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ABSTRACT
This thesis describes the structure evolution, diffusivity and viscosity of Al80Ni20,
Al80Cu20, Al1-xZrx (x=0.4, 0.5. 0.6 and 0.67) and Ni1-xWx (x=0.1 and 0.2) melts through
ab initio molecular dynamics (AIMD) at different temperatures, providing fundamental
information in characterizing the glass formability.
The structure evolution is characterized in terms of pair correlation function,
structure factor, coordinate numbers, Honeycutt-Anderson bond pair and Voronoi
polyhedra. The short range ordering structures in the metal melts can be presented based
on the analysis of Honeycutt-Anderson bond pair and Voronoi polyhedra. Self diffusivity
and intrinsic diffusivity are calculated from the Einstein relation based on the mean
square displacement of atoms.

Viscosity is evaluated using Stock-Einstein relation

derived for the motion of a macroscopic particle in a viscous medium. Our predicted pair
correlation function, structure factor, diffusivity and viscosity are compared with
available experimental data, such as high energy X-ray diffraction and quasielastic
neutron scattering, showing favorable agreement.
Key words: Diffusivity, Viscosity, Short rang order, Bond pair, Voronoi polyhedra
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Chapter 1 Introduction
1.1.

Motivation
Metallic glasses are an important group of materials with properties significantly

different from their crystal counterparts since only short range ordering structures exist
instead of long rang ordering [1-4]. Once the nucleation of crystalline phases from liquid
is prohibited during quenching, metallic glasses can form. One way to understand the
tardiness of crystallization is to study how atomic structures of liquid evolve as the
temperature decreases along with the atomic mobility in the liquid. They have been
typically obtained through classic molecular dynamics (MD) simulations [5-9]. In recent
years, with the development of more efficient algorithms and higher computing powers,
the ab initio molecular dynamics simulations (AIMD) introduced by Car and Parrinello
[10] are becoming more widely used [11-14]. The advantage of the AIMD approach over
the classic MD approach is that the atomic forces in AMID simulations are calculated on
the fly based on the density functional theory [15]. In a series of studies, we have used
the AIMD approach to derive the detailed atomic structures in a wide range of simple and
complex alloys with tendency to form bulk metallic glasses (BMG) [16-22],
demonstrating the great potential of the AIMD approach.
The diffusivity and viscosity of the metallic liquids are important physical
properties in understanding the kinetic behavior of various processes such as nucleation,
crystal growth, the formation of metallic glasses (MGs) et [23, 24]. The strong/fragile (f)
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feature of liquid has been applied to indicate the sensitivity of liquid viscosity to
temperature, and in turn to evaluate the glass forming ability (GFA) of a certain system
[4, 25]. Approaching the glass transition temperature during solidification, the viscosities
of liquids increase drastically. Based on the Angell’s classification, the

-scaled η of

metallic glass-forming liquid is in the middle of strong (e.g. SiO2, f=20) and fragile (e.g.
o-terphenyl, f=80) limits [3, 26, 27]. By using the X-ray radiography (XRR) and QNS
method[28], the diffusivity of Al80Cu20 have been investigated . The viscosity was also
measured by the mean of oscillating cup viscometry [29, 30]. In recent years, the
employment of quasielastic neutron scattering (QNS) measurements enhanced the
capability and accuracy of liquid diffusivity and viscosity. Therefore, it is a potential
approach to predict the GFA of a specific alloy through investigating the viscosity from
AIMD calculations.
It is still an open question to evaluate the contribution of the thermal chemical
driving force to the inter diffusion coefficient.

In 1948, Darken [31] proposed a

phenomenological interdiffusion coefficient equation through the tracer diffusion
coefficient, intrinsic diffusion coefficient and the thermal dynamic factor. This equation
has been tested successfully in a number of solid metallic systems, which is also applied
for liquid metallic alloys, such as Al-Ni [32], Al-Cu [33], Al-Co [34], Cu-Ni [33], Co-Ni
[34], Nb-Zr [35], Na-K[36] etc. The contribution of the vacancies is considered by
applying the vacancy flow effect factor, which is the so called “Manning” factor [37, 38].
However, a recent work performed by Zhang et al pointed out that the interdiffusion
coefficient in the liquid Al-Cu could not be represented via the Darken equation [28].
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Thus, it is essential to evaluate the connection between tracer diffusion coefficients and
inter diffusion coefficient through Darken equation.

1.2.

Objectives
The goals of the project is to investigate the contributions of alloying elements on

structure evolution, diffusivity and viscosity of Al-based and Ni-based metal melts,
providing a novel procedure to discover a new advanced material with good glass
forming ability.
The organization of this thesis is as following:
In chapter 2, computational methodologies describing the structure evolution and
predicting the kinetic properties from AIMD results at finite temperatures are discussed.
In Chapter 3, atomic structures and diffusivity in liquid Al80Ni20 are discussed. Through
comparing with the relate experiment, the accuracy of our predicted pair correlation
function, structure factor and diffusivity are evaluated. In Chapter 4, atomic structures,
diffusivity and viscosity in liquid are studied. In Chapter 5, effect of composition on
atomic structures, diffusivity and viscosity of liquid Al-Zr alloys are presented. In
Chapter 6, contribution of tungsten to the structure and diffusivity of liquid Ni-W alloys
are predicted. Chapter 7 summarizes the contribution of the present work and discusses
the future work.

Chapter 2 Computational Methodology
2.1.

Introduction
The main purpose of this thesis to understand the structure evolution, diffusivity

and viscosity of Al-base and Ni based metal melts through ab initio molecular dynamics
(AIMD).

According to our proposed procedure in discovering properties of metal

materials in liquid state, roadmap of the computational methodology compared with
potential experiments is shown in Figure 2.1. It can be seen that the structure evolution of
metal melts at different temperatures can be characterized in terms of pair correlation
functions (PCF), structure factors (SF), coordination number (CN), Honeycutt-Anderson
bond pair and Voronoi polyhedra analysis, shown as route 1. Comparing with the
extended X-ray absorbing fine structure (EXAFS) or high energy X-ray diffraction, our
predicted results of PCF and SF can be evaluated, shown as route 2. Since the thermal
chemical driving force is a significant factor in predicting the inter diffusion coefficient,
it could be a potential way to justify our predicted results of PCF and SF after comparing
kinetic properties between our prediction and experiments, shown as route 3. In section
2.2 and 2.3, the computational methodology discovering the structure evolution,
diffusivity and viscosity through ab initio molecular dynamics calculations is described.

2.2.

Ab initio molecular dynamics (AIMD)
Molecular dynamics (MD) simulation is a technique to investigate equilibrium

and transport properties of many-body systems, which has become a widely used
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computational method in studying structure evolution [12, 13, 17, 19, 20, 39-41] and
kinetic properties (such as self-diffusion coefficient and viscosity) [9, 39, 42-44] of the
liquid and super-cooling liquid alloys. While the conventional molecular dynamics (MD)
simulations use a modified Johnson potential,[45] embedded atom potential[46] or the
Sutton-Chen (SC) many-body potential,[47] AIMD simulations are based on the densityfunction theory (DFT)[48] and the pseudopotential method,[49, 50] following the
approach introduced by Car and Parrinello [10]. The motion of particles in the system is
captured through “on-the-fly” solution of the quantum mechanical electronic structure
problem by applying the laws of classical mechanics. Therefore, the electron density or
the electronic wavefunction associated to each motion step of particles is the fundamental
in the AIMD simulations.
In principle, the time-independent stationary Schrödinger Equation describes the
quantum mechanical behavior of particles by defining their relative wave functions, from
which the total energy can be determined, shown as

Equation 2.1

where Ĥ is the Hamiltonian operator, Ѱ the wavefunction and E the total energy of the
system. However, it is impossible to get the exact solution of Equation 2.1 in the N-body
system until applying some approximations. Otherwise variables (electron coordinates)
are too many and cannot be separated in the N-body electron wavefunction Ѱ.
Based on the so-called Born-Oppenheimer approximation [10] (or adiabatic
approximation), the motion of electron and nuclei can be considered separately because

6

of the large mass difference between electron and nuclear. Therefore, it is possible to
solve the problem of electron motion for fixed positions of nuclei since the Hamiltonian
operator in Equation 2.1 can be rewrote as electronic Hamiltonian ( Ĥ ele , in atomic
unites). Following the Hohenberg-Kohn-Sham theorem [51, 52], (i) the external potential
is an unique functional of the electron density and (ii) the exact ground state density of
electron dominates the minimize of the total energy, the total energy can be described as


a function of electron density (  (r ) ) as

Equation 2.2

where

is the kinetic energy of the electrons without interactions,

external potential energy of the ions applying on the electron and
interaction energy of electrons.

the
the

is the exchange and correlation energy, which

can be solved by using the Local Density Approximation (LDA) or Generalized Gradient
Approximation (GGA). Thus, the total energy of N-body system can be obtained through
applying proper pseudopotential, which describing all electrostatic and quantummechanical interactions of valence electrons with the cores and producing true potential
and valence orbitals outside a particular core region but remaining weaker and smoother
inside.
In the view of quantum mechanics, particles in the N-body system can also be




described by their position R and momenta ( P  MV ) and the potential is assumed to be
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a function of their positions only U (R) . The Hamiltonian operator ( Ĥ ) of this system
can be written as

Equation 2.3

where Mi is the mass of particle i. According to Newton’s second law, the force working
on particle i can be derived as

Equation 2.4

At the same time, the equation of motion can also be derived using the Lagrange
formalism as

Equation 2.5

Based on energy conservation condition, the time dependence Hamiltonian operator ( Ĥ t
) can be written as
Equation 2.6
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Therefore, particle positions of the N-body system can be determined via ab initio
molecular dynamics under a particular ensembles average, such as microcanonical
(NVE), canonical (NVT) or isothermal-isobaric (NPT) ensemble.

2.3.

Structure evolution analysis based on AIMD results

2.3.1. Pair correlation function and structure factor
The partial pair correlation function,

, is defined as follows [18, 20, 53, 54]

Equation 2.7

where V denotes the volume of the supercell, Ni and Nj are the numbers of i and j atoms
in the supercell,

is the number of j atoms in the sphere shell from r to

of

the i atom, and the bracket < > represents the time average of different configurations
obtained from molecular dynamics simulations.

The total pair correlation function,

is the weighted sum of the partial pair correlation functions, [18, 55]

Equation 2.8

where

with

fraction of element i, and
angle

being the atomic scattering factor,

the mole

the transferred momentum at the diffraction

and the x-ray wavelength . Neutron scattering measurements give the atomic
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scattering factor of Al and Ni being 3.45 and 10.31, respectively [56]. The weight factor
is typically treated as a constant independent of r, but composition dependent, equal
in reciprocal and real space as in the case of neutron scattering experiments [57]. The
reduced pair correlation function,

, and reduced generalized correlation function,

, are given as [55, 58]

Equation 2.9

Equation 2.10

where

is the average atomic density in the supercell, and

the atomic density in the

spherical shell with a radius of r and the total structure factor of
systems, Faber and Ziman [59] showed that

. For binary

can be obtained from the scattered

intensity per atom through the following equation

Equation 2.11

where

is the partial structure factor between atoms i and j obtained from the

Fourier transform of

, as follows: [20, 60-62]
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Equation 2.12

On the other hand, Bhatia and Thornton [63] represented the scattering function
of a binary alloy in terms of three structure factors: the number-number structure factor,
, the number-concentration structure factor,
concentration structure factor

, and the concentration-

). At temperatures above the Debye temperature and

in the long-wavelength limit (q0),

and

denote the mean square thermal

fluctuations in the atom number and concentration, respectively, and

represents

the correlation between these two fluctuations [62, 63]. They can be calculated from the
Faber-Ziman structure factors from Equation 2.12

Equation 2.13

Equation 2.14

Equation 2.15

is related to the second derivative of the molar Gibbs energy - g [32, 63] through
the thermodynamic factor,

,
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Equation 2.16

Comparing PCF and SF curves obtained by AIMD simulation and the extended
X-ray absorbing fine structure (EXAFS) or high energy X-ray diffraction in pure
elements (liquid Na [64], Li [65], Ge [65], Al [65], Cu [42, 66], Zr [53, 67], et. al.) and
alloys (liquid GaSb [44], InSb [44], Al80Ni20 [22, 61, 68, 69], Al80Mn20 [61, 69], Zr2Ni
[70], Zr41.2Ti13.8Cu12.5Ni10Be22.5 [20], et. al.) the capability of AIMD in reproducing the
reliable data as same as experiments can be seen.

2.3.2. Coordination number
The partial coordination number,

, is defined as the number of j atoms in the first

neighboring sphere centered at i atom with the radius rmin and can be calculated from the
partial pair correlation functions using the following equation [18]

Equation 2.17

where

is the cutoff distance defined by the first-minimum position of

, and

the average atomic density of element j. The average coordination number of element i
can be obtained as
estimated by

. The average coordination number of a solution can be
[71], which can also be calculated in
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terms of Voronoi index
of a Voronoi polyhedron, with

where

denotes the number of k-edged face

being the average coordination number [12, 20].

2.3.3. Honeycutt-Anderson bond pair analysis
For the bond pair analysis, the method proposed by Honeycutt and Anderson[72]
is used with the local environment represented by the indexes i, j, k and l. When the
distance between root pair (atoms A and B) is less than their ‘bonding’ distance measured
by the first minimum position of

, the two atoms are called a bond pair, with i=1,

otherwise i=2. The index j represents the number of common nearest-neighbor atoms
forming bonds with the root pair, the index k denotes the number of bonds among the
neighboring atoms; and the index l is a parameter used to distinguish local structures
when i, j, k are the same. Schematic diagrams of typical Honeycutt-Anderson bond pairs and
their corresponding potential constructed clusters are displayed as Figure 2.2. According to this

notation, 1551, 1541 and 1431 represent the icosahedral type of clusters, 1441 and 1661
the BCC-type bond pairs, 1421 and 1422 the FCC and HCP-type bond pairs, and 1311
and 1321 the disordered atomic arrangements [5, 13, 20, 42, 72, 73]. Taking BCC as an
example, the connection between bonds (1441 and 1661) and BCC structure is shown
clearly in Figure 2.3, i.e., the {001} is constructed by 1441 bonds and {111} by 1661
bonds.
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2.3.4. Voronoi tessellation
Voronoi tessellation is the other more directional approach than the method of
Honeycutt-Anderson bond pairs in displaying the geometrical construction of atomic
local orders [74]. Based on the coordination of the local nearest-neighbor, the Voronoi
index  n3 , n4 , n5 , n6 ,  designates and differentiates the type of the coordinate
polyhedra, where ni denotes the number of i-edged face of the Voronoi polyhedra and

n

i i

is the total coordinate number [12, 20, 39]. It is necessary to point out the main

difference between Honeycutt-Anderson bond pairs and Voronoi tessellation. Atoms
involved in Honeycutt-Anderson bond pairs are classified by (i) whether or not they are
near-neighbors, (ii) the number of near-neighbors they have in common, and (iii) the
near-neighbor relationships among the shared neighbors [72].

While atoms in the

Voronoi polyhedra are identified by the topological difference, (i) the coordination
number and (ii) the number of edge of the faces [74].

Structure evolution with the change of composition and temperature in terms of
coordination number, Honeycutt-Anderson bond pair and Voronoi tessellation has been
applied in the study of various materials, such as Zr [67], Al [5], Cu [5], Al80Ni20 [22,
69], Al80Mn20 [69], Ni81B19 [12], Ni80P20 [12], Zr84Pt16 [12], Ni63Nb37 [12], Al89La6Ni5
[75], Ag70Cu30 [76], Cu60Zr40 [77], Mg65Cu25Y10 [18], et. al..

Through AIMD

calculations, various short rang order (SRO) or long range order (LRO) structure
characterized in atomic-level can be directly used to reveal the structure evolution.

14

2.4.

Kinetic properties prediction based on AIMD results

2.4.1. Diffusivity
In MD simulations, the self-diffusion coefficient of atom i can be determined
through Stock-Einstein relation shown as following [32, 39, 42, 78, 79]

Equation 2.18

where

is the mean-square displacement of component i,

the coordinates of the jth atom i,

the number of atom i,

the origin of time, and

the ensemble average of the square displacement of atom i. In a binary A-B system,
Darken [31] derived the relation between the interdiffusion coefficient and self-diffusion
coefficients as

Equation 2.19

where

is the thermodynamic factor. Bardeen [80] and Manning [37] modified the

Darken equation by adding a dynamic correlation factor to take into account the flux
difference of different atoms. The dynamic correlation factor, , can be calculated from
the velocity correlation functions, shown as follows, [32]
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Equation 2.20

Equation 2.21

denotes the velocity vector of ith atom of the k species at time t, and

where

the

time average. Equation 2.19 is thus modified as

Equation 2.22

It is essential to mention that the MSD within the time shorter than 0.1 ps is
proportional to the square of time and independent of temperature, as expected for
ballistic motion and vibration [23]. At longer times, the MSD increases with T, which is
characteristic of a thermally activated process such as long-range diffusion. In this work,
only the simulation result after 0.5 ps and with MSD starting at 2 Å2 ending at over 4 Å2
are used to evaluate diffusion coefficient. Taken MSDs of Al and Ni in liquid Al80Ni20 at
2000K shown in Figure 2.4(a) as example, tracer diffusivities of Ni and Al derived from
first derivative at finite time will be obtained firstly. And then, the mean values with
standard deviation in green shown in Figure 2.4 (b) and (c) are used to compare with

available experimental results.
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2.4.2. Viscosity
The macroscopic shear viscosity η, on the other hand, could be easily acquired using
the Stokes-Einstein equation derived for the motion of a macroscopic particle in a viscous
medium and shown as [29, 81, 82]

Equation 2.23

where T is the absolute temperature; the constant c depends on the specific boundary
condition on the surface of the sphere, for slip boundary condition c = 4 and for non-slip
boundary condition c = 6;

is an effective hydrodynamic particle radius defined as the

distance of the first peak of the generalized pair coordination functions (

) or could be

defined as the average value of the nearest-neighbor distances of the A-A and B-B
particle.

2.4.3. Fragility
The fragility of the metallic liquids is a highly variable quantity. The viscosity
obtained in the supercooled liquid can be described well with the Vogel-FulcherTammann (VFT) relation as [2, 25, 83, 84]

Equation 2.24
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where  0 , f and T0 are coefficients; f quantifies the “ fragility” of the liquid, since it
determines the degree of departure from the Arrhenius law.

2.5.

Implementation
In the following, details of the system setup parameters and the results analysis

are discussed.

2.5.1. Supercell of N-body system
Since density of the investigated N-body system is one of intrinsic properties, it
should be considered as the first input parameter or output results in AIMD calculations.
The lattice parameter of the N-body cubic supercell (L) can be written as

Equation 2.25

L3 

NM
N A

where N is the number of atoms in the system;

the density; NA the Avogadro constant

and M the average atomic mass. As can be seen it is difficult to set the initial lattice
parameter on the conditional that the density of new system is unknown. In principle, the
equilibrium volume can be predicted via equations of states (EOS) [11, 85]. In this
approach, several volumes will be generated firstly and the Pressure-Volume relationship
can be obtained finally. The lattice parameter of the fitted equilibrium volume will be
used for the further calculations. For example, graphic representations of the equation of
state calculations for liquid metal Ni400Al100 alloy at 1830K are shown in Figure 2.5 [11].
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On the contrary, based on the density data, the lattice parameter got through
Equation 2.25 can be applied directly in the calculation. After the relaxation at finite
temperature, the equilibrium volume can be obtained. For instance, variation in the
external pressure of vit1 alloy (Zr41.2Ti13.8Cu12.5Ni10Be22.5) with time at 1250K shown in
Figure 2.6 displays that the equilibrium has been acquired since the average value of
pressure is almost zero.

In Figure 2.7, comparing with mean value with standard

deviation in blue, it can be seen that variation in the external pressure as a function of
simulation time in (a) Al80Ni20 at 2000K and (b) Al80Cu20 at 1000K.

It will be a

challenge to get the average value of pressure equals to zero since the canonical (NVT)
ensemble average is under taken. As can been seen from Figure 2.8, the predicted atomic
number density of Mg65Cu25Y10 alloy agrees with the available experimental data at
200K, with a difference about 5.5% [18]. Thus, the approach of adjusting the external
pressure close to zero can be valid to predict the equilibrium state of the system.

2.5.2. Atomic position in the supercell
Based on the periodic boundary condition, a preliminary configuration will be
prepared for the metal melts, in which hundreds atoms distribute randomly. Therefore,
the bulk materials with numerous atoms can be investigated via AIMD simulations.
Within the capability of our computer resources, 200 atoms are generally used in this
work. For the given atom i with the coordinate of ri ( xi , y i , z i ) in the supercell with
lattice parameter of L(a, b, c) , its coordinates in the bulk space will be

Ri  ri ( xi , yi , z i )  la  mb  nc . Here, l, m, n are integer numbers ( l , m, n  ,  ).
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2.5.3. AIMD input and output files
Input files for AIMD calculations via VASP package are INCAR, POSCAR,
POTCAR and KPOINTS (the detail information can be found in the Appendix part). The
basic setting parameters are included in INCAR. The coordinate of each atom in the
supercell lists in the POSCAR one by one. The pseudopotential for each atomic species
is combined into the POTCAR file in the corresponding order of the atomic species in
POSCAR. KPOINTS contains the k-point coordinates and the weights or mesh size for
creating the k-point grid. The Gamma centered scheme is applied in the calculation of
metal melts [12, 44].
After finishing the AIMD calculation, only the coordinate of each atom at
different time (simulation steps) in the OUTCAR file is used in analyzing the structure
evolution and the kinetic properties. The other output files will not mentioned in this
work.

2.6. Summary
Through state-of-the-art AIMD calculations, both the structure evolution and the
kinetic properties of the metal melts can be obtained and analyzed. More importantly,
contributions of alloying elements to these properties discovered/solved in atomic-level
structure support fundamental information in developing the new advanced alloys.
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Figure 2.1 Roadmap of the proposed computational methodology compared with
potential experiments.
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Figure 2.2 Schematic diagrams of typical Honeycutt-Anderson bond pairs and their
corresponding potential constructed clusters
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Figure 2.3 The relation between Honeycutt-Anderson bond pairs (1441, 1551 and 1661)
and potential crystallography structures
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Figure 2.4 AIMD result of Al80Ni20 at 2000K, (a) mean-squared displacements (MSD);
(b) and (c) tracer diffusivities of Ni and Al derived from “random walk” (<|r(t)r(0)|2>=6Dt) at finite time, comparing with mean values and standard deviation in green.
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Figure 2.5 Graphic representation of the equation of state calculations for liquid metal
Ni400Al100 alloy at 1830K [11]

Figure 2.6 Variation in the external pressure of vit1 alloy (Zr41.2Ti13.8Cu12.5Ni10Be22.5)
with time at 1250K [20]
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Figure 2.7 Variation in the external pressure as a function of simulation time in (a)
Al80Ni20 at 2000K and (b) Al80Cu20 at 1000K, comparing with the mean value with
standard deviation in blue.
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Figure 2.8 Variation of atomic number density with the temperature during AIMD
simulation for Mg65Cu25Y10 alloy [18]

Chapter 3
Atomic structure and diffusivity in liquid Al80Ni20
3.1.

Introduction
The chemical and structural short-range ordering and diffusion coefficients in Al-

Ni alloys have been studied via neutron scattering and MD simulations. Maret et.al [86]
and Gruner et.al [57] investigated the structure factors through the neutron scattering,
demonstrating the existence of chemical short-range ordering. Jakse et.al [43, 61, 69]
observed the strong short-range ordering tendency of the Al80Ni20 liquid by using AIMD
simulations.

Furthermore, Horbach et.al [32] and Griesche et.al [87] explored the

interdiffusion coefficient from the measured tracer diffusion coefficients via Darken
equation with the Manning factor. However, the influence of short-range ordering and the
thermodynamic factor on chemical diffusion in liquid has not been well studied.
In the present work, we carry out AIMD simulations for liquid Al80Ni20 to
understand its atomic structures and atomic diffusion coefficients in our efforts of
developing low density Al-based metallic glasses. The results from the current in-depth
analysis of AIMD simulations are compared with both experimental data and MD
simulations in the literatures.

Furthermore, both dynamic correlation factor and

thermodynamic factor are evaluated from the AIMD simulations and used in calculating
the interdiffusion coefficients.

It is demonstrated that the AIMD simulations, even

though with shorter simulation time and smaller supercell sizes than classic MD
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simulations, generate reliable structural and diffusion data in comparison with
experimental results.

3.2.

Computational details
The AIMD simulations in the present work are conducted by employing the

Vienna ab initio simulation package (VASP) [88, 89] with the generalized gradient
approximation [90] for the exchange correlation functional and the projector augmented
wave [91] method for the electron-ion interaction. The Newton’s equation of motion is
solved via the Verlet’s algorithm with a time step of 5 fs, and the simulations were
performed at the  point only with a low precision as commonly used in AIMD
simulations [11, 12, 91, 92]. All the calculations are carried out in canonical ensemble,
i.e constant volume and temperature, with atomic configuration relaxation and
temperature controlled by a Nose thermostat [93]. The wave functions are sampled on
1×1×1 k-point mesh in terms of the Monkhorst-Pack scheme[94]. The plane wave cutoff
energy is 269.6 eV, and the energy convergence criterion of electronic self-consistency is
chosen as 1×10-4 meV/atom for all the calculations (both default values). At each
temperature, the supercell volume is systematically varied through the relaxation setting
“ISIF = 7” in VASP, and the equilibrium volume is obtained when the pressure equals
zero.
The cubic supercell of the Al80Ni20 alloy is initially constructed with 200 atoms
randomly distributed. The initial configuration is equilibrated at a temperature well
above the melting point to ensure an equilibrium liquid state. AIMD simulations are
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carried out at 2000, 1900, 1800 and 1330 K, respectively, with an equilibrated time of 10
ps. AIMD calculations with a supercell of 150 atoms are also carried out, showing
almost identical results as the supercell of 200 atoms. All results reported in this paper
are from the supercell with 200 atoms except specified otherwise. 2000 configurations
are collected at each temperature for diffusion analysis, and the last hundred
configurations are used for structure analysis with the pair correlation function, structure
factor, coordination number, bond pair analysis, and Voronoi tessellation methods. The
mean square displacements are used for calculating the diffusion coefficients according
to the Einstein’s relation.
The positions of individual atoms and their atomic environments are analyzed
after each AIMD simulation step, and the resulting pair correlation functions, structure
factors, coordination numbers, bond pairs, mean-square displacements, dynamic
correlation factor, and diffusion coefficients are presented in the next section.

3.3.

Results and Discussions

3.3.1. Pair correlation functions and structure factors
Figure 3.1 shows the pair correlation functions as a function of temperature with
Figure 3.1(a) for gtotal(r), and Figure 3.1(b), (c) and (d) for

,

and

, respectively, along with available experimental neutron scattering data at
1330K [86] and classic MD simulations at 1320K [61] in the literature. Remarkable
agreement between the current AIMD simulations and experimental data can be observed
except the height of the first peak in GNiNi, which is probably due to the supercell size.
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The classic MD simulation results seem different from the experimental data because the
atomic density was not included in evaluating the reduced pair correlation function (see
Equation 2.9).

The total structure factors,

,

, and

, and the partial structure factors,

, are shown in Figure 3.2, again compared excellently

with data from neutron scattering measurements with slight differences in
the third peak of

and

.

Figure 3.3 shows the Bhatia-Thornton structure factors derived from the FaberZiman structure factors (Equation 2.13 to Equation 2.15) in comparison with the
experimental data [86] and the MD simulation results [32] in the literature. At high
temperatures, the atoms are randomly distributed, and the concentration-concentration
Bhatia-Thornton structure factor,

, varies slightly with respect to temperature. At

low temperatures, the number of clusters or short-range ordering increases, and the
positions of the first peaks of both

and the

move to smaller q, and the

widths of their splitting second peaks decrease, but their intensities increase, e.g.
at 1800K and

at 1330K at the same

, as

shown in Figure 3.3(c) and Figure 3.3(d). The differences in the peak positions and
intensities of

between MD data and our results at 2000K shown in Figure 3.3(c) is

due to the different formalism of Bhatia-Thornton’s structure factor used in the ref. [32]
and in the present work. It should be noted that the Bhatia-Thornton formalism [63] is
usually used in analysis of neutron scattering experiments [71, 86] as did in the present
work, enabling a fair comparison with experimental data. The splitting peak in the
structure factor describes repeating structural units involving neighboring clusters [32].
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The fluctuation of the concentration could be extracted from the limit of
and the small value of

,

reveals a strong ordering tendency.

3.3.2. Local structure analysis
Figure 3.4 plots the distribution of average coordination number as a function of
temperature. It is observed that the coordination numbers of majority atoms are between
11 and 14. The average coordination number changes from 10.0(1) with
at 2200K to 10.1(4) with

Å

Å at 1330K, indicating the distance between the

first nearest neighbors and the centered atom is decreasing with the temperature in order
to keep the closed packed structure.
The percentages of various bound pairs and their summations into icosahedral,
FCC and HCP, and BCC groups are shown in Figure 3.5. It depicts that the icosahedral
bond pairs are dominant at temperatures above the melting temperature, followed by the
FCC and HCP-type bond pairs and the BCC-type bond pairs. The icosahedral clusters
prevent the formation of a long-range period lattice and contribute to the formation of
many disordered icosahedra and their associated inter-cluster voids [95]. Our AIMD
results are in agreement with the AIMD simulations by Jakse and Pasturel [96], who
reported that the sum of the 1551 and 1541 bond pairs increases to more than 46% at
1220K, and the sum of 1441, 1431, 1421 and 1422 bond pairs decreases to 40%, which
are 26% and 41% at 1330K in our simulations, respectively.
The local atomic packing in liquid Al80Ni20 is further explored by the Voronoi
tessellation method, shown in Figure 3.6. In binary systems, it has been found [12, 19,
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20] that the preferred polyhedron type depends on the ratio of solute to solvent (
atomic sizes i.e. the Frank-Kasper type with

, the icosahedral type with

, the bi-capped square Archimedean antiprism type with
tricapped trigonal prism packing type with
0.89 (

=1.82 Å,

)

. In liquid Al80Ni20,

, and the
equals to

=1.62 Å), indicating the tendency to form icosahedral type clusters.

It is observed in Figure 3.6that Voronoi polyhedra with the index of <0, 2, 8, 1>, <0, 2, 8,
2>, <0, 3, 6, 1>, <0, 3, 6, 2>, <0, 3, 6, 3> and <0, 3, 6, 4> are the major polyhedra,
among which the percentages of <0, 2, 8, 1>, <0, 2, 8, 2>, and <0, 3, 6, 3> polyhedra are
the highest. Furthermore, the amount of the perfect icosahedron with the index of <0, 0,
12, 0> increases dramatically at low temperatures.

We can thus conclude that the

icosahedral structure, including the defective ones <0, 2, 8, 2>, <0, 2, 8, 1> and <0, 3, 6,
3>, is the dominant structure in liquid Al80Ni20, in agreement with the bond pair analysis
discussed above.
The aforementioned clusters can form local ordering structures through vertex-,
edge-, face- and intercross-sharing of neighboring clusters. These sharing schemes lead
to correlation peaks in the partial pair correlation functions [75, 97]. Figure 3.7 shows an
icosahedral medium range ordering at 2000 K, consisting of two <0, 3, 6, 3> and two <0,
0, 12, 0>. Comparing this icosahedral medium-range ordering with the partial correlation
functions, Al atoms can be found from an Al- or Ni-center nearest neighbor shell and the
extended nearest neighbor shell, so both

and

have the first and second

peaks (see Figure 3.1). Furthermore, at 1500K and 1330K, there is clearly third peak in
the

in Figure 3.1(a), indicating the icosahedra medium-range ordering at low

temperatures. Since the Ni atoms are far from each other, the height of the first peak of
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is smaller than the extended peaks see Figure 3.1(d). Additionally, the shoulder
peaks in the structure factor around the second peak in

in Figure 3.2(a) indicate

the existence of chemical short-range ordering [57, 98].

3.3.3. Diffusion coefficients
Figure 3.8 shows the mean-square displacements of Al and Ni as a function of
time at various temperatures obtained in the present work. For time below 0.1 ps, the
mean-square displacement is proportional to t2, as expected for ballistic motion [23]. For
longer times the mean-square displacement increases linearly with time, which is the
indication of long-range diffusion [23]. The mean-square displacements starting at 2 Å2
or later than 0.5 ps and ending at larger than 4 Å2 are used for diffusion analysis. The
curve is shown in Figure 3.9 and agrees very well with the result from the
quasi-elastic neutron scattering experiments [32].

Both our simulations and the

experiments [99] show that the DNi in binary alloys is higher than the self-diffusion
coefficient of pure liquid Ni [100, 101] and is close to DAl. This can be understood
through cluster ordering discussed in the previous section. As shown in Figure 3.7, many
Ni atoms are located in polyhedron centers, and the displacements of polyhedra are thus
largely determined by the bonding between polyhedral, i.e. Al atoms. Consequently, the
migrations of Ni and Al are collaborative, resulting in similar self-diffusion coefficients
close to that of Al.
To calculate interdiffusion coefficients, the thermodynamic factor and dynamic
correlation factor need to be evaluated. The thermodynamic factor can be obtained from

34

in MD and AIMD simulations [32] or from the thermodynamic database [102].
The results thus obtained are compared in Figure 3.10 as a function of temperature. It
can be seen that the thermodynamic factor obtained from the thermodynamic database is
about double of those obtained from MD simulations in the literature, while the values
from the present AIMD simulations are between.

The dynamic correlation factor

evaluated from the current AIMD simulations is plotted in Figure 3.11 with the initial
step considered as the reference state,
correlation factor

, showing that the Manning dynamic

in Equation 2.21 approaches unity with increasing simulation time.

The diffusion mechanism in liquid Al80Ni20 thus appears to be the same as for viscous
flow [30] and strongly affected by local chemical ordering [103], similar to the
conclusion by Tang et.al. [24] when examining the characteristics of Be diffusion in Zrbased BMG alloys where the diffusion process of Be involves a group of atoms.
The interdiffusion coefficients calculated using the thermodynamic factors
obtained from three sources are plotted in Figure 3.12 with the experimental data and MD
simulation results in the literature superimposed [32].

It is observed that the

interdiffusion coefficients calculated by the Darken relation using the thermodynamic
factors from the thermodynamic database and current AIMD simulations are both within
the experimental uncertainty range, while the thermodynamic factor from the MD
simulations in the literature gives much lower interdiffusion coefficients in comparison
with the experimental data.
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3.4.

Conclusion
In summary, the atomic configurations and diffusion coefficients in liquid

Al80Ni20 are obtained by means of the AIMD simulations with following conclusions:


The generalized pair correlation functions and Faber-Ziman total and partial
structure factors show a good agreement with the experimental data.



The bond pair analysis shows that the icosahedral bond pairs are dominant,
followed by the FCC- and HCP-type bond pairs and the BCC-type bond pairs.
The percentage of the perfect icosahedral clusters increases as the temperature
decreases.



The predicted tracer diffusion coefficients of Al and Ni via the mean square
displacements are almost equal, in agreement with the quasielastic neutron
scattering data in the literature.



The Manning dynamic correlation factor is found to approach unity with
increasing simulation time. The interdiffusion coefficients obtained from Darken
equation show good agreement with experimental data.
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Figure 3.1. Pair correlation function of the liquid Al80Ni20 alloy (a) gtotal(r), with each
curve shifted by 0.5, and the reduced partial pair correlation functions (b)GAlAl, (c) GAlNi,
and (d) GNiNi with the experimental [86] and the MD [61] data superimposed.
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Figure 3.2. Faber-Ziman structure factor of the liquid Al80Ni20 alloy at various
temperatures shifted by 0.5 between neighboring curves: (a) total structure factor,
STotal(q); and partial structure factor (b) Al-Al, SAlAl(q); (c) Al-Ni, SAlNi(q); and (d) Ni-Ni,
SNiNi(q). The experimental results (red stars in the figures) are determined at 1330K
about 70K higher than the liquidus temperature [86].
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Figure 3.3. Bhatia-Thornton structure factor of liquid Al80Ni20 with the neutron scattering
data [86] and the MD data [32]: (a) various structure factors at 1330 K; and structure
factors at various temperatures; (b) number-number, SNN(q); (c) number-concentration,
SNC(q); (d) concentration-concentration, SCC(q). Note that the multiplication by 1/cicj is
used to increase the amplitude of SCC(q) leading the asymptotic value SCC(q)=1 for

q   . The plots at different temperatures are shifted from each other in steps of 0.5 in
(b) and 0.1 in (c) and (d).
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Figure 3.4. Percentages of average coordination number (CN) at various temperatures, (a)
coordination numbers between 7 and 12; (b) coordination numbers between 13 and 17.
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Figure 3.5. Percentages of bond pairs as a function of temperature, (a) various bond pairs;
(b) the variation of icosahedral type (1551, 1541 and 1431), FCC and HCP type (1422
and 1421), BCC type (1441 and 1661), and random type (1311, 1321 and others). The
other bond pairs less than 1% are not shown.
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Figure 3.6. Percentages of various Voronoi polyhedra grouped in terms of coordination
number as a function of temperature.
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Figure 3.7. Icosahedra medium-range order with the Ni atoms in the center of icosahedra
(golden, darker) and other positions (red, lighter), and Al atoms in the center (yellow,
darker) and other positions (blue, lighter). The icosahedra are linked by vertex-shared
(VS), face-shared (FS), and intercross-shared (IS) atoms.
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Figure 3.8. Mean-squared displacements of Al and Ni from AIMD simulations at 2000K,
1900K, 1800K and 1330K from the super-cell with 200 atoms and 2200K, 1500K from
the supercell with 150 atoms.

44

Figure 3.9. Tracer diffusion coefficients of Al and Ni in liquid Al80Ni20 compared with
self-diffusion coefficient of pure Ni by Meyer et al. [100] using quasielastic neutron
scattering (QNS) and Zhang et al. [101] by AIMD and the experimental and MD data in
liquid Al80Ni20 by Maret et al.[86] and Horbach et al.[32] .
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Figure 3.10. Thermodynamic factors in liquid Al80Ni20 as a function of temperature
calculated from the thermodynamic database by Dupin et al.[102], MD simulations by
Horbach et al.[32] , and current AIMD simulations.
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Figure 3.11. Manning dynamic correlation factor as a function of simulation time step
with the initial step considered as the reference state, u i (0) .
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Figure 3.12. Interdiffusion coefficient in liquid Al80Ni20 calculated by the Darken
equation with thermodynamic factors shown in Figure 3.10, compared with the MD and
experimental results by Horbach et al. [32].

48

Chapter 4
Structure, diffusivity and viscosity of liquid Al80Cu20
4.1.

Introduction
Al-Cu alloys have been widely used in diversity of fields such as construction,

aeronautical and astronautical industry due to their light weight, high-strength, heattreatable property. Now Cu is the major alloying element in the 2000 series of wrought
Al alloys.

From the phase diagram of Al-Cu binary alloy, it is seen that several

intermetallic phases can be formed in the middle part of Al-Cu composition. For the Al-,
and Cu-riched Al-Cu solid solution, the diffuse scattering experiments [104-106] have
been shown that the structure contains clustering or ordering type of structure, which may
result in the precipitation of GP zone in Al-Cu alloys. The precipitation strengthening
represents one of the most typical of strengthening modes for metallic materials [107,
108]. Shtablavyi et al has studied the structure of Al83Cu17 liquid eutectic alloy by using
high energy X-ray diffraction and Monte-Carlo simulation [109]. They found that the AlCu chemical ordering clusters have a significant effect on the structure of Al 83Cu17. It is
easily to understand that this strengthening mechanism is in heredity related to the
structure and kinetic properties. Therefore, it is of significant industrial and scientific
interest to investigate the kinetics controlled mechanisms of constitutional liquation and
their influence on properties of Al alloys.
Although a lot of works have been done on the Al-Cu alloys, it is noted that a
comprehensive understanding the structure and dynamic properties are still scare. And
some characters of the liquid such as short to medium range ordering in the atomistic
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structure have not been reported. It should also be recognized that the experimental
measurements of diffusivity and viscosity are both costly and difficult due to the high
temperatures encountered. Recently, ab initio molecular dynamics (AIMD) approach has
demonstrated its power in predicting the atomic structures [12, 19, 20, 39, 40] and
physical properties [9, 42-44] of stable and metastable liquid phases.
In this work, systematic investigations are performed on evolution of the atomistic
structure, diffusivity, viscosity and fragility by using AIMD calculation. These results are
believed to further provide a solid fundamental for the development of new lightweighted Al-based alloys. The paper is organized as follows. In Sec. II the calculation
methodologies are presented in details. In the Sec. III the calculated results of local
structure analysis, diffusivities and viscosities are analyzed and are discussed
systematically. Finally, the summary is presented in Sec. IV.

4.2.

Computational details
The AIMD calculations in the present work are conducted by employing the

Vienna ab initio simulation package (VASP) [88, 89] with the generalized gradient
approximation (GGA) [90] for the exchange correlation functional, the projector
augmented wave (PAW) method and the ultrasoft (US) pseudo-potential [91] for the
electron-ion interaction. The Newton’s equation of motion is solved via the Verlet’s
algorithm with a time step of 5 fs. The simulations were performed at the  point only.
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All the calculations are carried out in canonical ensemble of constant volume and
temperature, with temperature controlled by a Nose thermostat [93].

At each

temperature, the supercell volume is varied, and the equilibrium volume is obtained when
the pressure equals zero. Different plane wave cutoff energy is set to control the energy
convergence conditions, which are 269.6 eV for the low accuracy setting and 300 eV for
the high. Three kinds of calculations, including PAW-GGA potential with high accuracy
(PAW-High), US potential with high accuracy (US-High) and US potential with low
accuracy (US-Low), were operated in order to evaluate the effect of various potential on
theoretical prediction of the result of diffusivities and viscosities.
The cubic supercell with 200 atoms is initially constructed in which the atoms are
randomly distributed according to the stoichiometric composition of Al80Cu20. The initial
configuration is equilibrated at a temperature well above the melting point, and then
sequentially cooled down to 1818, 1656, 1517, 1408, 1345, 1172 and 1000 K. At every
time step, the liquid was equilibrated for 10 ps, respectively. 2000 configurations are
collected at each temperature step for diffusion analysis. To characterize the liquid
structure, the pair correlation functions (PCFs), coordination numbers (CN), bond pair
(BP), and Voronoi polyhedra (VP) were analyzed.
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4.3.

Results and discussion

4.3.1. Local Structure Analysis
The generalized pair correlation function (

) of pure Cu and Al80Cu20 at

1000K obtained from AIMD calculation is shown Figure 4.1. In this Figure, the PCF of
Al83Cu17 and Al at 1023K measured by Shtablavyi et al. [109] and Waseda [110, 111]
using high energy X-ray diffraction and QNS, respectively are also illustrated. It is seen
that our AIMD calculation results can reproduce the shapes and positions the
experimentally measured results. With the addition of 20 at% Cu, of the first, secondary
and third peak of

are shifted to lower positions than these of the pure Al due to the

small size of Cu atoms, indicating that the average bond distance of the liquid Al80Cu20 is
decided by the pure Al and Cu.
The generalized PCF,

, and the partial PCF,

,

, and

at different temperatures are shown in Figure 4.2. The first peak of
effective hydrodynamic particle radius used in the Equation 2.23.

is an

Compared with

previously AIMD data of liquid Al60Cu40 by Wang et.al. [39], the positions of first peaks
of Al-Al, Al-Cu and Cu-Cu pairs will be decreased to 2.67, 2.48 and 2.56 Å individually
with more addition of Cu. In addition, it is also observed that the second peaks of Al-Al
and Al-Cu partial PCFs at 1000 K show two sub-peaks. Obvious splitting occurs on the
second peak of Cu-Cu partial PCF at the same temperature, indicating that there exists
short-range order structure. This deduction will be also proved by structure analysis of
bond pairs and Voronoi polyhedra. The above results provide a strong basis for the

52

analysis of the kinetic properties of the liquid Al80Cu20, and could be evaluated by the
experimental data obtained by QNS and extended X-ray absorbing fine structure
(EXAFS).
Figure 4.3 illustrates the distribution of individual CNs as a function of
temperature. It is observed that the CNs of most atoms are between 11 and 13. The CNs
of 12 and 13 increase more rapidly at low temperatures. Moreover, a dramatic change
occurs at around 1500K. Furthermore, the average CN is increasing from 9.6 (
Å) at 1818K to 11.0 (

=3.68

=3.63 Å) at 1000K. Similarly, the reported average CN of

liquid Al60Cu40 increases from 11.26 at 1323K to 11.50 at 973K (

=3.56 Å) [39]. With

the decreases of temperature, the increased average CN indicates the formation of more
close packed local orders in liquid Al-Cu, which can be identified in terms of bond pair
(BP) and Voronoi polyhedra (VP).
The percentages of various bound pairs and the summations of icosahedral, FCC
and HCP, and BCC type of polyhedra are shown in Figure 4.4. It depicts that the
icosahedral BPs are dominant at 1000K, followed by the random structure, the FCC and
HCP-type BPs, and the least BCC-type BPs. The icosahedra type of BPs including 1551,
1541 and 1431 increases dramatically, whereas the random type of 1311 and 1321 BPs
decrease, with the decrease of temperature. At 1000K, in particular, the 1551, 1541 and
1431 BPs account for 51% of the total BPs in liquid Al80Cu20. In liquid Al60Cu40, the
percentage of these three kinds of BPs reaches about 45% at 973K. In both the liquid
alloys, the 1431 type of BP is the most.
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The local atomic packing in liquid Al80Cu20 is further explored by the Voronoi
tessellation method, as shown in Figure 4.5. It has been found [12, 19, 20] that in binary
systems, the preferred type of polyhedron depends on the ratio of the atomic radii of
solute to that of solvent (
polyhedra

), i.e. Frank-Kasper polyhedra with

, the bi-capped square Archimedean antiprism polyhedra

, and the tricapped trigonal prism polyhedra with
is equals to 0.86 (

, the icosahedral

=1.82 Å,

. In liquid Al80Cu20,

=1.57 Å), so that icosahedral type clusters tend to be

formed. It is observed that the Voronoi polyhedra with the index of <0, 2, 8, 1>, <0, 2, 8,
2>, <0, 3, 6, 3>, <0, 3, 6, 2>, <0, 4, 4, 3> and <0, 3, 6, 1> are dominant at 1000K, of
which <0, 2, 8, 2> polyhedra is the highest. For the icosahedra with the CN of 12, it is
seen that the icosahedra, including <0, 3, 8, 1>, <0, 0, 12, 0>, <0, 4, 4, 4>, <0, 4, 6, 2>,
<0, 3, 6, 3> and <0, 2, 8, 2>, is the dominant structure in liquid Al80Cu20. It is noted that
the perfect icosahedra <0, 0, 12, 0> is not the most polyhedra in liquid Al80Cu20, which is
less than 1.5% in liquid. The aforementioned clusters can form local ordering structures
in medium range through vertex-, edge-, face- and intercross-sharing of neighboring
clusters [75, 97].

4.3.2. Diffusivity
The mean-square displacements of Al and Cu as a function of time at various
temperatures are shown in Figure 4.6. For time below 0.1 ps, the MSD is proportional to
t2, as expected for ballistic motion [23]. For longer time the MSD increases linearly with
time, indicating that long-range diffusion takes place[23]. The MSD values in the range
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of 2 Å2 and 4 Å2 are used for diffusion analysis. Generally, the diffusion coefficient
obtained experimentally is always in accordance with the Arrhenius-type temperature
dependence in the superheat liquid and the super-cooling liquid state above Tg. The
Arrhenius-type temperature dependence equation is expressed as [23].

Equation 4.1

)

where D0, H, kB and T are the preexponential factor, the activation enthalpy for diffusion,
Boltzmann’s coefficient, and the temperature of diffusion, respectively.
Figure 4.7 illustrates the Arrhenius-type of intrinsic diffusion coefficients of Al
and Cu in liquid Al80Cu20 calculated via MSD method and measured by QNS by Zhang et
al. [28]. Compared with the intrinsic diffusivity of dilute Cu in liquid Al [112], the
diffusivity of Cu is decreased with the addition of more Cu into liquid Al, whereas larger
in the liquid Al-Cu than the self diffusivity of liquid Cu. The self diffusivity of Cu
calculated by AIMD also shows a good agreement with the results measured by QNS
[113]. There is small difference between AIMD results by using US-Low and
experimental data, which is acceptable due to the low accuracy setting in the calculation.
Based on the Arrhenius equation, the pre-exponential factor (D0) and the activation
enthalpy (H) are fitted for the self diffusion of Cu in liquid Al-Cu and Ni in liquid Al-Ni,
listed in Table 4.1. Compared with the diffusivity of dilute Cu in liquid Al (1073~1373K)
[114], the activation enthalpy for the diffusion of Cu in liquid Al80Cu20 is larger, but a
little bit smaller than that of Ni in Al80Ni20.
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In calculating of interdiffusion coefficient, the thermodynamic and dynamic
correlation factor is needed to be evaluated according the modified Darken equation as
shown in Equation 2.22.

The thermodynamic factors (

) calculated from the

thermodynamic database [115] are shown in Figure 4.8. In Figure 4.8(a), the

as a

function of the content of Cu in binary Al-Cu alloys at 983K is compared with the results
obtained by Zhang et al. [28]. Temperature dependence of the thermodynamic factor in
Al80Cu20 is shown in Figure 4.8(b), values of which in liquid Al80Cu20 is significantly
smaller than that of in liquid Al80Ni20 [32]. The dynamic correlation factor evaluated
from the current AIMD simulations is plotted in Figure 4.9 with the initial step
considered as the reference state,

, showing that the Manning factor

in Equation 4

approaches unity with increasing simulation time, i.e. approaching equilibrium. The
diffusion mechanism in the Al80Cu20 liquid thus appears to be the same as that for viscous
flow [30], and is strongly affected by local chemical ordering [103]. The diffusion of Be
in Zr-based BMG alloys are characterized as the diffusion process of a group of atoms.
The interdiffusion coefficients calculated by the Darken equation (Equation 2)
and results measured by the Long Capillary (LC) diffusion experiment with in situ X-ray
radiography [28] are plotted in Figure 4.10. The calculated diffusivity and the thermal
dynamic factors are listed in the Table 4.2. It can be seen that the theoretical predicted
interdiffusivity through Darken equation is lower than those from the LC experiment,
meaning the interdiffusion coefficient in the liquid Al-Cu could not be represented via the
Darken equation. The

calculated by the thermodynamic driving force is about 1.6,
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which is too small for the theoretical calculation to match the LC experimental
interdiffusivity data through the Darken equation.

4.3.3. Viscosity
The viscosity coefficients of liquid Al80Cu20 calculated by different potentials and
accuracy setting parameters through the Stock-Einstein relation are shown in Figure 4.11.
And the viscosity coefficients calculated by PAW-High setting are listed in Table 4.2. As
shown in Figure 4.11(a), if evaluated based on the QNS data by Brillo et al.[29] and the
XRD data by Wang et al. [30], the viscosity coefficients by PAW-High setting are better
in agreement with the experimental data than those with US-High and US-Low settings.
In this work, the fragility of liquid Al80Cu20 is predicted to characterize the
sensitivity of liquid structure to the temperature changes through Vogel-FulcherTammann (VFT) relation, shown as Figure 4.11(b).
temperature-independent activation energy of

Although the liquid has a
, the

fragile liquids exhibit Arrhenius behavior and their effective activation energy increase as
temperature decreases [4, 25].
In Table 4.3, the fragilities obtained by the VFT fitting are listed, indicating that
liquid Al80Cu20 can be classified into a strong liquid with the fragility value f < 10.
Although the viscosity behavior of liquid Al80Cu20 can be described by an Arrhenius
relationship, the AIMD and the experimental data need to be fitted by different VFT
equations. This is because the fragility is a quantity affected by several variables. The T 0
value makes great contribution for the prediction of the fragility via VFT fitting. And the
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viscosity value is another effect. When the QNS and XRD data are fitted separately,
there is an obvious difference in fragility, suggesting the experimental measured fragility
is affect by the temperature.
Combining Equation 2.22 and Equation 2.23, we can see that there are two key
factors to successfully determination of the viscosity. One is the thermodynamic factor
for the inter diffusivity; the other is the distribution of the diffused particle size. The
diffused particle size can be determined by the distance of the first peak of

. The

accuracy of the interdiffusion coefficients or viscosity of the liquid could be evaluated
experimentally and theoretically through the Stock-Einstein relation. It will be more
meaningful to investigate the structural evolution and the kinetic behavior as a function
of temperature.

4.4.


Conclusions
The atomic configurations, the diffusivity and the viscosity of the liquid Al80Cu20
were obtained by means of the AIMD simulations.

The influence of local

structure and the thermodynamic driving forces on chemical diffusion have been
investigated to declare the composition-structure-kinetic relationship of the liquid
Al80Cu20. The theoretical predictions of the structure evolution and the kinetic
properties of liquid Al80Cu20 in the present work have been evaluated by
comparing with the related experiments.
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There is obvious short range ordering in this alloy. The analysis of PCFs, BP and
Vorrinoi polyhedra shows that structure is toplogically controlled. It has been
found that the icosahedral clusters increases dramatically and the liquid becomes
more ordered as the temperature decreases, which makes the diffusion mechanism
of the liquid Al80Cu20 a viscous flow.



The thermodynamic factor and the diffused particle size are two key factors for
the successful determination of the viscosity. The interdiffusion coefficients of
liquid Al80Cu20 predicted by the Darken equation match well with those got from
the viscosity experiment by the Stock-Einstein relation. The VFT fitting results
shows that the liquid Al80Cu20 can be classified into a strong liquid.
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Table 4.1 The pre-exponential factor (D0) and the activation enthalpy (H) for the intrinsic
diffusion coefficient of Cu in liquid Al-Cu and Ni in liquid Al-Ni through Arrhenius
equation

D0

-H

Temperature range

(m2s-1)

(KJmol-1)

(K)

8.7 × 10-8

28.7

1170 ~ 1820

This work

1.4 × 10-7

33.8

1000 ~ 1820

[28]

Cu in Al60Cu40

2.8 × 10-8

19.7

973 ~ 1323

[39]

Ni in Al80Ni20

9.1 × 10-8

36.5

1330 ~ 2200

[22]

1.0 × 10-7

36.1

1350 ~ 1790

[32]

Dilute Cu in

10.6 × 10-7

24.0

714 ~ 1667

[114]

liquid Al

8.1 × 10-7

38.9

831 ~ 919

[114]

1.1 × 10-7

23.8

976 ~ 1260

[112]

2.1 × 10-7

16.5

1073 ~1373

[114]

Dilute Ni in

9.9 × 10-8

26.5

973 ~ 1223

[112]

liquid Al

9.54 × 10-8

26.0

714 ~ 1667

[114]

Cu in Al80Cu20

Ref

Note: The D0 and H of Al80Cu20 and Al80Ni20 are fitted based on the their reported
experimental data by Zhang et.al.[28] and Horbach et.al.[32].
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Table 4.2 Diffusivity data and viscosity calculated by PAW-GGA potential of liquid
Al80Cu20

Temperature

DAl
-9

2 -1

Dcu
-9

Φ

2 -1

DAlCu
(10-9 m2s-1)

(mPa·s)

1.475

20.35

0.75

10.32

1.540

15.57

0.89

9.94

8.73

1.564

13.83

0.92

1408

7.32

6.81

1.510

10.81

1.10

1345

7.58

6.90

1.577

11.09

1.02

1172

5.27

4.69

1.612

7.74

1.27

1000

3.35

3.31

1.641

5.44

1.54

(K)

(10 m s )

(10 m s )

1818

13.52

13.86

1656

10.27

1517

61

Table 4.3 The fragility of liquid Al80Cu20 via VFT fitting

PAW-High

US-High

QNSa

XRDb

QNS &
XRD

(mPa·s)

0.73

0.61

1.11

0.86

0.68

(K)

773

580

778

626

607

f

4.17

1.85

8.16

6.85

1.58

a

QNS data is reported by Brillo et.al.[29]

b

XRD data is reported by Wang et.al. [30]
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Figure 4.1 Generalized pair correlation functions of pure Cu and Al80Cu20 at 1000K
obtained by AIMD calculation, the high energy X-ray diffraction of Al83Cu17 at 1023K
[109], and the quasielastic neutron scatting experiment of pure Al at 1023K [65].
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Figure 4.2 Pair correlation functions of liquid Al80Cu20 alloy at different temperatures, (a)
the generalized PCFs, (b) Al-Al partial PCF; (c) Al-Cu partial PCF; (d) Cu-Cu partial
PCF.
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Figure 4.3 Variation of the percentages of average coordination number with temperature
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Figure 4.4 Temperature dependence of (a) the quatanty of various types of bond pairs,
and (b) icosahedra type bond pairs (1551, 1541 and 1431), FCC and HCP type (1422 and
1421), BCC type (1441 and 1661), and random type (1311, 1321 and others). Note: the
other bond pairs less than 1% are not shown here.
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Figure 4.5The content of various Voronoi polyhedra at different temperature
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Figure 4.6 Mean square displacements of Al and Cu at different temperature
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Figure 4.7 Intrinsic diffusion coefficients of Al and Cu in liquid Al80Cu20 calculated by
different potential in this work, comparison to previous reported results are shown here.
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Figure 4.8 Variation of thermodynamic factor with the content of Cu in binary Al-Cu
alloys at 983K; (b) Temperature dependence of the thermodynamic factor in Al80Cu20.
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Figure 4.9 Variation of the dynamic correlation factors with the initial step, u i (0) .
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Figure 4.10 Interdiffusion coefficient in Al80Cu20 calculated by the Darken equation in
this work and compared results by Zhang et.al.[28].

72

Figure 4.11 (a) The viscosities, and (b) the logarithm of viscosities calculated by different
potentials compared with the results of Wang [30] and Brillo [29].

Chapter 5
Effect of composition on atomic structure, diffusivity and
viscosity of liquid Al-Zr alloys
5.1.

Introduction
Diffusivity and viscosity in metallic liquids are important physical properties,

particularly with respect to the formation of bulk metallic glasses (BMG).[23, 24] The
experimental measurements of diffusion coefficients in liquid are both costly and difficult
due to the high temperatures encountered.

In recent years, the ab initio molecular

dynamics (AIMD) approach has demonstrated its capability in accurately predicting the
atomic structures [12, 19, 20, 39, 40] and physical properties [42-45] of stable and
metastable liquid phases. Previously, we studied the self-diffusion coefficients in pure Al
and Zr liquid phases using the AIMD approach [116], and the results were compared
favorably with available experimental data in the literature [117, 118]. Recently, we
studied the atomic structure and diffusivity in liquid Al80Ni20 by ab initio molecular
dynamics simulations [22]. In the present work, AIMD simulations are carried out to
study the atomic structure, diffusion coefficient, and viscosity of liquid Al-Zr alloys as a
function of temperature and composition to better understand their glass formability
because Al and Zr are two important elements in metallic glass materials. For example,
the homogeneous amorphous Al-10at% Zr films after oxidation improve the tunneling
magneto resistance and the thermal stability of magnetic tunnel junction [119], and the
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change of Al from 4 to 8 at% in Zr50Cu50-based BMGs increases the critical diameter
from 2mm to over 5mm.[120]

5.2.

Computational details
The AIMD calculations in the present work are conducted by employing the

Vienna ab initio simulation package (VASP) [88, 89] with the generalized gradient
approximation (GGA) [91] for the exchange correction functional and the projector
augmented wave (PAW) [90] for the electron-ion interaction. The Newton’s equation of
motion is solved via the Verlet’s algorithm with a time step of 5 fs, and the simulations
were performed at the  point only. All the calculations are carried out in canonical
ensemble, i.e constant volume and temperature, with atomic configuration fully relaxed
and temperature controlled by a Nose thermostat [93]. The wave functions are sampled
on 1×1×1 k-point mesh in terms of the Monkhorst-Pack scheme [94]. The plane wave
cutoff energy is 240.4 eV, and the energy convergence criterion of electronic selfconsistency is chosen as 1×10-4 meV/atom for all the calculations (both default values).
At each temperature, the supercell volume is systematically varied, and the equilibrium
volume is obtained when the pressure equals zero.
In our previous AIMD calculations, the solid/liquid phase transformation and
related kinetic properties of pure Al and Zr were studied via different cooling rates, and
the calculation results matched well with related experimental data, i.e. pair correlation
function, structure factor, diffusivity and viscosity. [53, 116] In the present work, a cubic
supercell with 200 atoms is employed, and a well-equilibrium liquid configuration is
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established after running 10 ps at a temperature of 1.4Tm for four Al1-xZrx (x=0.4, 0.5. 0.6
and 0.67) alloys, where Tm is the liquidus temperature based on the Al-Zr phase diagram
(1868 K (1595 °C), 1758 K (1485 °C), 1753 K (1480 °C) and 1623 K (1350 °C) for
x=0.4, 0.5. 0.6 and 0.67, respectively). [121] The ensemble is sequentially equilibrated
for 10 ps at each temperature of 1.4Tm, 1.3Tm, 1.2Tm, 1.1Tm and Tm. Two thousand
configurations were collected at each temperature and the last 1600 were utilized to
evaluate the mean square displacement of individual atoms.

5.3.

Results and Discussions

5.3.1. Local Structure Analysis
Figure 5.1 shows the generalized pair correlation functions of liquid Al3Zr2, AlZr,
Al2Zr3 and AlZr2 with their T/Tm=1.4, 1.3, 1.3 and 1.2, respectively, compared with those
of pure Zr with T/Tm=1.08 and pure Al with T/Tm=1.4 reported by Waseda [110]. It can
be seen that our AIMD simulation results resemble the shape and peak positions of the
experimentally measured generalized pair correlation functions of pure Zr. The shift of
peak positions to shorter atomic distance and the decrease of peak heights are due to the
smaller atomic size and scattering factor of Al. The generalized pair correlation functions
at different temperatures of each Al1-xZrx alloy are plotted in Figure 5.2, and the position
of the first peak represents the effective hydrodynamic particle radius and is used in
Equation 2.23 to evaluate viscosity.

Figure 5.3 shows the variation of bond pairs with temperature of each liquid Al1xZrx

alloy. The bond pairs with percentages smaller than 1% are not shown. The
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icosahedral clusters represented by 1551, 1541 and 1431 bond pairs are dominant in all
four alloys. It can be seen in Figure 5.3 that the amounts of 1441 and 1661 bond pairs,
i.e. BCC type clusters, are similar to each other and trail behind those of three icosahedral
bond pairs. The next groups are 1422 and 1421 bond pairs (FCC and HCP type clusters)
and 1311 and 1321 bond pairs (disordered atomic arrangements).

With increasing

temperature, the amount of 1551 bond pairs decreases, forming more defective
icosahedral clusters, i.e. 1541 and 1431 bond pairs. It is also observed that the amount of
BCC type clusters increases with the Zr concentration and becomes equally dominant as
the defective icosahedral clusters in the AlZr2 alloy, which is probably due to the stability
of bcc Zr at high temperatures.
The local atomic environment is further explored by the Voronoi tessellation
method, shown in Figure 5.4. In binary systems, it is commonly accepted that the
preferred polyhedron type depends on the ratio of solute to solvent (
20]. With

) atomic sizes [12,

, the Frank-Kasper type structure forms, with

the icosahedral type is favored, with

, the bi-capped square

Archimedean antiprism type develops, and with

, the tricapped trigonal prism

packing type appears. In the Al-Zr system with

and

Å,

equals

to 0.84, indicating the tendency to form icosahedral type clusters. It is observed that
Voronoi polyhedra with the index of <0, 3, 6, 3>, <0, 2, 8, 2>, <0, 2, 8, 1>, and <0, 3, 6,
4> are dominant. The first three of them are related to icosahedra structure, in agreement
with the bond pair analysis discussed above though the perfect icosahedrons <0, 0, 12, 0>
does not have the highest percentage as the 1551 bond pairs. This is because one <0, 0,
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12, 0> is made up of twelve 1551 bond pairs [5] and the Voronoi tessellation method and
the Honeycutt-Anderson bond pairs analysis focus on different aspects of atomic
environments.

In the Honeycutt-Anderson bond pairs analysis, pairs of atoms are

classified by (i) whether or not they are near-neighbors, (ii) the number of near-neighbors
they have in common, and (iii) the near-neighbor relationships among the shared
neighbors. [72] While in the Voronoi tessellation method, the polyhedra are identified by
the topological difference, (i) the coordination number and (ii) the number of edge of the
faces. [74] It is not possible for all 1551 bond pairs to form the perfect icosahedra <0, 0,
12, 0> only. It should be pointed out that a great amount of polyhedra with coordination
number as higher as 14, such as <0, 2, 8, 4>, <0, 3, 6, 5>, <0, 1, 10, 3> and <0, 3, 8, 3>,
could form in the liquid AlZr and AlZr2 alloys, which affects dynamic behavior of these
alloys as discussed in the viscosity part of this paper.
Figure 5.5 shows the percentage of Zr-Centered polyhedra in the major Voronoi
polyhedra groups, i.e. <0, 3, 6, 4>, <0, 2, 8, 2>, <0, 3, 6, 3>, and <0, 2, 8, 1>, at Tm of
each alloy shown in Figure 5.4. It can be seen that the Zr atoms prefer to occupy the
center position of the polyhedra with higher coordination number and their percentages
increase with the increase of the Zr concentration. On the contrary, the Al atoms prefer
to occupy the center position of the polyhedra with coordination number no larger than
12. This phenomenon is mainly due to the atomic size difference between Al and Zr.
Figure 5.6 shows the local order around perfect icosahedra <0, 0, 12, 0> in the
four alloys at Tm. Various polyhedra are linked by vertex-shared (VS), edge-shared (ES),
face-shared (FS), and intercross-shared (IS) atoms. Atoms in the local order structure are
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characterized with different positions, such as Zr atoms in the center of polyhedra (silver,
light), in the shared position (red, dark), and at other positions (blue, light darker), and Al
atoms in the center (white, lighter), in the shared position (pink, darker), and at other
positions (golden, light darker). It can be seen that the coordination number of the Zrcentered polyhedra shown in Figure 5.6 is larger than 12, which is due to the smaller
atomic size of Al with respect to Zr. The third peak in the generalized partial correlation
functions in Figure 5.2 of each alloy indicates the formation of locally ordered structure.

5.3.2. Diffusion Coefficients and Viscosity
Figure 5.7 shows the mean square displacement as a function of time at different
temperatures. For time shorter than 0.1 ps, the MSD is proportional to the square of time
and independent of temperature, as expected for ballistic motion and vibrations.[23] At
longer time the MSD increases with T, a characteristic of a thermally activated process
such as long-range diffusion. In the present work, simulation results after 0.5ps and with
the MSD starting at 2 Å2 ending at over 4 Å2 are used to evaluate diffusion coefficients.
The tracer diffusion coefficients are plotted in logarithmic scale with respect to the
inverse of temperature in Figure 5.8. It is observed that the tracer diffusion coefficients
of Al in binary solutions are about one order of magnitude lower than self-diffusion
coefficient of pure Al, while the tracer diffusion coefficients of Zr in binary solutions are
similar to self-diffusion coefficient of pure Zr. The tracer diffusion coefficients for each
alloy are fitted to the Arrhenius relation, and the prefactor coefficients and activation
energies thus obtained are listed in Table 5.1.
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In Figure 5.9, the diffusion coefficients are plotted in linear scale as a function of
Zr concentration at four temperatures with an insert showing the ratio of the diffusion
coefficients, DAl/DZr, calculated by the Arrhenius relations. It can be seen that the tracer
diffusion coefficient of Al decreases dramatically with the initial addition of Zr and then
remains almost constant for the mole fraction of Zr over 0.5. On the other hand, the
tracer diffusion coefficients of Zr do not seem to vary much with the concentration. It is
also observed that the DAl/DZr ratio is independent of temperature in the temperature
range considered, similar to the liquid Al-Ni system.[103] The lowest DAl/DZr is ~ 1.2 at
a composition around Al2Zr3. The closeness of the two tracer diffusion coefficients
indicates the strong dynamic cross correlations of the collective motion of diffusion
atoms similar to those reported in the Al80Ni20 and Al80Cu20 solutions [28, 32, 103] and
Be atoms in the Zr-based bulk metallic glass alloys [24, 67].

Particularly, the

investigations of Al-Ni melts using quasielastic neutron scattering and MD and AIMD
simulations correlated the equality of self-diffusion coefficients to chemical short-range
order visible through a prepeak in the structure factor. [22, 103]
The thermodynamic factor needed in Equation 2.19 is shown in Figure 5.10
calculated from a thermodynamic database by Wang et al. [121]. It can be seen that the
thermodynamic factor decreases with increasing of Zr concentration, meaning the liquid
phase becomes less deviated from ideality. The interdiffusion coefficient thus predicted
is shown in Figure 5.11 with its activation energy close to that of pure Zr because both
self-diffusion coefficients of Al and Zr in liquid have similar activation energy as pure Zr
as depicted in Figure 5.8. On the other hand, the value of interdiffusion coefficient is
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shifted up by the thermodynamic factor and close to the self-diffusion coefficient of pure
Al.
The viscosity is calculated by Equation 2.23 with c=6 for a viscous flow and the
value of

evaluated from Figure 5.2 and plotted in Figure 5.12. It is observed that the

viscosities of four Al-Zr binary alloys are similar to each other, closer to that of pure Al
than that of pure Zr. This is because the interdiffusion coefficient is close to the selfdiffusion coefficient of pure Al as shown in Figure 5.11 and the similar effective
hydrodynamic particle radius represented by the position of the first peak of the
generalized pair coordination functions as shown in Figure 5.2. The behavior of viscosity
from the experiment could also be expressed an Arrhenius-type temperature dependence
equation as [29, 61]

Equation 5.1

η

η

where  is the prefactor, and Q the activation energy for the viscous flow. Their values
for each alloy are included in Table 5.1
One interesting observation above is that both interdiffusion coefficient and
viscosity of the binary Al-Zr liquid are close to those of pure Al. One possible reason for
this behavior is related to the strong clustering in the Al-Zr liquid evidenced by the
similar tracer diffusion coefficients of Al and Zr and the large thermodynamic factor. As
shown in Figure 5.4 and Figure 5.5, clusters with high coordination numbers are
primarily Zr-centered. The viscous flow of these clusters is thus controlled by the
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interactions between the large sized clusters of high coordination numbers.

These

interactions are largely between Al atoms, thus resulting in the interdiffusion coefficients
and viscosity of the binary liquid being close to those of pure Al.

5.4.

Conclusion
In summary, atomic configurations, self-diffusion and interdiffusion coefficients,

and viscosity of the liquid Al-Zr binary alloys are obtained by means of the AIMD
simulations. It is observed that the self-diffusion coefficient of Al decreases dramatically
with the addition of Zr and become close to that of Zr in the binary solutions, while the
self-diffusion coefficient of Zr remains almost constant. The closeness of self-diffusion
coefficients of Al and Zr indicate the collective motion of Al and Zr. Both interdiffusion
coefficients and viscosity of the liquid Al-Zr binary alloys binary are found to be close to
those of pure Al.
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Table 5.1 Prefactor and activation energy for tracer diffusion coefficients and viscosity

Al3Zr2

AlZr

Al2Zr3

AlZr2

D0(Al) (m2 s-1)

1.2 × 10-7

7.2 × 10-8

7.4 × 10-8

2.7 × 10-7

Q (Al) (kJ mol-1)

53.6

50.5

49.3

72.7

D0(Zr) (m2 s-1)

8.7 × 10-8

3.4 × 10-7

1.1 × 10-7

3.0 × 10-7

Q (Zr) (kJ mol-1)

56.9

83.1

59.6

77.9

η0 (Pa·s)

1.6 × 10-4

7.8 × 10-5

1.3 × 10-4

3.4 × 10-5

Q (kJ mol-1)

7.0

22.0

11.6

38.1

1868 ~ 2615 K

1758 ~ 2462 K

1753 ~ 2455 K

1623 ~ 2272 K

(1595 ~ 2342
°C)

(1485 ~ 2189
°C)

(1480 ~ 2182
°C)

(1350 ~ 1999
°C)

Temperature
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Figure 5.1. Generalized pair correlation functions of liquid Al-Zr alloys shifted by 0.5
between neighboring curves with the experimental data of pure Al at 1323 K (1050 °C)
and Zr at 2290 K (2017 °C) reported by Waseda [110] and Schenk [122] superimposed.
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Figure 5.2. Generalized pair correlation functions of liquid Al-Zr alloys shifted by 0.5
between neighboring curves at various temperatures, (a) Al3Zr2, (b) AlZr, (c) Al2Zr3 and
(d) AlZr2.
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Figure 5.3. Variation of the main bond pairs (>1%) as a function of temperature, (a)
Al3Zr2, (b) AlZr, (c) Al2Zr3 and (d) AlZr2.
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Figure 5.4. Percentage of Voronoi polyhedra at different temperatures, (a) Al3Zr2, (b)
AlZr, (c) Al2Zr3 and (d) AlZr2.
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Figure 5.5. Variation of Zr-centered polyhedra at Tm of each alloy normalized to each
type of polyhedron as a function of Zr concentration.
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Figure 5.6. Local atomic structure around a perfect icosahedron <0, 0, 12, 0> at Tm, (a)
Al3Zr2, (b) AlZr, (c) Al2Zr3 and (d) AlZr2, with polyhedra linked by vertex-shared (VS),
edge-shared (ES), face-shared (FS), and intercross-shared (IS) atoms (see text for atom
designations).
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Figure 5.7. Mean-squared displacements (MSDs) at temperatures corresponding to
1.4Tm, 1.3Tm, 1.2Tm, 1.1Tm and Tm of individual alloys with the arrow showing the
decreasing of temperature, (a) Al3Zr2; (b) AlZr; (c) Al2Zr3; (d) AlZr2.
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Figure 5.8: Self- and tracer diffusion coefficients of Al (a) and Zr (b) alloys with lines
fitted by an Arrhenius relation, D  D0 e

 Q / k BT

with D0 and Q listed in Table 5.1.
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Figure 5.9. Self- and tracer diffusion coefficients of Al and Zr at 2000 K (1727 °C), 2100
K (1827 °C), and 2200 K (1927 °C) as a function of Zr content calculated from Arrhenius
relations (symbols). The inset picture shows the self-diffusion coefficient ratio (DAl/DZr).

92

Figure 5.10. Thermodynamic factors as a function of temperature calculated from the
thermodynamic database by Wang et al.[121].
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Figure 5.11. Interdiffusion coefficient calculated by the Darken equation with selfdiffusion coefficients of pure Al and Zr superimposed [116].
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Figure 5.12. Viscosity calculated from the Stokes-Einstein equation with data of pure Al
and Zr from previous AIMD simulations[116] and experimental data of pure Al by
Assael et al.[117] and Sun et al.[118] superimposed.
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Chapter 6 Contribution of tungsten to the structure and
diffusivity of liquid Ni-W alloys
6.1.

Introduction

W is one of the important alloying elements in Ni alloys including the Ni-based
superalloys widely used in the high pressure turbine blades and the Ni-W diffusion
barrier between fourth generation Ni-based superalloys and Pt-modified nickel aluminide
bondcoat. [123]

Additionally, the binary Ni-W alloys posses excellent corrosion

resistance, good thermal stability, high hardness, and superior wear resistance with them
significantly affected by grain boundary segregation of. [124-130] It has been observed
that the high concentration of refractory elements in the Ni-based superalloys is
associated with the formation of freckle defects during solidification. [131, 132] Thus,
understanding the effects of W on properties of liquid Ni-W alloys is desirable in
designing the next generation Ni-based superalloys and contributes to the grain boundary
engineering of nanocrystalline Ni-W alloys.
Previously, we carried out AIMD calculations of liquid Ni to study its structural,
diffusion, and phase transformation properties in the temperature range between 300 and
2700 K [101] and observed good agreement with the pair correlation function measured
by Waseda et al. [110, 133, 134] and the self diffusivity measured by Meyer et al., [100].
Our calculations show that the solid-liquid phase transformation of Ni can be evaluated
by the internal energy change and validated by the appearance of short range ordering
according to structure analysis, such as pair correlation function, and the self diffusion
coefficient as a function of temperature could be obtained with favorable comparison
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with available experimental data. In the present work, we perform AIMD simulations for
binary Ni-10W and Ni-20W (at. %) alloys to understand the effect of W concentration on
atomic structures and atomic diffusion coefficients of liquid.

6.2.

Computational details

The AIMD calculations in the present work are conducted by employing the Vienna
ab initio simulation package (VASP) [88, 89] with the generalized gradient
approximation [90] for the exchange correlation functional and the projector augmented
wave [91] method for the electron-ion interaction. The Newton’s equation of motion is
solved via the Verlet’s algorithm with a time step of 5 fs, and the simulations are
performed at the  point only.

All the calculations are carried out in a canonical

ensemble at several constant volumes, and a Nose thermostat is used for temperature
control [93]. The wave functions are sampled on Г-centered k-mesh of 1×1×1. The
plane wave cutoff energy is 242 eV, and the energy convergence criterion of electronic
self-consistency is chosen as 1×10-4 meV/atom for all the calculations (both default
values). At each temperature, the supercell volume is systematically varied, and the
equilibrium volume is obtained with the pressure equal to zero.
The cubic supercell is initially constructed with 200 atoms and equilibrated at a
temperature well above the melting point to ensure an equilibrium liquid state. AIMD
simulations of pure W with an equilibrated time of 10 ps are carried out at 5000, 4000,
3500 and 3000 K. Simulations of liquid Ni-10W are carried out at 5000, 4000, 2500,
2000 and 1500 K, respectively, with an equilibrated time of 10 ps, while these of liquid
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Ni-20W at 5000, 4500, 4000, 2500 and 1500 K. 2000 configurations are collected at
each temperature for diffusion analysis and the last hundred configurations are used for
structure analysis.

The pair correlation functions (PCFs), [18, 20, 54] coordination

numbers, [12, 18, 71] bond pair analysis,[72] and Voronoi tessellation method [74] are
utilized to characterize the liquid structure. The mean square displacements larger than 2
Å2 are used for calculating the diffusion coefficients according to the Einstein’s relation.
[22]

6.3.

Results and Discussions

6.3.1. Pair correlation function and coordination number
Figure 6.1 shows the total pair correlation functions of Ni-10W and Ni-20W alloys at
2500K, comparing to our AIMD data of pure W at 3000K and pure Ni at 2100 K and the
experimental data of pure Ni by Waseda [110]. It can be seen that our AIMD simulation
results reproduce the shape and peak positions of the experimentally measured pair
correlation functions of liquid Ni. Due to the larger atomic diameter and the smaller
scattering factor of W than those of Ni [56], the addition of W into Ni shifts peak
positions of Ni-W alloys to larger atomic distance and decrease their peak heights.
Figure 6.2 and Figure 6.3 show the pair correlation functions at various temperatures
of liquid Ni-10W and Ni-20W with (a) for total PCFs the partial PCFs -

,

and

, and (b), (c) and (d) for

, respectively. The main peaks of PCFs

curves provide insights into the nature of chemical ordering in the liquid. It can be seen
that, as the temperature decreases, the first peaks of PCFs curves of

,
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and

become higher and narrower, the first valleys become deeper, and the

second and third peaks become more and more pronounced.
temperatures below 5000K, the first peak of

In particular, at

in liquid Ni-10W is less significant,

indicating the low probability in finding W atom in the first nearest neighbor of a W
atom. On the contrary, the first peak in liquid Ni-20W can be clearly seen, showing the
higher probability for W atoms to be in the first nearest neighbor of each other due to the
higher W concentration.
Figure 6.4 plots the average coordination number distribution at various temperatures
showing the configurations with coordination numbers of 11, 12 and 13 being dominant
and the configurations with the coordination numbers of 13 and 14 increasing
dramatically at low temperatures.
coordination numbers (
high coordination numbers (
Figure 6.4(b).

Figure 6.4(a) shows the percentages of the low

) increase with temperature, while the percentages of the
) decrease with the increase of temperature shown in

The average coordination number increases with the decrease of

temperature from 10.4 (with the average bond length / the first minimum of

,

rmin= 3.675 Å) at 5000K to 12.6 (rmin= 3.475 Å) at 1500K for Ni-10W and 11.3 (rmin=
3.525 Å) at 5000K and 12.9 (rmin= 3.525 Å) at 1500K for Ni-20W, respectively.
Furthermore, the equilibrium volume of liquid Ni-20W at 1500K is increased by 12%
higher than that of liquid Ni-10W, agreeing with the experimental measurements that the
density of liquid Ni-5.3W at 1773K is enhanced by 7.5% compared with that of Ni-2W
[135].
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6.3.2. Local structure analysis
For bond pairs, the 1551 bond pairs are the main bonds for the perfect icosahedra
with two root pair atoms and five common neighbors around. If the 1551 bond pair
looses one atom, it forms the 1441 bond pair; while adding one atom, it forms the 1661
bond pair. [53] The 1541 is called defective 1551 due to the lack of one bond among the
five common neighbors. One 1441 bond pair connects two BCC cells and one 1661 bond
pair connects four BCC cells. The local structure analysis of the metallic liquids, such as
Zr, [22, 136] Al-Ni, [22, 69, 96] Al-Mn [69] and Al-Zr [21], , has shown that (i) the
tetrahedral local orders mainly contain the 1441, 1431, 1421 and 1422 bond pairs; (ii) the
rhombohedra local orders are mainly made up of the 1331, 1321, 1311 and 1301 bond
pairs; (iii) the presence of the 1321 and the 1661 bond pairs is a strong indication that the
local order is more complex than the one found in the 13-atom icosahedra.
Figure 6.5 depicts that the icosahedral bond pairs (1551, 1541 and 1431) are dominant
at temperatures above the melting temperature, followed by the BCC-type bond pairs and
the FCC and HCP-type bond pairs in liquid Ni-20W. On the contrary in liquid Ni-10W,
the icosahedral bond pairs are dominant, followed by the random bond pairs and the FCC
and HCP-type bond pairs at temperatures above the melting temperature. Comparing
with Ni-10W, the percentage of the icosahedral bond pairs in Ni-20W at 1500K has 22%
higher due to higher W content. This difference will be discussed in detail in connection
with the local structure analyzed via Voronoi tessellation method later in the paper.
Based on the theory of hard sphere packing model, the liquid is considered as a
superposition of a collection of amorphous metastable states at sufficiently high density.
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[137] The structure evolution of the Ni-10W and Ni-20W liquids corresponds to their
related structure in solid state, the body centered tetragonal of the Ni4W compound and
the FCC packing of solution phase Ni-10W, which are the two phases formed when W is
added into Ni.
The local atomic packing in liquid Ni-10W and Ni-20W are explored by the Voronoi
tessellation method in terms of Voronoi index
Where

, shown in Figure 6.6.

denotes the number of k-edged face of a Voronoi polyhedra, with

being the individual coordination number. It is observed that the Voronoi polyhedra with
the index of <0, 2, 8, 1>, <0, 2, 8, 2>, <0, 3, 6, 3>, <0, 3, 6, 5>, <0, 3, 6, 2> and <0, 4, 4,
3> are dominant in liquid Ni-10W, among which the percentage of <0, 3, 6, 3> and <0, 3,
6, 5> polyhedra are the highest, shown in Figure 6.6(a). The Voronoi polyhedra with the
index of <0, 2, 8, 2>, <0, 1, 10, 2>, <0, 3, 6, 3>, <0, 3, 6, 4>, <0, 4, 6, 2>and <0, 4, 6, 3>
are dominant in liquid Ni-20W, among which the percentage of <0, 3, 6, 3> and <0, 3, 6,
5> polyhedra are the highest, shown in Figure 6.6(b). As the amount of the perfect
icosahedra with the index of <0, 0, 12, 0> increases at low temperatures, we can conclude
that the icosahedra structures, including the defective ones <0, 2, 8, 2>, <0, 3, 6, 3> and
<0, 3, 6, 5>, are the dominant structure in liquid Ni-20W. The variation of Voronoi
polyhedral index with the same coordination numbers as a function of temperature is
shown in Figure 6.7, which agrees well with the coordination number and the bond pair
analysis results. For example, corresponding to the increased 22% of the icosahedral
bond pairs (1551, 1541 and 1431) in Ni-20W, the percentage of the perfect icosahedra
<0, 0, 12, 0> is also enhanced with respect to that of Ni-10W. Furthermore, it is observed
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that the polyhedra with coordination number smaller than 12 increases with temperature,
while the polyhedra with coordination number larger than 11 decreases with the increase
of temperature.
The aforementioned clusters can form local ordering structures through vertex-, edge-,
face- and intercross-sharing of neighboring clusters. These sharing schemes lead to
correlation peaks in the partial pair correlation functions [75, 97]. Figure 6.8 shows
icosahedra medium-range ordering of liquid Ni-10W and Ni-20W at 1500 K, consisting
of perfect and defect icosahedra. Comparing the icosahedral medium-range ordering
with the partial correlation functions, Ni atoms can be found from an Ni- or W-center
nearest neighbor shell and the extended nearest neighbor shell, so both

and

have the first and second peaks. The W atoms prefer to form the solute-solvent
W-Ni bond and occupy the shared position between different polyhedra, which agree
with the high solubility of W in Ni shown in the Ni-W phase diagram [138, 139]. With
more addition of W in Ni, the liquid Ni-20W are more closely packed, shown in Figure
6.8, matching with these observations from the average coordination number and the
average bond length discussed before.

6.3.3. Diffusivity
Figure 6.9 shows the mean-square displacements of Ni and W as a function of time at
various temperatures in liquid Ni-10W and Ni-20W. The mean-square displacements
later than 0.5 ps and ending at larger than 2 Å2 are used for diffusion analysis. For time
below 0.1 ps, the mean-square displacement is proportional to t2, as expected for ballistic
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motion and vibration [23]. For longer times the mean-square displacement increases
linearly with time, which is the indication of long-range diffusion [23]. The
curve is shown in Figure 6.10 and agrees well with the result from previous AIMD
simulations [11, 101]. In comparison with self-diffusion coefficient of pure liquid Ni,
both our current work and the previous work by Woodward [11] show that the DNi
decreases with the addition of W in liquid Ni-W. For example, at 2500K, the DNi are
5.6×10-9 m2s-1 and 2.8×10-9 m2s-1 in Ni-10W and Ni-20W, while at 1500K, they are
5.8×10-10 m2s-1 and 3.9×10-10 m2s-1, respectively. As shown in Figure 6.8, W atoms serve
as bridges between and in the center of polyhedra. Consequently, the migrations of Ni
and W are collaborative, resulting in similar tracer diffusion coefficients close to that of
Ni because Ni atoms dominate the bridges between polyhedra.

6.4.

Conclusion

In summary, the atomic configurations and diffusion coefficients of the liquid Ni10W and Ni-20W were obtained by means of the AIMD simulations. The main results
are:


The bond pair analysis shows that that the icosahedral bond pairs (i.e. 1551, 1541
and 1431) are dominant, followed by the random bond pairs and the FCC and
HCP-type bond pairs at 1500K in liquid Ni-10W. On the contrary, the percentage
of the icosahedral bond pairs in Ni-20W at 1500K has been increased by 22% due
to a higher W concentration, followed by the BCC-type bond pairs, and finally the
FCC and HCP-type bond pairs. Correspondingly, the percentage of the perfect
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icosahedra <0, 0, 12, 0> of Ni-20W is also enhanced with respect to that of Ni10W.


It has been observed that liquid Ni-20W is more closely packed than Ni-10W,
characterized by the average coordination number increased from 12.6 to 12.9 and
the equilibrium volume increased by 12% at 1500K.



The tracer diffusion coefficients of Ni and W calculated by the mean squared
displacement are very close to each other due to the coupled migration of Ni and
W atoms, and the diffusion coefficient of Ni is reduced by the addition of W,
matching well with previous AIMD work.
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Figure 6.1 Total pair correlation functions of Ni-W alloys at 2500K along with our
AIMD data of pure W at 3000K and the data of pure Ni at different temperatures reported
by Waseda [110] and Zhang [101]. The curves of different systems are shifted from each
other in steps of 0.5.
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Figure 6.2 Pair correlation functions of liquid Ni-10W at various temperatures, (a) total
pair correlation functions, g(r); (b), (c) and (d) the partial pair correlation functions,

g NiNi (r ) , g NiW (r ) and gWW (r ) . The curves at different temperatures are shifted from
each other in step of 0.5
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Figure 6.3 Pair correlation functions at various temperatures of liquid Ni-20W, (a) total
pair correlation functions, g(r); (b), (c) and (d) the partial pair correlation functions,

g NiNi (r ) , g NiW (r ) and gWW (r ) . The curves at different temperatures are shifted from
each other in step of 0.5
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Figure 6.4 Average coordination Number (CN) distribution around all atoms at various
temperatures with open and solid symbols for Ni-10W and Ni-20W, respectively.
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Figure 6.5 Variation of bond pair with temperature, (a) (b) the percentage of various
types of bond pairs of Ni-10W and Ni-20W, respectively; (c) Variation of icosahedra
type bond pairs (1551, 1541 and 1431), FCC and HCP type (1422 and 1421), BCC type
(1441 and 1661), and random type (1311, 1321 and others).
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Figure 6.6 Average frequency of Voronoi polyhedra at various temperatures.
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Figure 6.7 Variation of Voronoi polyhedral index with the same coordination number as a
function of temperature with open and solid symbols for Ni-10W and Ni-20W,
respectively. .
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Figure 6.8 Icosahedra medium-range order with CN=12 Voronoi polyhedra at 1500K, (a)
Ni-10W; (b) Ni-20W. Atoms in the center, the normal and the shared positions are
marked in the green, the golden and the blue colors for Ni, the pink, the red and the black
colors for W.
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Figure 6.9 Mean-squared displacements (MSDs) of Ni and W in both alloys at different
temperatures.
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Figure 6.10 Diffusion coefficients of liquid W, Ni and Ni-xW (x=10, 20) in comparison
with the AIMD data of Ni-20W and Ni-5.4W by Woodward [11].
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Chapter 7 Conclusions and Future work
7.1.

Conclusion
This thesis describes the structure evolution, diffusivity and viscosity of Al80Ni20,

Al80Cu20, Al1-xZrx (x=0.4, 0.5. 0.6 and 0.67) and Ni1-xWx (x=0.1 and 0.2) melts through
ab initio molecular dynamics (AIMD) at different temperatures.
In liquid Al80Ni20, it is found that (i) the icosahedral bond pairs are dominant
followed by the FCC- and HCP-type bond pairs and the BCC-type bond pairs; (ii) the
percentage of the perfect icosahedra clusters increased as the temperature decreases and
(iii) the tracer diffusion coefficients of Al and Ni are equal due to their coupled
migration, which match well with the quasielastic neutron scattering measurement in the
literature.
In liquid Al80Cu20, it is observed that (i) the icosahedral cluster increases
dramatically and the liquid becomes more orders as the temperature decreases, which
makes the diffusion mechanism of the liquid Al80Cu20 a viscous flow; (ii) the
interdiffusion coefficient predicted by Darken equation matches with that obtained from
the viscosity experiment by the Stock-Einstein relation and (iii) the Vogel-FulcherTammann fitting results show that Al80Cu20 metal melt is a strong liquid.
In liquid Al-Zr, it is predicted that (i) the self diffusion coefficient of Al decreases
dramatically with the addition of Zr and becomes close to that of Zr in the binary
solutions, whereas the self diffusion coefficient of Zr remains almost constant; (ii) the
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closeness of intrinsic diffusion coefficient of Al and Zr indicates the collective motion of
Al and Zr in liquid Al-Zr alloys and (iii) both the interdiffusion coefficient and viscosity
of Al-Zr metal melts are found to be close to those of pure Al than those of pure Zr.
In liquid Ni-W, it is seen that (i) liquid Ni80W20 is more closely packed than liquid
Ni90W10 with higher average coordination number and more Voronoi polyhedra with high
coordination numbers; (ii) comparing with self diffusion coefficients of pure Ni and pure
W, tracer diffusion coefficient of Ni in liquid Ni-W decreases, while W increases and (iii)
the observation of equal tracer diffusion coefficient of Ni and W in Ni-W alloys is
attribute to the formation of local solute-centered polyhedra, coupling the migration of Ni
and W in both Ni80W20 and Ni90W10.

7.2.


Future work
Continue working on the prediction of diffusion coefficient of metal melts from

the velocity correlation function through Green-Kubo relation.


The vibrational entropy of metal melts via ab initio molecular dynamic

calculations can be studied via a two-phase thermodynamic model, where the liquid state
is treated as a combination of gas-like and solid-like components. The phonon density of
state in estimating can be obtained through the Fourier transform of velocity correlation
function.


The thermodynamic properties of metal melts, such as entropy, enthalpy, heat

capacity and Helmholtz energy will be predicted through ab initio molecular dynamic
calculations.

Appendix – Input files for AIMD calculation
INCAR
SYSTEM = AIMD(Al80Ni20)
ISTART = 1
ENCUT=200
IALGO = 48
LREAL = A
NELMIN = 4
BMIX = 2.0
MAXMIX = 50
ISIF=1
IBRION = 0
ISYM = 0
NSW = 2000
NBLOCK = 1 ; KBLOCK = 100
SMASS = -1
POTIM = 5
TEBEG = 2000
TEEND = 2000
LWAVE = .True.
LCHARG = .True.

KPOINTS
Large-Cubic
0
Gamma
1 1 1
0 0 0
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POSCAR
Al80Ni20-200
1.00000000000000
15.2533383484556424 0.0000000000000000 0.0000000000000000
0.0000000000000000 15.2533383484556424 0.0000000000000000
0.0000000000000000 0.0000000000000000 15.2533383484556424
160 40
Direct
0.7206418892849129 0.8382571798874991 0.0671169094947217
0.8346902826930531 0.0779719038663629 0.5581493179846220
0.6657810033267708 0.1766196056668718 0.4254541960708380
0.9355296534528605 0.2048742180373466 0.6376223334626161
0.7243521408785227 0.3722273261085576 0.8935367846839952
0.6239115009730440 0.8377246989705540 0.8921027729366315
0.0499482771701665 0.5206073234324222 0.2532424851123878
0.1228927054203197 0.6713838551256117 0.9242977564013088
0.2667351862182130 0.1538058917091760 0.3063321092083626
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