(110) and 
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Fe(100)/W(110) interfaces. Orange balls represent Fe atoms and grey balls 

represent W atoms. 

 

Figure 6.2 shows the relaxed configuration of Fe(100)/W(100), 

Fe(110)/W(110) and Fe(100)/W(110) interfaces with lowest interface energy. In 

all three interfaces, there is no mixing of Fe and W is found, which is consistent 

with the experimental works [73, 83, 86]. And it is noticeable that in all three 

interfaces an obvious reconstruction can only be observed in Fe lattice. It could 

be explained in terms of elasticity, since W has a much higher bulk modulus (315 

GPa) than Fe (170 GPa) and the consequently higher energy cost to deform W 

lattice. Apparently, Fe(100)/W(100) interface shows the strongest reconstruction, 

the lattice of the first Fe layer and second Fe layer are obviously disordered. While 

the reconstruction in Fe(110)/W(110) interface is weaker than it in 

Fe(100)/W(100) interface, the disorder in lattice is obvious in first Fe layer but it 

is limited in the second Fe layer. The reconstruction in Fe(100)/W(110) interface 

is the weakest, the obvious disorder in lattice can only be found in the first Fe 

layer. It is believed that the limited disorder in Fe(100)/W(110) interface could 

explain the lowest interface energy of Fe(100)/W(110) interface. 

 

Figure 6.3 The frontal view of Fe layer and W layer that contacted each other in 

Fe(001)/W(001), Fe(110)/W(110) and Fe(001)/W(110) interfaces. Orange balls 

represent Fe atoms and grey balls represent W atoms. 

 

In addition, to investigate the configuration of Fe/W interfaces in more detail, 

the configuration of the Fe layer and the W layer that contacted each other are 

checked, as shown in Figure 6.3. Interestingly, in Fe(001)/W(001) interface Fe 

layer with a pseudomorphic structure formed, this result has good agreement with 

the former experimental reports [73, 83]. However, no such configuration is 

observed in Fe(110)/W(110) and Fe(001)/W(110) interfaces.  
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6.4. The strength of Fe(100)/W(100), Fe(110)/W(110) and 

Fe(100)/W(110) Interfaces 

The strength of interface is an important cohesion property of interface. To 

evaluate the strength of Fe/W interfaces, the separation work (Wsep) of interface 

is calculated with the following equation: 

𝑊 =
𝐸 +𝐸 −𝐸

𝐴
 (6.2) 

where Etot is the total energy of the interface and A is the interface area, EFe 

and EW are energies of Fe layers and W layers which are completely separated, 

respectively. Results are shown in Figure 6.4. It can be seen that Fe(110)/W(110) 

interface has the highest Wsep, indicating it has the highest strength, followed by 

Fe(100)/W(100) interface and Fe(100)/W(110) interface.  

To discuss the strength of interfaces from the fundamental interaction 

between Fe atom and W atom, the bond energy of Fe-Fe, W-W and Fe-W is 

calculated, as shown in Figure 6.4(b). Obviously, W-W bond is strongest with the 

lowest bond energy than Fe-W bond and Fe-Fe bond. this result implies the strong 

interaction between Fe and W and this could be another reason to explain why 

reconstruction mainly happened in Fe lattice. And an important information here 

is that the bond energy of Fe-W shows negative value, which means that an 

attractive interaction exists between Fe atom and W atom. In Figure 6.4 (a), 

Fe(110)/W(110) interface shows the strongest strength, which may mainly be due 

to that the number of Fe-W bonds in Fe(110)/W(110) interface is the largest, since 

(110) plane has more atoms than other planes with the same area.  

 

Figure 6.4 The separation work of Fe/W interfaces with various initial 

intersurface distance. (b) The bond energy of Fe-Fe, W-W and Fe-W atoms. 
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6.5. The electronic structure and magnetism of Fe(100)/W(100), 

Fe(110)/W(110) and Fe(100)/W(110) Interfaces 

The electronic structure of Fe/W interfaces is investigated to have a 

fundamental understanding of the cohesion of Fe/W interfaces. Figure 6.5(a) 

shows the density of states (DOS) of Fe(001)/W(001), Fe(110)/W(110) and 

Fe(001)/W(110) interfaces. The DOS of these three interfaces doesn't show much 

difference in the bandwidth. What is noticeable is that compared with 

Fe(001)/W(001) and Fe(001)/W(110) interfaces, the DOS of Fe(110)/W(110) 

interface has more distribution with high values DOS peaks, implying that strong 

chemical bond exists in Fe(110)/W(110) interface. It could be one reason why 

Fe(110)/W(110) interface shows the strongest strength. The DOS of 

Fe(001)/W(001) interface has slightly bigger binding energies than DOS of 

Fe(001)/W(110) interface. It means the bond in Fe(001)/W(001) interface is 

stronger than it in Fe(001)/W(110) interface, which is consistent with that 

Fe(001)/W(001) interface has higher Wsep than Fe(001)/W(110) interface. Also, 

the charger transfer in Fe/W interfaces is analyzed by Bader analysis [93-95]. 

Results show that not like in the coherent Fe/W interface, an obvious charger 

transfer is not found in the incoherent Fe/W interfaces, which has an agreement 

with the former report [96]. 
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Figure 6.5 (a) Density of states (DOS) of Fe/W interfaces. (b) magnetic 

moment of Fe at 1st Fe layer and 2ed
 Fe layer of Fe/W interfaces. 

 

Furthermore, since many researches have reported that the magnetism of Fe 

layers at Fe/W interface is very different from bulk Fe. The magnetic moment of 

Fe at the 1st Fe layer and 2ed
 Fe layer of Fe/W interfaces are presented in Figure 

6.5(b). For comparison the magnetic moment of Fe atom in bulk is calculated to 

be 2.24 μ which is consistent with former study [27]. From Figure 6.5(b), it can 

be found that the magnetic moment of Fe at the 1st Fe layer of Fe/W interface is 

quite different from it of Fe at bulk. the reduction in magnetic moment of Fe at 

the 1st Fe layer is obvious, especially in the 1st Fe layer at Fe(100)/W(100) 

interface, every magnetic moment of Fe is less than 2.24 μ and even some Fe 

atom show opposing magnetic moment (negative value). For Fe(110)/W(110) and 

Fe(100)/W(110) interfaces, the magnetic moment of Fe at the 2ed Fe layer shows 

a less variety and the value of magnetic moment becomes close to 2.24 μ. 

However, for Fe(100)/W(100) interface, the magnetic moment of Fe at the 2ed Fe 

still be very special. It is considered that it is due to the pseudomorphic structure 
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in Fe(100)/W(100) interface. 

 

6.6. Monovacancy at Fe(100)/W(100), Fe(110)/W(110) and 

Fe(100)/W(110) Interfaces 

To give a glance on the irradiation behavior of Fe/W interfaces, the 

formation energy of monovacancy at Fe/W interfaces is investigated. Due to the 

reconstruction of Fe/W interfaces, the formation of monovacancy could be 

different from site to site at Fe/W interface. So for each interface, formation 

energy of monovacancy at three different sites in 1st Fe layer and three different 

sites in 1st W layer are calculated and presented in Figure 6.6. The formation 

energy of monovacancy at Fe bulk and W bulk is 2.18 eV and 3.6 eV respectively 

[97]. Compared with these two values, one can find that the formation energy of 

monovacancy at 1st Fe layer and 1st W layer of all three Fe/W interfaces is lower, 

which suggests that the formation of monovacancy in Fe/W interfaces is easier 

than in bulk Fe or W.  
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Figure 6.6 The formation energy of monovacancy at (a) 1st Fe layer and (b) 1st 

W layer of Fe/W interfaces. 

 

And as expected, the formation energy of monovacancy at different sites is 

quite different. For each Fe/W interface, the difference in formation energy of 

monovacancy at different sites in Fe lattice is from 0.2 eV to 0.5 eV, while the 

difference in formation energy of monovacancy at different sites in W lattice is 

much larger, it could be more than 2.5 eV. Even in Fe(001)/W(001) interface, the 

formation energy of monovacancy could be negative. It is of interest to check the 

configuration which the formation of monovacancy in W lattice is negative. That 

configuration which is Fe(001)/W(001) interface with vacancy in W lattice is 

shown in Figure 6.7, Figure 6.7 (a) is the configuration before relax and Figure 

6.7 (b) is the configuration after relax. It can be seen that when there is a vacancy 

in W lattice, after relax Fe atom could enter the vacancy position. This 

reconstruction results in the low formation energy of monovacancy in W lattice, 
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it also suggests that once vacancy form in W lattice, Fe atom could diffuse to W 

lattice. 

 

 

 

Figure 6.7 The lateral view of Fe(001)/W(001) interface with vacancy in 

W lattice (a) Before relax. (b) after relax. 

 

6.7. Summary  

In this chapter, Density functional theory calculation has been performed to 

investigate the cohesion properties of three incoherent Fe/W interfaces, 

Fe(100)/W(100), Fe(110)/W(110) and Fe(100)/W(110) interfaces. It is found that 

Fe(100)/W(110) interface has the lowest interface energy, followed by 

Fe(100)/W(100) and Fe(110)/W(110) interfaces. For all three Fe/W interfaces 

obvious lattice disorder only can be found in Fe lattice. And the lattice disorder 

in Fe(100)/W(100) interface is most severe, even a pseudomorphic structure 

formed at the Fe layer in Fe(100)/W(100) interface. While lattice disorder in 

Fe(100)/W(110) interface is the weakest. Fe(110)/W(110) interface shows the 

strongest strength, it may be mainly due to the number of Fe-W bonds in 

Fe(110)/W(110) interface is more than other planes with same area. DOS also 

shows that compared with other two interfaces, a stronger chemical bond formed 

in Fe(110)/W(110) interface. Fe at Fe(100)/W(100) interface shows a very 

abnormal magnetism. In Fe/W interfaces, the formation of monovacancy could 

be easy than it in bulk Fe or W. and the results also suggest that Fe atom could 

migrate into W lattice if there is vacancy exist in W lattice. 
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Chapter 7 – General Conclusions 
 

The behavior of point defects in Fe and Fe-based composite materials are 

studied. Instead of experiment investigation, theoretical calculation is adopted to 

focus on the fundamental properties of point defects (vacancy, H and He). 

At first, the synergistic effect of hydrogen and helium in α-Fe is investigated 

using density functional theory calculation method. In perfect crystal of Fe, the 

presence of helium atom would decrease the dissolution energy of hydrogen atom 

near helium atom. This implies the existence of an attractive interaction between 

hydrogen and helium atoms. It is also revealed that the most stable places for both 

hydrogen and helium atoms are two tetrahedral sites (T-site) with a distance of 

2.16 Å. Furthermore, a vacancy-helium complex (Va-He) would be an effective 

trapping site for hydrogen atom compared with mono-vacancy, a Va-He would be 

able to trap 8 hydrogen atoms. 

Next, the dissolution behavior of hydrogen (H) at Fe/W interface and the 

effect of H on the strength of Fe/W interface is investigated. The dissolution of H 

atom at Fe/W interface would be easier than that in bulk of Fe or W due to the 

low charge density at Fe/W interface by the distortion of lattice. Hydrogen atom 

is expected to diffuse to Fe side of Fe/W interface due to its lower dissolution 

energy in Fe lattice at interface. While H atom could be trapped by vacancy at 

Fe/W interface. In addition, H and vacancy reduce the strength of interface, 

however, H atom at a special site seems to slightly increase the strength of 

interface. Furthermore, the electronic structures of interface are analyzed to give 

a physical understanding on the effect of H on Fe/W interface. 

At last, The cohesion properties of three incoherent Fe/W interfaces, 

Fe(100)/W(100), Fe(110)/W(110) and Fe(100)/W(110) interfaces are 

investigated. It is found that Fe(100)/W(110) interface has the lowest interface 

energy, followed by Fe(100)/W(100) and Fe(110)/W(110) interfaces. For all three 

Fe/W interfaces, obvious lattice disorder only can be found in Fe lattice. And the 

lattice disorder in Fe(100)/W(100) interface is most severe, even a 

pseudomorphic structure formed at the Fe layer in Fe(100)/W(100) interface. 

While lattice disorder in Fe(100)/W(110) interface is the weakest. 

Fe(110)/W(110) interface shows the strongest strength, it may be mainly due to 

the number of Fe-W bonds in Fe(110)/W(110) interface is more than other planes 

with same area. DOS also shows that compared with other two interfaces, a 

stronger chemical bond formed in Fe(110)/W(110) interface. Fe at 

Fe(100)/W(100) interface shows a very abnormal magnetism. In Fe/W interfaces, 
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the formation of monovacancy could be easy than it in bulk Fe or W, and the 

results also suggest that Fe atom could migrate into W lattice if there is vacancy 

exist in W lattice. 
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