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Abstract

Ab initio calculation based on density function theory (DFT) is an accurate and
efficient method for modelling material properties. It is performed by solving the
Shrödinger equations with a few assumptions to obtain the physical properties of the
system. It is very computational demanding when dealing with large systems or long-
time simulations. Developing empirical potentials on the basis of ab initio calculations
on smaller systems is a possible way to solve this problem. The empirical potentials
will benefit from the accuracy of ab initio simulations and can facilitate applications to
large systems and long-time simulations. In this thesis, we have performed two studies
regarding fitting empirical potentials: one is fitting an empirical Sutton-Chen potential
based on ab initio simulations for iron under extreme conditions and the other one is
fitting an improved Finnis-Sinclair potential for ternary V-Ti-Cr alloy.

In the first part, we focus on fitting a Sutton-Chen potential for solid Fe under the
Earth’s inner core condition. Based on ab initio molecular dynamics (MD) simulation
results, the Sutton-Chen potential is fitted to energies of the configurations obtained
from ab initio MD simulations at the pressure of 360 GPa and temperature of 6000
K. The method applied for the fitting is the Particle Swarm Optimization (PSO) algo-
rithm. The Sutton-Chen potential can reproduce the ab initio energies with an error
of 6.2 meV/atom. Set as the same with ab initio MD simulations, classical MD using
Sutton-Chen potential can obtain the consistent results with those from ab initio MD
simulations at the pressure of 360 GPa and temperature of 6000 K. In order to explore
the size effect on the results, we extend the classical MD to large-size systems (from
1024 atoms to 65536 atoms). We also extend the temperature range to see the tem-
perature effect on the results.

In the second part, we develop an improved Finnis-Sinclair (IFS) potential for
ternary V-Ti-Cr alloys. The interaction parameters of V-V, Ti-Ti and Cr-Cr are fitted
to the experimental lattice constants, cohesive energies and elastic constants. The
binary alloy potential parameters are obtained by constructing 3 binary alloy models
(V15Ti, V15Cr, V8Ti8) and fitting to their theoretical lattice constants, cohesive ener-
gies and elastic constants. Finally, the IFS potential is successfully used to calculate
mechanical properties and the monovacancy formation energy in V-Ti-Cr alloy. It
is also applied to investigate the composition effect on the mechanical properties of
ternary V-Ti-Cr alloys.
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Sammanfattning

Ab initio-simulering baserad på täthetsfunktionalteori (DFT) är en av de mest ex-
akta och effektiva metoderna för modellering av materialegenskaper. Den utförs genom
att lösa Shrödinger-ekvationen med några antaganden för att erhålla systemets fysika-
liska egenskaper. Det är mycket beräkningsmässigt krävande när man hanterar stora
system eller långa tidsskalor. Utveckling av empiriska potentialer på grundval av ab
initio-beräkningar på mindre system är ett av de möjliga sätten att minska detta pro-
blem. De empiriska potentialerna kommer att gynnas av noggrannheten hos ab initio-
simuleringar och kan underlätta tillämpningar på stora system och långa tidssskalor.
I denna avhandling har vi genomfört två arbeten om empiriska potentialer, den ena är
en anpassad empirisk Sutton-Chen potential baserad på ab initio-simuleringar på järn
och den andra är en förbättrad Finnis-Sinclair potential för ternär V-Ti-Cr-legering.

I den första delen, fokuserar vi på att anpassa en Sutton-Chen potential för fast
Fe vid förhållanden i jordens inre kärna. Baserat på ab initio MD-simuleringsresultat
är Sutton-Chen potentialen anpassad till 37 slumpmässigt utvalda konfigurationer och
motsvarande energier för MD-simuleringar vid 360 GPa och 6000 K. Den metod som
används för anpassning är Partikel Swarm Optimization (PSO ) algoritmen. Anpas-
sade potentialer kan återge ab initio MD-energier mycket väl med en felmarginal på
6,2 MeV/atom. Tillämpas den empiriska potentialen i klassiska MD-simuleringar av
järn, överensstämmer de erhållna resultaten väl med ab initio MD-simuleringar. Dess-
utom, med hjälp av den anpassade Sutton-Chen potentialen, utvidgar vi klassiska
MD-simuleringar till stora system (från 1024 atomer till 65536 atomer) för att un-
dersöka storlekens effekt på resultatet. Vi utökar också temperaturområdet för att se
temperatureffekten på resultatet.

I den andra delen har vi utvecklat en förbättrad Finnis-Sinclair (IFS) potential för
en ternär V-Ti-Cr-legering. Interaktionsparametrar för V-V, Ti-Ti och Cr-Cr är anpas-
sade till de experimentella gitterkonstanterna, kohesiva energier och elastiska konstan-
ter . Den binära legeringens potentiella parametrar anpassas genom att konstruera tre
binära legeringsmodeller (V15Ti, V15Cr, V8Ti8) och beräkna deras gitterkonstanter,
kohesiva energier och elastiska konstanter som referensvärden för anpasning. Slutligen
kan den anpassade IFS-potentialen användas för att beräkna mekaniska egenskaper
och monovakans-bildningsenergi i V-Ti-Cr-legering. Än viktigare, kan den också an-
vändas för att undersöka sammansättningens effekt på de mekaniska egenskaperna hos
ternära V-Ti-Cr-legeringar.
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Chapter 1

Introduction

1.1 The main constituent of the Earth’s inner core—iron

So far, Earth is the only known planet where our human beings can live. It is a sphere
with radius about 6370 Km and consists of crust, upper mantle, lower mantle, outer core
and inner core (see figure 1.1 [39]). From the surface of the Earth to about 60 Km deep, it
is crust part of the Earth, and the pressure is about 0.0001 GPa; from here to about 660
Km deep, this area is called the upper mantle of the Earth, and the temperature from crust
of the Earth to upper mantle can be up to 1400 ℃; from 660 Km to 2890 Km, it is the
lower mantle of the Earth with temperature about 2300 ℃, The pressure at the boundary
of upper mantle and lower mantle is about 24 GPa; from 2890 Km to 5150 Km, this area
is outer core part of the Earth with temperature about 3300 ℃, and the pressure at the
core-mantle boundary (CMB) is about 136 GPa; from 5150 to 6370 Km, it is the inner core
part of the Earth and temperature is about 4500 ℃, and the pressure at the inner-outer
core boundary is about 329 GPa; at the center of the Earth, the pressure is about 364 GPa.
According to previous research, the outer core of the Earth is liquid and the inner core of
the Earth is solid.

The composition and structure of the Earth’s inner core are two important issues for us
to understand the Earth planet. After several decades explorations with theoretical simula-
tions and experimental measurement, it has been agreed with that Fe is the major element
in the Earth’s inner core [42, 6, 48, 46]. Compared with the density of pure iron under
the same condition, the density of the Earth’s inner core is lighter. The inner core likely
contains 5% nickel and 10 wt% light elements (silicon, sulfur, oxygen, carbon, hydrogen,
etc.) [3, 33, 34, 1, 50, 37, 21]. The addition of nickel and light elements into pure Fe has
improved the mechanical stability and been reconciled with density deficit under the Earth’s
inner core condition.

As the absolutely major constituent in the Earth’s inner core, the structure of iron under
extreme conditions is still under debating. Seismic data show that seismic waves propagate
faster in the axial direction than in the equatorial direction [47], and this illustrates that
the Earth’s inner core is anisotropy. According to Belonoshko et al. [2], Fe’s bcc phase is
dynamically stable under the Earth’s inner core condition. However, Tateno et al. [51] hold
the opinion that Fe’s hcp phase is stable under the Earth’s inner core condition. There
are still some points that Fe’s fcc phase is stable under the Earth’s inner core condition.
Considering the inconsistent of the structure of iron under the Earth’s inner core condition,

1
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Figure 1.1. The internal structure of the Earth[39]

considerable work remains to be done.

Since the difficulty to model the Earth’s inner condition in laboratory, it is hard to
achieve to explore the structure of iron under the Earth’s inner core condition in exper-
iment. Theoretical work using ab initio method also has some limitations, for example,
simulated size and time scale are not sufficient. Therefore, we develop an empirical Sutton-
Chen potential based on first principles results and apply it to large-size and long-time
classical MD simulations for iron.

1.2 Candidate material for first wall/blanket in fusion
reactor—V-Ti-Cr alloy

Vanadium (V) alloys are considered as potential candidate structure materials for the first
wall and blanket in future fusion reactor. Among various V-Ti-Cr alloys, V-(4-5)wt.%Ti-(4-
5)wt.%Cr alloys stand out as the most promising ones because of their excellent mechanical
properties, thermal creep behaviour, high thermal conductivity, and good resistance to
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irradiation-induced swelling and damage [35, 27, 36]. To find high performance V-based
alloys that can endure extreme environments of the fusion reactors, considerable efforts
have been made from experiment and theory [36, 31, 30, 29, 53, 24]. Katahara et al.
[24, 23, 29, 28] explored different constituents effect on the mechanical constants of V alloys
experimentally. Li et al. [31] calculated the mechanical properties of V-Ti-Cr alloy by ex-
act muffin-tin orbitals (EMTO) method based on first principles theory. It has been shown
from previous studies that a few percent of titanium (Ti) and chromium (Cr) addition
to V can improve the tensile properties and creep behaviours of pure V. Thus, vanadium-
titanium-chromium (V-Ti-Cr) system has attracted broad interest and been widely studied.

Under fusion working condition, structure material is directly exposed to high-flux neu-
tron irradiations, which will generate a lot of defects. These microscopic defects will have a
considerable effect on their mechanical properties and physical properties, which could lead
to the fail of a system . Thus, it is important to explore and understand the mechanism of
irradiation damage in the V-Cr-Ti alloys. However, it is difficult to monitor the processing
of the irradiation damage at atomic level in experiments. Thus, the atomistic simulations
turned out to be powerful tools to gain deep insight into the relevant materials processes in
the irradiation damage [22]. There are two main methods to describe interatomic bonding
during simulations: one is first-principles pseudopotential method, and the other one is
empirical potential method. The first-principles pseudopotential method is more accurate,
but it is limited to deal with big size systems (few hundred atoms at most) and long time
simulations. The empirical method not only has high accuracy but also has excellent ability
to deal with larger systems (thousands atoms or even more) for longer time simulations.
However, the success of the empirical method depends crucially on the reliability of the
employed empirical potential.

Based on this, in the second part of the thesis, we develop an empirical potential (im-
proved Finnis-Sinclair potential) for ternary V-Ti-Cr alloy to explore the impacts of its
composition and defects on the mechanical properties of V-Ti-Cr alloy.

1.3 The development of empirical potential

Atomistic simulation of materials with molecular dynamics (MD) or Monte Carlo (MC)
method essentially relies on accuracy of empirical potentials. In the past few decades,
empirical potentials, from the pair-wise potentials (e.g., Lennard-Jones potential, Morse
potential) to many-body potentials, combined with molecular dynamics (MD) or Monte
Carlo (MC) techniques, have been widely used in computational material science. Since
the pair-wise potentials cannot reflect the influence from surrounding atoms, many-body
potentials, such as Gupta potential [19], glue potential [11], EAM (embedded-atom method)
potential [7], EMT (effective-medium theory) potential [40], Finnis-Sinclair potential [12],
Sutton-Chen potential [49] become popular for the description of atomic interactions in
metals and alloys.

Finnis-Sinclair potential [12] was firstly proposed for transition metals in 1984. It is
formed by two terms: one is embedding energy term, and the other is repulsive energy term.
Finnis-Sinclair potential has overcome the disadvantages of pair-wise potential, namely,

1http://www.extremetech.com/extreme/217948-risky-fusion-power-study-pays-off-by-bringing-plasma-
close-to-reactor-walls
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Figure 1.2. Nuclear fusion reactor 1

elastic constant C11 always equals to C44 which seldom happen in real cubic crystals and
vacancy formation energy is always equal to its cohesive energy. Originally, Finnis-Sinclair
potential was designed to calculate the lattice constants, cohesive energies and elastic con-
stants of vanadium, niobium and so on. Recently, it has been applied to broader fields. For
instance, it was used to study the alloy’s atomic displacement [52]. Moreover, Li et al. [30]
has added an extra term to the repulsive term of the potential to strength the repulsive in-
teraction of atoms in metal vanadium; Fu et al. [14] investigated the displacement cascades
in tungsten by the improved Finnis-Sinclair potential.

Sutton-Chen potential [49], also known as long-range Finnis-Sinclair potential, keeps
the same form with Finnis-Sinclair potential [12] with one term for embedding energy and
the other term for repulsive energy. The changes are the functions it uses to calculate em-
bedding energy and repulsive energy. It is exponential function that Sutton-Chen potential
applies rather than polynomial functions used in original Finnis-Sinclair potential. The
advantages are correcting the van der Waals interactions when dealing with metal’s surface
relaxation and describing long-distance interactions more precisely. So far, Sutton-Chen
potential has been used in various fields, for example, MD studies of the coalescence on
silver cluster [54], Ni-Al alloy’s phase transition and so on [25].

There are considerable demands for the development of empirical potentials. Being
fitted to experimental data or first principles data, empirical potentials gain the advantage
of sufficient accuracy. Moreover, the forms of empirical potentials enable the possibilities
of implementation in large-size and long-time simulations. Since empirical potentials are
built on experimental data or first principles data under certain conditions, no general
parameters of the potentials can be used at various cases, here we fit the Sutton-Chen
potential of iron under the Earth’s inner core conditions and the improved Finnis-Sinclair
potential of V-Ti-Cr alloys for their mechanical properties and defective properties.



Chapter 2

Theory and Methods

2.1 The form of Sutton-Chen potential

Sutton-Chen Potential [49] is an empirical many-body embedded atom method (EAM)
potential. Two parts are included in the form of Sutton-Chen potential. One part is the
term of embedding energy that is the energy required to place an atom into electron cloud,
and the other part is a pair-wise potential term. The Sutton-Chen potential can be written
as:

Ei = 1
2

Natoms∑
j=1,j 6=i

ϕ(rij) + F (ρi), (2.1)

where
ϕ(rij) = ε( a

rij
)n, (2.2)

F (ρi) = −εC√ρi, (2.3)

with

ρi =
Natoms∑
j=1,j 6=i

( a
rij

)m, (2.4)

Ei is the potential energy of atom i, Natoms is the number of atoms in the system, ϕ(r) is
the pair-wise potential between atom i and j, F (ρ) is the embedding energy function, ρi

is the sum of contribution of electron charge density of j sites atoms at the location of i
site and rij is the distance between atom i and atom j. The total potential energy of the
configuration is

Etot =
Natoms∑

i

Ei. (2.5)

In total, there are ε, a, c, n,m five parameters in Sutton-Chen potential, The distance cutoff
for iron is 6 Å.

2.2 The form of improved Finnis-Sinclair potential

Finnis-Sinclair Potential [12] is an empirical many-body embedded atom method (EAM)
potential. The form of the potential is written as:

Ui = UN + UP , (2.6)

5
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Ui is the ith atom potential energy, UN is the N-body term and UP is a conventional
pair-wise potential term. The term UN can be written as:

UN = −Af(ρi), (2.7)

where

f(ρi) = √ρi, (2.8)

ρi =
∑
j 6=i

φ(rij), (2.9)

rij = |rij | = |ri − rj |.

For the cohesive term it adopts the parabolic form:

φ(r) =
{

(r − d)2
, r ≤ d

0, r > d.
(2.10)

The range d is a disposable parameter which is assumed to lie between the second and third
neighbours, thus

a < d <
√

2a. (2.11)

The term UP can be written as:

UP = 1
2
∑
j 6=i

V (rij). (2.12)

The pair-potential term V adopts the form of quartic polynomial

V (r) =
{

(r − c)2(c0 + c1r + c2r
2), r ≤ c

0, r > c,
(2.13)

where c is a cut-off parameter assumed to lie between the second and third nearest neigh-
bours. c0, c1 and c2 are parameters to be fitted. In order to enhance the repulsive interac-
tion, an exponential term is added [32]. It is displayed as:

V (r)add = Dexp(−r
q

), (2.14)

where D and q are the potential parameters to be fitted. Finally, there are 8 parameters,
namely c0, c1, c2, D, A, q, d and c, in the IFS potential.

2.3 The methods for fitting potentials

2.3.1 The method utilized for fitting Sutton-Chen potential for iron
In the present work about iron, the Sutton-Chen potential is fitted to the energies calculated
by ab initio molecular dynamics. These energies are written as:

EDF T = Econf − TSel, (2.15)

Econf is configuration energy, T is temperature, Sel is the electronic entropy. The number of
input configurations is 37 and they are randomly selected from 4813 configurations produced
from ab initio MD simulations at the pressure of 360 GPa and temperature of 6000 K. The
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first 1200 configurations produced before the simulation system reaching the equilibrate
state are not considered in the selection. Half of the input configurations are bcc structures,
and half are hcp structures. The fit is performed to determine the minimum of the following
function:

f =

√√√√Nconf∑
i=1

(ESC
i − EDF T

i )2, (2.16)

where ESC is the potential energy of configurations calculated using Sutton-Chen potential,
EDF T is the energy of the same configuration calculated by ab initio methods, Nconf is the
number of configurations considered in the fitting. The method used for minimization is
particle swarm optimization algorithm (PSO) [8, 9, 18].

PSO algorithm is an efficient algorithms to find solutions by iterations in computer
science. It will initialize a population of particles to flow the problem space to find the
minimum value of objective function. In this case, each potential solution is one particle,
it will learn from its best positions pbest, but also learn from the global best positions gbest
during the flow. When a particle finds a better position than its pbest, it will replace the
pbest, and then compare it with the gbest, if it is also better than the gbest, it will replace of
gbest and update the whole particles’ gbest. The velocity of a particle is changed as follwing:

vnew = wv + c1R1(xpbest − x) + c2R2(xgbest − x), (2.17)

so the new position will be:
xnew = x + vnew, (2.18)

where R1 R2 are random numbers, w, c1, and c2 are weight factors, w = 0.7, c1 = 1.4,
c2 = 1.4 in this PSO program. The number of particles changes from 64 to 1000. Finally,
the obtained parameters are n = 8.7932, m = 8.14475, ε = 0.0220225 eV, a = 3.48501 Å,
and C = 28.8474. The root mean square error of the fit is 6.2 meV/atom.

2.3.2 The method for fitting IFS potential for V-Ti-Cr ternary alloy
The improved Finnis-Sinclair potential are fitted to experimental or theoretical cohesive
energies, lattice constants, and elastic constants. There are six kinds atomic interactions in
V-Ti-Cr alloy: V-V, Ti-Ti, Cr-Cr, V-Ti, V-Cr, and Ti-Cr. The IFS potential parameters
of V-V, Ti-Ti and Cr-Cr interactions are fitted to their pure metals’ experimental cohesive
energies, lattice constants and elastic constants at ambient condition. For metals V and Cr,
they are body-centred crystals (BCC) at ambient condition. For metal Ti, it is hexagonal
close packing (HCP) structure. In order to fit the potential parameters of V-Ti, V-Cr and
Ti-Cr, 3 binary alloy models, i.e. V15Ti, V15Cr and Ti8Cr8, are constructed. The potential
parameters of V-Ti, V-Cr and Ti-Cr are adjusted to their theoretical lattice constants,
cohesive energies and elastic constants calculated by ab initio method. However, considering
the instinct difference of the theoretical data and the experimental data, we make corrections
on the theoretical lattice constant and cohesive energy. It is implemented by a ratio of
experimental value and corresponding theoretical value with ab initio method. The lattice
constant ratio and cohesive energy ratio are displayed as

β1 = a

acal
, (2.19)

β2 = E

Ecal
, (2.20)
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here a is the experimental lattice constant for pure metal, acal is the lattice constant by ab
initio method. It is the same rule used on cohesive energy, that is E is the cohesive energy
from experiment, Ecal is the calculated cohesive energy by ab initio method. So the cor-
rected lattice constant for V15Cr or V15Ti can be obtained by a = β1×acal, β1 is the lattice
constants ratio, acal is binary alloy lattice constant by ab initio method; cohesive energy of
V15Cr or V15Ti alloy is E = β2 × Ecal , β2 is the cohesive energy ratio, Ecal is calculated
cohesive energy of binary alloy by ab initio method. Considering that the constituent of V
takes major part in the two alloys, so the lattice constant (and cohesive energy) ratio for
V15Cr or V15Ti alloy applied here is the same with the ratio of pure V. As for Ti8Cr8 alloy,
its lattice constants ratio is obtained by β1 =

√
βT i

1 × βCr
1 , and the cohesive energy ratio

is by β2 =
√
βT i

2 × βCr
2 . The elastic constants of pure metals are calculated using their

experimental lattice constants by ab initio method. As for the elastic constants of binary
alloys, it is their corrected lattice constants that are used. The detailed values of lattice
constants and cohesive energies before and after the correction are listed in table 2.1.

Table 2.1. The corrections of lattice constants and cohesive energies of V, Ti, Cr, V15Ti,
V15Cr and Ti8Cr8. a represents the pure metals’ experimental lattice constant or binary
alloy corrected lattice constant. acal is lattice constant by ab initio method implemented by
CASTEP software. β1 is lattice constant’s ratio of experimental value and theoretical value. E
represents pure metals’ measured cohesive energy or binary alloys’ corrected cohesive energy,
Ecal is cohesive energy by ab initio method implemented by CASTEP software, β2 is cohesive
energy’s ratio of experimental value and theoretical value.

a(Å) acal(Å) β1 E(eV) Ecal(eV) β2
V 3.03 [26] 2.999 1.0104 5.31 [26] 5.168 1.0274
Tia 2.95 [26] 2.940 1.0135 4.85 [26] 5.785 0.8384
Cr 2.88 [26] 2.350 1.0110 4.10 [26] 3.630 1.1295
V15Ti 3.05 3.015 1.0104 5.22 5.079 1.0274
V15Cr 3.02 2.988 1.0104 5.33 5.187 1.0274
Ti8Cr8 3.07 3.036 1.0123b 4.47 4.600 0.9732c

a Ti is hcp phase, c value is 4.68 Å in experiment and 4.65 Å after correction.
b β1(Ti, Cr) =

√
β1(Ti)× β1(Cr)

c β2(Ti, Cr) =
√
β2(Ti)× β2(Cr)

In the work of V-Ti-Cr alloy, the fitting procedure is performed by General Utility Lat-
tice Program (GULP) software [17]. The summary of the full inputs is displayed in table 2.2.

The object function of the fitting is the sum of squares of the difference between observ-
able values and input values. It can be represented as:

F =
N∑
1
ωi(f cal

i − fref
i )2, (2.21)

ωi is the weight value for fi, f cal
i is the calculated value, fref

i is the reference value. The
fitting process is to minimum the objective functions by Newton–Raphson algorithm which
has been used in our previous work [16, 15].
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Table 2.2. Lattice constants, cohesive energies and elastic constants to be fitted. For pure
metals (V, Ti, Cr), they are experimental values, for binary alloys (V15Ti, V15Cr and Ti8Cr8 ),
lattice constants and cohesive energies are corrected theoretical values calculated by CASTEP
software and the elastic constants were calculated using the corrected lattice constants in table
2.1

a(Å) C11(GPa) C12(GPa) C44(GPa) E(eV)
V [26, 5] 3.03 237 121 47 5.31
Tia [26, 13] 2.95 176 87 51 4.85
Cr [26, 4] 2.88 391 90 103 4.10
V15Ti 3.05 224 119 22 5.22
V15Cr 3.02 246 121 21 5.33
Ti8Cr8 3.07 189 101 25 4.47

aAt ambient condition, Ti stable phase is hcp phase, the lattice constants in experiment
are a = 2.95 Å, c = 4.68 Å. The other two independent elastic constants to be fitted are
C13 = 68 GPa, C33 = 189 GPa.

2.4 Classical molecular dynamic (MD) method

Molecular dynamic (MD) simulation is one of the main simulation methods to help us un-
derstand structure and thermal properties of ensembles of atoms or molecules under certain
conditions. It is Newton equations of motion that are used to determine the trajectories
of interacting atoms and molecules. The interactions between atoms can be described by
interatomic potential or molecular mechanics force field. A good expression of interactions
between atoms and molecules can help us obtain the accurate properties of simulated sys-
tem. It works in the following way:

Imaging that a system containing N particles with the initial positions (r1, r2, ..., rN ).
Applied with periodic boundary conditions, it should have r1 = rN+1. The initial velocities
(v1, v2, ..., vN ) are randomly generated at a given temperature by certain distributions
(e.g., Gaussian, or Maxwell-Boltzmann distribution).
After a time interval ∆t, the new position of particle i is

r1
i = r0

i + v0
i ·∆t. (2.22)

The potential energy of particle i in the system is

Ui =
N∑

j=1,j 6=i

u(|ri − rj |). (2.23)

The force acting on particle i is
fi = −∂Ui

∂ri
. (2.24)

The acceleration of particle i is
a0

i = fi

mi
. (2.25)

After another ∆t time interval, the new velocity of particle i is

v1
i = v0

i + a0
i ·∆t. (2.26)
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The new position of particle i is

r2
i = r1

i + v0
i ·∆t+ 1

2a0
i ·∆t2, (2.27)

then to calculate the interacting force to obtain the new acceleration, new velocity and
new position of particle i. Repeat the loop as long as you need. Meanwhile, during the
loop, boundary conditions, temperature and pressure coupling are applied depending on
designed constraints, for example, microcanonical ensemble (NVE), canonical ensemble
(NVT), isothermal-isobaric ensemble (NPT) and so on. When the system has reached
its equilibrium state, the physical properties of the system can be obtained by statistic
methods.
Kinetic energy (Ek) is calculated from the velocities of particles

Ek = 3
2NkT =

∑
i

miv2
i

2 , (2.28)

mi is the mass of a particle, k is the Boltzmann constant. The temperature of the system
at the nth step is

Tn = 1
3Nk

∑
i

miv2
i . (2.29)

The pressure of the system at the nth step is

Pn = NkT

V
+
∑N

i ri · fi

dV
, (2.30)

V is the volume of the system, d is the dimensionality of the system.
Some macroscopic properties can be calculated through the trajectories. Average energies
for m steps is

E = 1
m

m∑
i=i

Ei. (2.31)

Average volume for m steps is

V = 1
m

m∑
i=i

Vi. (2.32)

Average pressure for m steps is

P = 1
m

m∑
i=i

Pi. (2.33)

Average temperature for m steps is

T = 1
m

m∑
i=i

Ti. (2.34)

Mean square displacement (MSD) of the ensemble is

MSD = 1
t

N∑
i

(ri(t2)− ri(t1))2, (2.35)

t is time duration between two time-points t1 and t2. Velocity correlation function Cv is

Cv(t) = 1
N

N∑
i

v(0) · v(t). (2.36)
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2.5 Radial distribution function

Radial distribution function (RDF), also known as pair-correlation function, describes how
atoms are radially distributed in a configuration. It is defined as: the atom radial density
over the average atom density in the configuration

g(r) = ρ(r)
ρ0

, (2.37)

r is the radius originated from referenced atom 0, ρ(r) is the atom density at concentric
radius r, ρ0 is the average atom density of the system. ρ(r) can be described as

ρ(r) = n(r)
V (r) = n(r)

4πr2∆r , (2.38)

where n(r) is the number of atoms in the area/volume of V (r). In three dimensional system,
ρ0 can be described as

ρ0 = N

V
, (2.39)

where N is the number of atoms in the system, V is the volume of the system. The
calculation of radial distribution function is shown in figure 2.1

Figure 2.1. Calculation of radial distribution function 1

Radial distribution function is a very important parameter which can figure out the
fundamental microstructure properties of the target system. The position of first peak
illustrates the average closest distance of atoms in the structure (see figure 2.2). In addition,
the integration of RDF curve over r is the average number density of atoms (n(r)) in the
system. It can reveal the number of first nearest neighbours, second nearest neighbours
and more further arrangement of atoms. In experiment, structure factors can be measured
by neutron scattering or x-ray scattering method. As the relation of RDF and structure
factors by Fourier transformation, RDF is a significant theoretical data to be compared
with experimental data.

1This figure is from http://isaacs.sourceforge.net/phys/rdfs.html
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Figure 2.2. A typical radial distribution function of liquid



Chapter 3

Sutton-Chen Potential for Iron under Extreme
Conditions

3.1 The motivation for the fitting

First principles molecular dynamics (MD) uses almost the same theory as classical MD.
The only difference is that first principles MD simulation is using pseupotential based on
density function theory (DFT) to calculate the configuration’s energy while classical MD
simulation is using empirical potential. The interactions of atomic nuclei and atomic nuclei,
atomic nuclei and electrons, electrons and electrons are considered in the DFT method.
Without empirical assumptions, first principles MD method is highly general.

The structure of iron under the Earth’s inner core condition is still under debating. We
have explored the iron’s bcc phase stability at the pressure of 360 GPa by first principles MD
simulations. It shows that (figure 3.1) when the number of atoms in the simulation cell is as
many as 1024, iron’s bcc phase can be stable at the pressure of 360 GPa and temperature of
7000 K. However, because of the size scale and time scale limitations in first principles MD,
it can’t be achieved to investigate the size effect on Fe’s bcc phase stability at the pressure
of 360 GPa. Here, we developed an empirical potential (Sutton-Chen potential) based on
first principles MD data. The classical MD simulations using the Sutton-Chen potential
can work as extensions of first principles simulations to explore this problem.

3.2 The Sutton-Chen potential for iron

The parameters of Sutton-Chen potential [49] obtained as described in section 2.3 were
listed in table 3.1. The root mean square error of this fitting was 6.2 meV/atom.

Table 3.1. Parameters of the Sutton-Chen potential

Parameters ε (eV) c a (Å) m n
Sutton-Chen 0.0220225 28.8474 3.48501 8.14475 8.7932

In order to check the reliability of the Sutton-Chen potential, the comparison of the en-
ergies calculated using first principles method and Sutton-Chen potential had been made.
Figure 3.2 showed the energy comparison of randomly selected 37 configurations produced
from first principles MD calculation at the pressure of 360 GPa and temperature of 6000 K.

13
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Figure 3.1. Time evolution of the initially cubic box (a-red, b-green, and c-black; in the
initial cubic structure a = b = c) during molecular dynamics run.

For first principles calculation, it was the energy Econf − TSel that was used in the energy
comparison, for empirical calculation using Sutton-Chen potential, it was potential energy
of the configuration that was used. The energies calculated using Sutton-Chen potential
were consistent with the values from first principles MD.

Then we used Sutton-Chen potential to calculate the energies of all configurations pro-
duced from ab initio MD simulations at the pressure of 360 GPa and temperature of 6000 K.
The results were shown in figure 3.3. It implied that the energies calculated using Sutton-
Chen potential agreed well with the data from first principles calculations. From the two
figures (figure 3.2 and figure 3.3), we could see that the energies obtained using Sutton-
Chen potential demonstrate high consistency with the results by DFT method. Therefore,
we could rely on the Sutton-Chen potential to extend first principles calculations.

3.3 Classical MD simulations with Sutton-Chen potential

Based on the Sutton-Chen potential, we explored the time and scale effect on bcc phase
stability of iron at the pressure of 360 GPa by classical MD method.

Classical MD simulation were performed by LAMMPS software [41] using Sutton-Chen
potential. The initial configuration was ideal cubic bcc crystal structure. Timestep was 1
fs, and the ensemble applied was NPT. The pressure was 360 GPa. The number of steps
was 200000.

Firstly, the simulation size of classical MD simulation was kept the same with the size of
first principles MD simulations (1024 atoms). The simulated temperature ranged from 5000
K, 5500 K until to 8000 K. The bcc phase structure evolutions of iron at the temperature of
6000 K, 6800 K and 7000 K were shown in figure 3.4. It illustrated that at the temperature
of 6000 K, the bcc phase collapsed and transformed to hcp phase after 8 ps. It was consistent



3.3. CLASSICAL MD SIMULATIONS WITH SUTTON-CHEN POTENTIAL 15

-5800

-5750

-5700

-5650

-5600

-5550

 0  5  10  15  20  25  30  35  40

E
n
e
rg

ie
s
 (

e
V

)

Configuration number

Sutton-Chen potential
DFT data

Figure 3.2.
The comparison of energies calculated by DFT method and Sutton-Chen potential. The 37
configurations were randomly chosen from first principles MD simulations at the pressure of
360 GPa and temperature of 6000 K.

with the result from our first principles calculations. When the temperature increased to
6800 K, the cubic bcc phase still couldn’t remain and collapsed to hcp phase. At the
temperature of 7000 K, the initial bcc phase structure preserved. It was agreed with the
result from our first principles MD simulations at the temperature of 7000 K. The bcc phase
structure time evolution at the pressure of 360 GPa and the temperature of 7000 K also
showed that the bcc phase can remain for the whole MD run (200 ps). Besides, the results
also showed that iron’s bcc phase structure can remain when temperature was higher than
6800 K.

Then we increased the simulation size to 32× 32× 32 (65536 atoms) to investigate the
size effect on the iron’s bcc phase stability. The settings were the same as those of the
classical MD runs with the simulation cell of 1024 atoms. The results were displayed in
figure 3.5. At the temperature of 5000 K, the initial bcc phase collapsed to hcp phase after
8 ps. When the temperature increased to 5500 K, bcc phase structure could remain for
the whole MD run of 200 ps. And at the temperature of 7000 K, the initial bcc phase
structure still remained for the whole MD run. These simulations showed that even with
larger simulation cell, iron’s bcc phase structure could still be stable when the temperature
was higher than a certain value.

From the classical MD simulations using the Sutton-Chen potential, it was clear that on
one hand, increasing the simulation time, iron’s bcc phase could still remain at the pressure
of 360 GPa and temperature of 7000K, and on the other hand, increasing the simulation cell,
iron’s bcc phase structure could preserve, too. The results of our classical MD simulation
greatly supported our first principles MD conclusions.
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Figure 3.3. The comparison of energies calculated by DFT method and Sutton-Chen po-
tential. It is all configurations that are produced from first-principle MD simulations at the
pressure of 360 GPa and temperature of 6000 K.

Figure 3.4. The time evolution of the bcc structure box (8 × 8 × 8) under different temper-
atures.
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Figure 3.5. The time evolution of the bcc structure box (32 × 32 × 32) under different
temperatures.





Chapter 4

Improved Finnis-Sinclair (IFS) Potential for
V-Ti-Cr Alloy

4.1 IFS potential parameters for V-Ti-Cr alloy

In order to explore the effect of different compositions and defects on the mechanical proper-
ties of V-Ti-Cr alloy, we fitted an empirical many-body EAM potential for V-Ti-Cr alloy. It
was an improved Finnis-Sinclair potential with an extra term to enhance the repulsive inter-
action of original Finnis-Sinclair potential. IFS potential parameters obtained as described
in section 2.3.2 were listed in table 4.1.

Table 4.1. Fitted parameters of the improved Finnis-Sinclair potential for V-Ti-Cr alloy.

V-V Ti-Ti Cr-Cr V-Ti V-Cr Ti-Cr
d (Å) 3.816 4.094 3.948 4.195 3.899 3.948
c (Å) 3.733 3.987 3.461 3.847 3.896 3.461
c0 (eV/Å2) -4.5377 -0.2147 -7.8174 1.344 0.836396 -26.589525
c1 (eV/Å3) 4.0659 0.7462 7.6754 -0.5347 -0.110204 22.283957
c2 (eV/Å4) -0.8548 -0.2400 -1.9059 0.01032 -0.138109 -4.689898
A (eV/Å) 1.7092 1.053998 0.1206 1.7092 1.7092 1.053998

1.053998 0.120605 0.1206
D(eV) 9.5272×107 79.30669 23813.55 1.3699 0.161248 2.9270625×108

q (Å) 0.1193 0.128308 0.054476 0.075073 0.248881 0.101851

4.2 The test of IFS potential

Firstly, we calculated the lattice constant, cohesive energy and elastic constants of pure V
using IFS potential and the results were displayed in table 4.3. In this work, the lattice
constant of V was 3.04 Å, and the experimental value was 3.03 Å [26]. The cohesive energy
was 5.41 eV compared with 5.31 eV from experiment [26]. The comparison of elastic con-
stants showed that C11 agreed well with experimental value [5] with an error of 3 GPa, C12
(C44) was 20 (3) GPa smaller than experimental value [5].

19
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One of outstanding properties of IFS potential was that it could calculate metal V defect
properties very precisely. The monovacancy and self-intersitial atom formation energy in
bulk V were calculated using IFS potential and the results were shown in table 4.2. The
monovacany formation energy (Evac) was calculated by

Evac = EN−1 −
N − 1
N

EN , (4.1)

N was the number of atoms in a perfect bulk crystal, EN was the potential energy of
perfect crystal, EN−1 was the potential energy of the bulk crystal containing one vacancy.
Self-interstitial atom formation energy (EI) was calculated by

EI = EN+1 −
N + 1
N

EN , (4.2)

EN+1 was the potential energy of the bulk crystal containing one interstitial atom, the
definitions of EN and N were the same with those in formula 4.1. There were five kinds of
interstitial positions considered in this work which were octahedral interstitial site, tetra-
hedral interstitial site, <111>-dumbbell, <110>-dumbbell, and <100>-dumbbell. The
monovacancy formation energy calculated using IFS potential was 2.11 eV agreed well with
its experimental value 2.1 eV [10]. Compared with the value 2.95 eV using DFT method,
1.97 eV using original Finnis-Sinclair potential [12], or 2.51 eV from other theory work’s
[38], the monovacancy formation energy obtained using IFS potential was the closest one
to experimental value [10]. Besides, among the five kinds of self-interstitial atom sites, it
was <111>-dumbbell configuration that had the lowest energy using IFS potential. This
result was consistent with conclusions from ab initio calculations and others’ work [38, 20].
Regarding that the calculation of defect properties was a critical challenge to empirical
potential, IFS potential had successfully fulfilled the requirement. And it was sufficient
accurate to describe defective properties of metal V.

Table 4.2. Monovacancy formation energy (Evac), self-interstitial atom formation energy
of octahedral site (Eoct), tetrahedral site (Etet), <111>-dumbbell (E111), <110>-dumbbell
(E110), and <100>-dumbbell (E100) of metal V by the fitted IFS potential. IFS represents the
values calculated using IFS potential, DFT represents the results from our DFT calculations
by CASTEP sofatware, Theo1. showed the values calculated by linear combination of atomic
type orbitals package (PLATO) [38], Theo2. showed the values calculated by extensive ab
initio method [20], FS represents the results using original Finnis-Sinclaire potential [12],
Exp. represent experimental value from ref [10], NC is short for not converged, and it means
the the energy is not converged during optimization. Unit: eV

Evac Eoct Etet E111 E110 E100
IFS 2.11 3.8 3.89 3.41 3.41 3.89
DFT 2.95 2.98 3.04 2.55 2.83 2.94
Theo1. [38] 2.51 3.96 3.84 3.37 3.65 3.92
Theo2. [20] - 3.62 3.69 3.14 3.48 3.57
FS [12] 1.97 NC 0.07 NC NC NC
Exp. [10] 2.1 - - - - -

Then we used IFS potential to calculate lattice constants, cohesive energies and elastic
constants of pure Ti and Cr metals and the results were shown in table 4.3. The lattice
constants for hcp phase Ti calculated using IFS potential were a = 2.90 Å and c = 4.74
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Å while in experiment they were a = 2.95 Å, c = 4.68 Å [26]. The theoretical cohesive
potential of Ti was 4.85 eV which was equal to the experimental value [26]. Contrast to
its experimental elastic constants [13], the calculated values using IFS potential agreed well
with them within an error of 10 GPa. When applying the IFS potential to metal Cr, the
lattice constant obtained was equal to experimental value 2.88 Å [26], and cohesive energy
was 0.01 eV bigger than experimental value 4.1 eV [26]. Elastic constant C11 (C12) of Cr
was overestimated by 50 GPa (13 GPa) using IFS potential compared with its experimental
value [4], and C44 was underestimated by 4 GPa. However, the difference of elastic con-
stants using IFS potential and ab initio method was within an error of 4 GPa. The above
comparisons showed that the IFS potential can be used to describe the interactions of pure
metal Ti and Cr.

After the test of IFS potential on pure metals, we applied the IFS potential to binary
alloys, V15Ti, V15Cr, and Ti8Cr8. Their lattice constants, elastic constants and mechanical
properties calculated using IFS potential were displayed in table 4.3. The experimental
values of elastic constants and lattice constants of V15Ti (or V15Cr) were derived values
from pure V and V-27%Ti (or V-17.5%Cr) [23] by linear interpolation method. For V15Ti,
lattice constant obtained using IFS potential was 3.03 Å while the reference value was 3.04
Å [23]. The value of C11 was 229 GPa. It was 3% bigger than experimental value [23]. The
value of C12 was smaller than experimental data [23] by 14 GPa. The C44 value was over-
estimated by 12.2 % compared with the derived experimental value [23]. For binary alloy
V15Cr, the difference of lattice constants obtained using IFS potential and from experiment
[23] was 0.01 Å. The cohesive energy was 5.51 eV compared with 5.22 eV calculated by ab
initio method. The comparison of elastic constants with measured data [23] showed that
the maximum error came from C12, and it was 16 GPa. As for Ti8Cr8, its lattice constant
and cohesive energy were the same with ab initio values, and the elastic constants difference
were within 31 GPa. The comparisons of properties of binary alloys also demonstrated that
IFS potential was able to describe interactions between V-Ti, V-Cr and Ti-Cr.

So far, we have obtained completely set of IFS potential parameters for V-Ti-Cr alloy.
Then we tested the potential through calculating lattice constant, cohesive energy and me-
chanical properties of V14TiCr alloy which was not referred during the fitting. The lattice
constant of V14TiCr using IFS potential was 3.01 Å compared with 3.03 Å by ab initio
method. The difference of cohesive energy between IFS potential and ab initio method was
0.4 eV. As to the elastic constants, the value of C11 in this work was 238 GPa and it was
the same with the one obtained by ab initio method. C12 was about 4.6% smaller than
ab initio value and C44 was 9 GPa bigger than ab initio values. The consistency about
lattice constant, cohesive energy and mechanical properties of V14TiCr alloy with ab initio
results were significant evidences supporting that IFS potential was reliable to calculate the
properties of V-Ti-Cr alloy.

4.3 The application of IFS potential on V-Ti-Cr alloy

With the reliability of IFS potential, we performed studies on the mechanical properties of
V-Ti-Cr alloys using IFS potential. It included two parts: one was Ti or Cr constituent
effect on mechanical properties of V-Ti-Cr alloy, and the other one was vacancy effect on
the mechanical properties of V-Ti-Cr alloy. First of all, in order to figure out the effect of
simulation size on the relaxation of surrounding atoms of a vacancy, we calculated the pure
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Table 4.3. Lattice constants (a), elastic constants (Cij) and cohesive energies (E) of pure
metals V, Ti, Cr, binary alloys V15Ti, V15Cr, Ti8Cr8 and ternary alloy V14TiCr. IFS repre-
sent the values calculated by the fitted IFS potential. DFT represents our theoretical values
calculated by ab initio method performed by CASTEP software. Exp. represents experimental
values. The unit of elastic constant is GPa.

a(Å) C11 C12 C13 C33 C44 E(eV)
V IFS 3.04 234 102 - - 44 5.41

DFT 3.03 240 121 - - 23 5.31
Exp. [26, 5] 3.03 237 121 - - 47 5.31

Ti IFS a2.90 177 84 68 192 41 4.85
DFT b2.95 189 59 71 181 44 4.85

Exp. [26, 13] c2.95 176 87 68 189 51 4.85
Cr IFS 2.88 441 102 - - 99 4.11

DFT 2.88 442 106 - - 95 4.10
Exp. [26, 4] 2.88 391 90 - - 103 4.10

V15Ti IFS 3.03 229 104 - - 49 5.32
DFT 3.05 224 119 - - 22 5.32

dExp. [23] 3.04 222 118 - - 43 -
V15Cr IFS 3.02 243 109 - - 56 5.51

DFT 3.02 246 121 - - 21 5.22
eExp. [23] 3.03 242 125 - - 44 -

Ti8Cr8 IFS 3.07 185 74 - - 56 4.47
DFT 3.07 189 101 - - 25 4.47

V14TiCr IFS 3.01 238 109 - - 60 5.41
DFT 3.03 238 114 - - 51 5.00

a Lattice constant c is 4.74 Å.
b Lattice constant c is 4.68 Å.
c Lattice constant c is 4.68 Å.
d The experimental mechanical constants are reference values, they are derived from
experimental elastic constants of pure V and V-27%Ti in Ref. [23] to get V15Ti (V-
5.89%Ti) corresponding values by linear interpolation.
e The experimental mechanical constants are reference values, they are derived from
experimental elastic constants of pure V and V-17.5%Cr in Ref. [23] to get V15Cr
(V-6.37%Cr) corresponding values by linear interpolation.

V monovacancy formation energy using different simulation sizes. The size of simulation
cell ranged from 54 atoms (bcc structure, supersize 3×3×3) to 1024 atoms (bcc structure,
supersize, 8×8×8). It was clear that the size of 250 atoms was big enough for vacancy
relaxation. So in the following calculations of alloy’s physical properties and mechanical
properties, the size of configurations was 250 atoms. The adopted configuration was selected
as the one which had the lowest potential energy among 10 randomly configurations.

The lattice constants, mechanical properties, monovacancy formation energies of V bulk
crystal, prefect structure and defective structure of V-4Ti-4Cr (V228Ti11Cr10) and V-5Ti-
5Cr (V225Ti13Cr12) were displayed in table 4.4. From the table we could obtain that:

Firstly, V-(4-5)Ti-(4-5)Cr alloy’s elastic constants agreed well with experimental values
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[22, 45, 43]. In details, for V-4Ti-4Cr alloy, bulk modulus obtained using IFS potential was
152.1 GPa while the experimental value was 154 GPa [22, 45]. The shear modulus of V-
4Ti-4Cr alloy was overestimated by 2.3 GPa compared with the experimental value 57 GPa
[22, 45]. By comparing V-5Ti-5Cr alloy’s mechanical properties with its experimental values
[43], it implied that the bulk modulus calculated using IFS potential was 4.4 GPa smaller
than experimental values, and the shear modulus was 15 GPa bigger than experimental
value [43]. In total, V-4Ti-4Cr and V-5Ti-5Cr alloy’s mechanical properties calculated us-
ing IFS potential were sufficient accurate compared with their experimental data [22, 45, 43].

Secondly, we made comparisons in terms of the lattice constants and elastic constants of
V-4Ti-4Cr and V-5Ti-5Cr perfect crystal alloys with the values of pure V. It was clear that
the lattice constants of V-4Ti-4Cr and V-5Ti-5Cr perfect crystal alloys were very close to
pure V crystal. The lattice constants of the two alloys were 3.03 Å and 3.02 Å while pure
V’s lattice constant was 3.04 Å. Furthermore, the mechanical constants of the two alloys
were bigger than the values of pure V. It illustrated that the addition of Ti or Cr would
enhance the mechanical strength in V-Ti-Cr alloy.

Thirdly, we explored vacancies effect on mechanical properties of V-Ti-Cr alloy. There
were three kinds of monovacancies in V-Ti-Cr alloy, i.e., V vacnacy, Ti vancancy, and Cr
vacancy. The calculated results showed that all of these three kinds of vacancies would
weaken the alloys mechanical strength. For example, elastic constant C11 of V-5Ti-5Cr
alloy with a V vacancy decreased by 3 GPa compared with its perfect crystal’s value, C12
by 1.5 GPa, and C44 by 0.8 GPa. An example from V-4Ti-4Cr alloy with a Ti vacancy was
that C11 had decreased by 2.4 GPa compared with its perfect crystal’s value, C12 by 1.3
GPa, and C44 by 0.9 GPa.

Finally, we focused on the exact values of mononvacancy formation energy (Evac) in V-
4Ti-4Cr and V-5Ti-5Cr alloy. V vacancy formation energy Evac(V) in V-4Ti-4Cr alloy was
2.47 eV. The value was bigger than the value of pure V by 0.37 eV. Evac(V) of V-5Ti-5Cr
alloy was 2.04 eV which was smaller than pure V’s value by 0.06 eV. Evac(Ti) of V-4Ti-4Cr
alloy and V-5Ti-5Cr alloy were 0.81 eV and 0.70 eV separately. Evac(Cr) of V-4Ti-4Cr and
V-5Ti-5Cr were 3.47 eV and 3.64 eV, respectively. The order of mononvacancy formation
energy of those three kinds of vacancies in V-4Ti-4Cr alloy and V-5Ti-5Cr alloy were the
same, i.e., Evac(Cr) > Evac(V) > Evac(Ti). Interestingly, they were also consistent with
the experimental trends of monovacancy formation energy in their pure metals, that was
2.27 eV (Cr) [10] > 2.1 eV (V) [10] > 1.27 eV (Ti) [10]. Besides, the results also claimed
that it was easier to form a Ti vacancy in V-Ti-Cr alloy.
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Table 4.4. Lattice constants (a), elastic constants (Cij), bulk modulus (B) and shear modulus
(G), monovacany formation energy (Evac) of pure V (V250), perfect crystal and defective
crystal V-4Ti-4Cr (V229Ti11Cr10) and V-5Ti-5Cr (V225Ti13Cr12) alloys. IFS represents the
values calculated by the fitted IFS potential, Theo. [30] are the results calculated by VASP
software. Default Unit: GPa

a(Å) C11 C12 C44 B G Evac(eV)
V IFS 3.04 233.8 102.3 44.3 146.1 50.9 2.1

Theo. [30] 2.99 268.3 130.3 51.0 176.3 58.2 -
Exp. [26, 5] 3.03 237.0 121.0 47.0 160.0 51.4 2.125

V-4Ti-4Cr IFS 3.03 240.1 108.1 55.7 152.1 59.3 -
Exp. [22, 44] - - - - 154.0 57.0 -
V-vacancy - 237.9 107.0 55.3 150.4 58.7 2.47
Ti-vacancy - 238.0 106.9 55.0 150.5 58.7 0.81
Cr-vacancy - 236.7 106.7 54.7 150.0 58.2 3.47

V-5Ti-5Cr IFS 3.02 240.3 109.1 57.9 152.8 60.7 -
Exp. [43] - - - - 157.2 45.9 -
V-vacancy - 237.5 107.6 57.1 150.9 59.9 2.04
Ti-vacancy - 237.9 107.8 57.0 151.1 59.9 0.70
Cr-vacancy - 237.2 107.8 56.7 150.9 59.6 3.64
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Concluding Remarks and Future Work

We have developed two empirical potentials based on ab initio data or experimental data in
this thesis. One is fitting Sutton-Chen potential for Fe under the Earth’s inner core condition
and the other one is developing improved Finnis-Sinclair potential for ternary V-Ti-Cr alloy.

The combination of Sutton-Chen potential and classical MD enables us to explore the
simulation scale and time effect on the iron’s bcc phase stability under the pressure of 360
GPa. The results from classical MD show that:

(1) Iron’s bcc phase can be dynamically stable with the simulation size of 1024 atoms
at the pressure of 360 GPa and temperature of 7000 K.

(2) With larger simulation size, e.g. 65536 atoms, iron’s bcc phase still remain at the
pressure of 360 GPa and temperature of 7000 K.

(3) With longer simulation time, e.g. 200 ps, the bcc phase still can remain at the
pressure of 360 GPa and temperature of 7000 K.

We fit the IFS potential for V-Ti-Cr alloy. It can be used to describe the mechanical
properties and defective properties of V-Ti-Cr alloy. The simulation results show that:

(1) The mechanical properties of V-4Ti-4Cr and V-5Ti-5Cr alloys calculated by the IFS
potential are consistent with experimental values.

(2) The additions of Ti and Cr enhance the mechanical strength of V-Ti-Cr alloy.
(3) The vacancies in V-Ti-Cr alloy reduce the mechanical strength of V-Ti-Cr alloy.

Based on the above fundamental work, in future, we will develop an empirical potentials
for Fe which concludes the temperature factors. On the other hand, we plan to add the
interaction of helium in V-Ti-Cr alloy, so that the potential can be used to explore the He
bubble evolution under radiation condition.
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