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ABSTRACT
This thesis describes the structure evolution, diffusivity and viscositysglizo,
AlgClyg, Al1xZrx (x=0.4, 0.5. 0.6 and 0.67) and MWy (x=0.1 and 0.2)melts through
ab initio molecular dynamics (AIMDat different temperatures, providing fundamental

information in characterizinthe glass formability.

The structure evolution is characterized in terms of pair correlation function,
structure factor,coordinate numbers, Honeycéthderson bond pair and Vamoi
polyhedra. The short range ordering structures in the metal melts can be presented based
on the analysis of Honeycutinderson bond pair and Voronoi polyhedgealf diffusivity
and intrinsic diffusivity arecalculaed from the Einstein relatiolasedon the mean
square displacement of atomsViscosity is evaluatal using StockEinstein relation
derived for the motion of a macroscopic particle in a viscous medumpredicted pair
correlation function, structure factor, diffusivity and viscosdaye compared with
available experimental datauch ashigh energy Xray diffraction and quasielastic

neutronscdtering, 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 materialb properties significantly
different from their crystal counterparsince only short range ordering structures exist
instead of long rang orderirj@-4]. Oncethe nucleation of crystalline phases from liquid
is prohibitedduring quenchingmetallic glassexanform. 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 negular dynamics (MD) simulatiorf§-9]. In recent
years, with lhe 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 usgfl-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 thef§]. In a seies 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&G§-22],

demonstrating the great potential of the AIMD approach.

The diffusivity and viscosity of the metallic liquids are important physical
properties in understaing the kinetic behavior of various processes such as nucleation,

crystal growth, the formation of metallic glasses (M&423, 24] The strong/fragilef]
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feature of liquid has been applied to indicate the sensitivity of liquid viscosity to
temperatug, and in turn to evaluate the glass forming ability (GFA) of a certain system
[4, 25]. Approaching the glass transition temperatlwgng solidification, the viscosities

of liquids increase drastically. Based onthenge |l | 6 s «c | &aYsssaleddiofc at i on
metallic glassorming liquid is in the middle o$trong(e.g.SiO,, f=20) and fragiled.g
o-terphenyl,f=80) limits [3, 26, 27] By using the Xray radiography (XRR) and QNS
method28], the diffusivity of AksCuyo have been investigated . The viscosity was also
measured by the mean of oscillating cup viscomg8;, 30] In recent years, the
employment of gasielastic neutron scattering (QNS) measurements enhanced the
capability and accuracy of liquid diffusivity and viscosifyherefore, 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, Darki31] proposed a
phenomenological interdiffusion coefficient equation through the tracer diffusion
coefficient, intrinsic diffusion coeftient 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 Ali [32], Al-Cu [33], Al-Co[34], CuNi [33], Co-Ni
[34], Nb-Zr [35], NaK[36] etc The contribution of the vacanciés considered by
applying the vacancy flow effect [37a38]t or, w
However, a recent work performed by Zhang et al pointed out that the interdiffusion

coefficient in the liquid AICu could not be represented via the Darken egqud#8].
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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 thatdbutions of alloyingelements on
structure evolution, diffusivity and viscosity &l-based and Nbased metal melts
providing a novel procedure to discover a new advanced material with good glass

forming ability.

The organization of thithesisis as following:

In chapter 2, computational methodologies describing the structure evolution and
predicting thekinetic propertiesrbm AIMD results at finite temperatures are discussed.
In Chapter 3atomic structures and diffusivity in liquid #Niyo are discussedhrough
comparing with the relate experiment, the accuracy of our predicted pair correlation
function, structure factor and diffusly are evaluated. In Chapter domic structures,
diffusivity and viscosity inliquid are studied. In Chapter, ®ffect of canposition on
atomic structures, diffusivity and viscosity of liquid -&f alloys are presented. In
Chapter 6contribution of tungsten to the structure and diffusivity of liquidviNialloys
are predicted. Chaptersummarizes the contribution of the preseark 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 Albase and Ni based metal melts through ab initio molecular dynamics
(AIMD). According to our proposed procedure diiscoveing properties of metal
materals in liquid state, cadmap ofthe computational methodology compared with
potential experimentis shown inFigure2.1. It can be seen th#te stucture evolution of
metal melts at different temperatureencbe characterized in terms dir correlation
functions (PCF), structure factors (SE®ordination number (CN), Honeycwhderson
bond pair and Voronoi polyhedra analysghown as route.l1 Comparing with the
extended Xray absorbing fine structure (EXAF8) high energy Xray diffraction, our
predictedresults of PCF and SF can bealuated shown as route.2Sincethe 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 experimshtsyn as route 3In section
2.2 and 2.3, the computational methodology discovering the structure evolution,

diffusivity and viscosity through ab initio molecular dynamics calculatisnlescribed.

2.2.  Ab initio molecular dynamics (AIMD)

Molecular dypamics (MD) simulation is &chniqueto investigate equilibrium

and transport properties of mabgdy systems, which has become a widely used
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computational methoth studying structureevolution[12, 13, 17, 19, 20, 391] and

kinetic properties (such asdf-diffusion coefficient andsiscosity)[9, 39, 4244] of the
liquid and supecooling liqud alloys. While the conventional molecular dynamics (MD)
simulations use a modified Johnson poterjtial, embedded atom poten{idb] or the
SuttonChen (SC) manypody potentia[47] AIMD simulations are based on the density
function theory (DFT[¥8] and the pseudopotential methd®, 50] following the
approach introduced by Car and Parring€lld]. The motion of particles in the system is
captur ed -théfrloyuog hs oiilount i on of the quantum me
problemby applying the laws oflassical mechanicsTherefore, the electron density or
the electronic wavefunction associated to each motiono$tegrticlesis the fundamental
in the AIMD simulations.

In principle the timeindependent stationary Séhinger Equation describes the
guantum mechanical behavior of particles by defirtimgr relative wave functions, from

which the total energy can be determined, shown as

Equation2.1 aqQ A

wheretFi s t he Hami | t o wavdunctian [ared IE dhe total ,ener'gy of thee

system.However, it is impossible to get the exact solutidiquation2.1 in theN-body

system until applying some approximation®therwise variables (electron coordinates)

are too many andannot be separatedintheddNo dy el ectron wavefunct |
Based on theso-called BornOppenheimer approximatiofiiO] (or adiabatic

approximation, the motion of electron and nuclei can be considered separately because
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of the large mass difference between electron and nuclear. Therefore, it is possible to

solve the problem of electron motion for fixed positions of nusilece the Hamiltonian

operdor in Equation2.1 can be rewrote aslectronic Hamiltoniar(l-E in atomic

ele ?
uniteg. Following the Hohenbergohn-Sham theoreribl, 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 enetigg,total energy can be described as

a function of electrodensity (7 (r}) as

Equationz2 O Onp Yoy O nb ©O ne O Np

where”YR b is the kinetic energy of the electrons without interacti@hs, nj b the
external potential energy of the ions applying on the elecarmhO nie the
interaction energy of electror® 1) b is the exchange ancbrrelationenergy which
can be solved by using the Local Density Approximation (LA)Gereralized Gradient
Approximation (GGA). Thus, the total energy of-Nody system can be obtained through
applying proper pseudopotentiavhich describing all electrostatic and quantum
mechanical interactions of valence electrons with the cores and produgnpotential
and valence orbitals outside a particular core region but remaining weaker and smoother
inside

In the view of quantum mechanigzarticles in theN-body system can also be

\ 2 \ % \
describedy their positionR and moment&P = MV ) and the potential is assumed to be
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a function of their positions onU(R\”). The Hamiltonian operatof I-IF—) of this system

can be written as

Equation2.3 "0 O B — Y'Y

where M is the mass of particleAc cor di ng t o N ethetface wsking ec ond

on particle i can be derived as

Equation2.4 oY 2

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

formalism as

Y'Y

Equation2.5 fl '¥iY B

Based on energy conservation conditithe, time dependendd¢amiltonian operatorlél_:t

) can be written as

Equation2.6 "0 'OWiY ©
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Therefore, particle positionsof the Nbody system can be determined via ab initio
molecular dynamics undea particularensemblesaverage such asmicrocanonical

(NVE), canonical (NVT)or isothermalsobaric (NPT) ensemble.

2.3, Structure evolution analysis based on AIMD results
2.3.1. Pair correlation function and structure factor

The partial pair correlation functia, O, is defined as followgl8, 20, 53, 54]

Equation2.7 C O —@B

where V denotes the volume of the supercellamdl N are the numbers of i and j atoms
in the supercell, YO is the number of j atoms in the sphere shell fram® YOof

the i atom, and théracket < >represents théme average ofdifferent configurations
obtained fron molecular dynamics simulatisn The total pair correlation function,

"Q  Ohis the weighted sum of the partial pair correlation functifigs, 55]

wherelN O  BAZAN  with £N being the atomic scattering factdr,the mole

fraction of element i, and 1" 72O Efthe transferred momentum at the diffraction

angl e dxranyd wtalveel engt h @o. Neutron scatter
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scatering factor of Al and Ni being 3.45 and 10.31, respectij&dy. The weight &ctor

+ istypically treated as a constant independent of r, but composition dependent, equal
in reciprocal and real space as in the case of neutron scattering expefbignt$he
reduced pair correlation function, O, and reduced generalized correlation function,

'O, are given afb5, 58]

Equation2.9 0O 14 0C O p

Equation2.10 'O -C O t™amO

wherem is the average atomic density in the supercell,astid atomic density in the
spherical shell with a radius of r and the total structure fact8r of N. For binary
systems, Faber and Zim@n] showed tha8 N can be obtained from the scattered

intensity per atom through the following equoati

Equation2.11 3 N »_06 9 B B : 3R

where3 N is the partial structure factor between atoms i and j obtained from the

Fourier transform o€ O, as follows]20, 6062]
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Equation2.12 3N »p WST/\N\C‘) C O p——AO

On the other hand, Bhatia and Thorn{68] represented the scattering function
of a binary alloy in terms of three structure factéh® numbernumber structure factor,
"Y N, the numberconcentrtion structure factor]Y N , and the concentration
concentration structure factf N). At temperatures above the Debye temperature and
in the longwavelength limit (¢, 0),”Y 1 and”Y 71t denote the mean square thermal
fluctuations in tle atom number and concentratioaspectively and”Y 11 represents
the correlation between these two fluctuatif6® 63] They can be calculated from the

FaberZiman structure factors frofaquation2.12

Equation2.13 3 N A3 N A3 N cAA3 N
Equation2.14 3 N AMAA3N 3N A3N 3N
Equation2.15 3 N AAp AA3 N 3 N ¢3 K

Y 1t is related to the second derivative of the molar Gibbs enreyd$2, 63]through

thethermodynamic factoF;,
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Equation2.16 a — —

ComparingPCF and SFurves obtained by AIMD simulation anbde extended
X-ray absorbing fine structuréEXAFS) or hgh energy Xray diffraction in pure
elements (liquid N§64], Li [65], Ge[65], Al [65], Cu[42, 66] Zr [53, 67] €t. al) and
alloys (iquid GaSb[44], InSb [44], AlgNiyg [22, 61, 68, 69] AlgoMny [61, 69] ZroNi
[70], Zra12Ti13.8Cwo NirgBers s [20], et. al) the capability ofAIMD 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 filngt

neighboring sphere centered atomwith the radius i, and can be calculated from the

partialpair correlation functionasing the following equatiofi8]

Equation2.17 . 1AOmC OAO

whereO is the cutoff distance defined by the firtnimum position off O, and

the averageatomic density of element jThe average coordination number of element i

can be obtained a® B & . The average coordination number of a solution can be

estimated by®y © @ & QOGO & [71], which can also be calculated in
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terms of Voronoi indet f¢ Fe & M8 Givheret¢ denotes the number ofddged face

of aVoronoi polyhedron, with B €& being the averageoordination numbgi2, 20]

2.3.3. Honeycutt-Anderson bond pair analysis

For the bond pair analysis, the method proposed by Honeycutt and Arjd2tson
is used with the local environment represented by the indexes i, j, k and |. tWéhen
di stance between root pair (atoms A and B)
by the first minimum position of O, the two atoms are called a bond pair, with i=1,
otherwise i=2. The index j represents the numbetooshmonnearesineighbor atoms
forming bonds with the root pair, the index k denotes the number of bonds among the
neighboring atoms; and the index | is a parameter used to distinguish local structures
wheni, |, k are the sameSchematic diagranaf typical Honeycutt-Andersonbond pairsand
their corresponding potential constructed clusters are displayeéiduas2.2. According tothis
notation, 1551, 1541 and 1431 represthe icosahedral type of clusters, 1441 and 1661
the BCCtype bond pairs, 1421 and 1422 the FCC and #@P bond pairs, and 1311
and 1321 the disordered atomic arrangemgnt&3, 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 boraisd {111} by 1661

bonds.
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2.3.4. Voronoi tessellation

Voronoi tessellation ishe othermore directional approactinan the method of
HoneycuttAnderson bond pairgn displayingthe geometrical comiction of atomic

local orderd74]. Based on the coordination of the local neanesjhbor,the Voronoi

index <N,,N,,N,N,,3 > designates and differentiates the type of the coordinate
polyhedra, wherd), denotes the number ofedged face of the Voronoi polyhedra and

aini is the total coordinate numbgk2, 20, 39] It is necessary to point out the main

difference betweerHoneycuttAndersam bond pairsand Voronoi tessellation.Atoms
involved in HoneycuttAnderson bond pairare classified by (i) whether or not they are
nearneighbors, (i) the number of neaeighbors they have in common, and (iii) the
nearneighbor relationsips among theshared neighbor§72]. While atoms inthe
Voronoi polyhedra are iddified by the topological difference, (i) the coordination

number and (ii) the number of edge of the fdcd$.

Structure evolution witithe change of composition and temperature in terms of
coordination number, Honeycutinderson bongair and Voronoi tessellation hagen
applied in the study of various matesgalsuch aZr [67], Al [5], Cu[5], AlgoNizo [22,

69], AlgoMnyg [69], NigiB1g [12], NigoP2o [12], ZrssPtis [12], NigsNbsz [12], AlgolagNis
[75], Ag7oCuso [76], Cwsolrso [77], MQesCuUsY1o [18], et. al. Through AIMD
calculations, various short rang order (SRO) or long range order (LRsucture

characterizedh atomiclevel can bedirectly usel to reveal thetsucture evolution



14

2.4. Kinetic properties prediction based on AIMD results
2.4.1 Diffusivity

In MD simulations, the seliffusion coefficient of atom i can be determined

through StockEinsteinrelationshownasfollowing [32, 39, 42, 78, 79]

6 O , .. B 6
- | Eolg

Equation2.18 $ | Edg

where® OQs the mearsquare displacement of component ithe number of atom i,
2 the coordinates of thd'jatom i,0 the origin of time, an® 2 & & 2 O

the ensemble average of the square displacement of atdmad. binary AB system,
Darken[31] derived the relation between the interdgfion coefficient and setiffusion

coefficients as

Equation2.19 $ As AS$ F

where 0 is the ther mB@pamManniog37 madified the
Darken equation by adding a dynamic correlation factor to takeactount the flux
difference of different atoms. The dynamic correlation fadtocan be calculated from

the velocity correlation functions, shown as folloy&2]
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Equation2.20 O 6 —B B @&p O¢ép mMmAAE ExEAE |

O
>
O

Equation2.21 | p —— >0 O O O ¢O

whereép O denotes the velocity vector &t atomof thek speciesat time t, andgthe

time average Equation2.19is thus modified as

Equation2.22 $ As As$ Ul

It is essential to mention that the MSiithin the time shorter than 0.1 ps

proportional to the square of time and independent of temperaarexpected for

ballistic motion and vibratiof23]. At longer times, the MSD increases with T, which is

characteristic of a thermally activated process such asréorge diffusion.In this work,
only the simulation result after 0.5 ps and with MSD starting at @nling at over 4 A
are used to evaluate diffusion coefficiefiiaken MSDs of Al and Ni in liquid AbNiyo at

2000K shown inFigure 2.4(a) as exampletracerdiffusivities 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 kigure 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 d, on
the Stokestinstein equation derivedr the motion of a macroscopic particle in a viscous

medium and shown 489, 81, 82]

Equation2.23 s —

where T is the absolute temperature; the constad#pends on the specific boundary
condition on the surface of the sphere, for slip boundary condition ¢ = 4 and fslimon
boundary condition ¢ = & is an effective hydrodynamic particle radius defined as the
distance of the first peak of the generalized pair coordination functi@@¥ ©r could be
defined as the average value of the neareigthbor distances of the-A and BB

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 \radeher

Tammann (VFT) relation 42, 25, 83, 84]

Equation2.24 s s Aop—

t

h €
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wherél,, f and T are coefficients;f quant i fi es the A fragilit

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 ofN-body system

Sincedensity of the investigated-body system isone of intrinsicproperties, it
should be considered as the first input parameter or output results in AIMD calculations.
Thelattice parameter of thd-bodycubicsupercellL) can be writen as

_NM
N,

Equation2.25 L

whereN is the number of atoms in tleystem the density; N\ the Avogadro constant
andM the average atomic mas#\s 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 (EQ1$)85] In this
approach, several volumes will be generditestly and the Pressuié¢olume relationship

can be obtainefinally. The lattice parameter of the fitted equilitmiwolume will be

used for the further calculation&.or examplegraphic representatisrof the equation of

state calculations for liquid metal N§Al 100 alloy at 1830K are shown ihigure2.5 [11].
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On the contrary, based on the density data, the lattice paraguttéhrough
Equation2.25 can beapplied directly in the calculationAfter the relaxation at finite
temperature, the equilibrium volume can be obtained. For instangéjion in the
external pressure of vitdlloy (Zra; 2Ti13.8Cui2 NiigBers 5) with time at 1250Kshown in
Figure 2.6 displays thatthe equilibrium has been acquired since the average value of
pressure is almost zeroln Figure 2.7, comparing withmean value with standard
deviation in blugit can be seen thafariation in the external pressure as a function of
simulation time in (a) AbNiyp at 2000K and (b) AbCup at 1000K. It will be a
challengeto get theaverage value of pressure equals to zerce thecanonical(NVT)
ensemble average is under také&s canbeen seefrom Figure 2.8, the predicted atomic
number densityof MgesClpsY 1o alloy agrees withthe available experimental dataat
200K, with a difference about 5.5948]. Thus, tle 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 theperiodic boundary condition, preliminary configuration will be
prepared for the metal melts, in which hundreds atoms distribute randdingrefore,
the bulk materials with numerous atoms can be investigated via AIMD simulations.

Within the capabilityof our computer resources, 200 atoms are generally used in this

work. For the given atom with the coordinate of, (X ,V;,z) in the supercell with
lattice parameter folL(a,b,c) , its coordinates in the bulkspace will be

R =r,(X,Y;,z) +la+mb+nc. Here, I, m, nare integer numbérsmn=- go).
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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 theefdix part). The
basic setting parameters are included in INCARie coordinate of each atom in the
supercell lists in the POSCAR one by orilhe pseudopotential for each atomic species
is combined into the POTCAR file in the corresponding order ofathenic species in
POSCAR. KPOINTS contains thepoint coordinates and the weights or mesh size for
creating the kpoint grid. The Gamma centered scheme is applied in the calculation of

metal melt412, 44]

After finishing the AIMD calcudtion, 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

Throughstateof-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 propenrtissovered/solved in atomlevel

strucure supporfundamentainformationin developing the new advanced alloys.
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Chapter 3
Atomic structure and diffusivity in liquid Al ggNixg

3.1. Introduction

The chemical and structural shoainge ordering and diffusion coefficients in- Al
Ni alloys have been studied via neutron scattering and MD simulatiaget et.al[86]
and Gruner et.a]57] investigated the structure factors through the neutron scattering,
demonstrating the existe@ of chemical shomtange ordering. Jakse et[dB, 61, 69]
observed the strong shaengeordering tendency of the &Niy liquid by using AIMD
simulations. Furthermore, Horbach et[8R] and Griesche et.dl87] explored the
interdiffusion coefficient from the measured tracer diffusion coefficients via Darken
eqguation with the Manning factor. However, the influence of staorje ordering and the
thermodynamic factor on chemicaffdsion in liquid has not been well studied.

In the present work, we carry out AIMD simulations for liquidgeMizo to
understand its atomic structures and atomic diffusion coefficients in our efforts of
developing low density Abased metallic glasse§.he results from the current-tepth
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 simutetiand used in calculating
the interdiffusion coefficients. It is demonstrated that the AIMD simulations, even

though with shodr simulation time and smaller supercell sizes than classic MD
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simulations, generate reliable structural and diffusion datacomparison 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
approximation90] for the exchange correlation functional and the projector augmented
wave [91] method for the electreion interaction. ThéNewtorts equation of motion is
solved via the Verleto6s algorithm with a
performed at theG point only with a low precisionas 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 thermof8]. The wave functions are sampled on

1x1x1 k -point mesh in terms of the Monkhoiack scheni®4]. The plane wave cutoff

energy is 269.6 eV, and the energy convergence criterion of electrortmssitency is

chosen as 1x1® meV/atom for all the calculations (both default values). At each
temperature, the supercell volume is systematically varied through the relaxation setting

Al SI'F = 706 in VASP, and the equilibrium v«

Zero.

The cubicsupercell of the AbNiyg alloy is initially constructedwvith 200 atoms
randomly distributed. The initial configurationis equilibratedat a temperaturavell

above the melting poino ensure an equilibriurhquid state. AIMD simulations are
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carried outat 2000, 1900, 1800 and 13301€spectivelywith an equilibrated time dfO

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 temperatufer diffusion analyss, and the last hundred
configurationsareused for structuranalysiswith the pair correlation functigrstructure

factor, coordination number, bond pair analysis, and Voronoi tessellation methods. The
mean square displacements are used for calculating the diffusion coeffateatsling

to the Einsteits relation

The positions of individual atoms and their atoreimvironments are analyzed
after each AIMD simulation step, and the resulting pair correlation functions, structure
factors, coordination numbers, bond pairsneansquare displacementsjynamic

correlation factarand diffusion coefficients are presentedhiea 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 gwwa(r), and Figure 3.1(b), (c) and (d) for o, O and
' O, respectively, along with available experimental neutron scattering data at
1330K [86] and classic MD simulations at 132(JK1] in the literature. Remarkable
agreement between the current AIMD simulations and experimental data can be observed

except the height of the first peak in;, which is probably due to the supercefes
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The classic MD simulation results seem different from the experimental data because the
atomic density was not includen evaluating the reduced pair correlation function (see
Equation2.9). The total structure factors, N, and the partial structure factors,

3 N, 3 N, and 3 N, are shown irFigure 3.2, again compared excellently

with data from neutron scattering measuremevita slight differences i3 N and

the third peak 08  N.

Figure 3.3 showsthe BhatiaThornton structure factors derived from the Faber
Ziman structure factorsEQuation 2.13 to Equation 2.15) in comparison withthe
experimentaldata[86] and the MD simulatiorresults[32] in the literature. At high
temperatures, the atoms are randomly distributed, and the concentatzentration
BhatiaThornton structure facto, N , varies slighly with respect to temperature. At
low temperatures, the number of clusters or starge ordering increases, and the
positions of the first peaks of bofty N and the’Y N move to smaller g, and the
widths of their splitting second peaks decrease, but timénsiies increase, e.g.
Y N T wat 1800K andY K T @t 1330K at the sanfé ¢& v , as
shown inFigure 3.3(c) and Figure 3.3(d). The differences in the peak positions and
intensities of 'Y between MD data and our results at 2000K showRigire 3.3(c) is
due to the differentormalismof BhatiaT h o r n straecturé factor used in the r¢2]
and in the present work. It should be noted that the Bfiaianton formalism63] is
usually used in analysis of neutron scattering experinj€ats86] as did in the present
work, enabling a fair comparison with experimental data. The splitting peak in the

stiucture factor describes repeating structural units involving neighboring cli@®4rs
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The fluctuation of the concentration could be extracted from the limiY ofN© Tt |,

and the small value ¥ N 1t reveals a strong ordering tendency.

3.3.2. Local structure analysis

Figure 3.4 plots the distribution of average coordination numéeer 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(X) with T8t A
at 2200K to 10.1(4) witld 08 & at 1330K, indicating the distancbetween 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 shawhRigure3.5. It depicts that the icosahedral
bond pairs are dominant at temperatures above the melting temperature, followed by the
FCC and HCRype bond pairs and the B&gpe bond pairs. The icosahedral clusters
prevent the formation of a lorgnge period lattice and contribute to the formation of
many disordered icosahedra and their associated-diuster voids[95]. Our AIMD
results are in agreement with the AIMD simulations by Jakse and Pg&éfelvho
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 pand decreases to 40%, which
are 26% and 41% at 1330K in our simulations, respectively.

The local atomic packing in liquid ANiy is further explored by the Voronoi

tessellation method, shown kgure3.6. In binary systems, it has been foJa&, 19,
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20] that the preferred gdyhedron type depends on the ratio of solute to solv&ht (
atomic sizes i.e. the FrarMasper type withY  p&, the icosahedral type withf

Tdo T1,Gthe bicapped square Archimedean antiprism type With & o,vand the
tricapped trigonal prism packing type with 18 o.¢In liquid AlgoNi, 'Y equals to

0.89 { =1.82 A;i =1.62 A), indicating the tendency to form icosahedral type clusters.

It is observed irFigure3.6that 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<df, 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 structurencluding the defective ones <0, 2, 8, 2>, <0, 2, 8, 1> and <0, 3, 6,
3>, is the dominant structure in liquidgfiNiz, in agreement with the bond pair analysis
discussed above.

The aforementioned clusters can form local ordering structures through-yertex
edge, face and intercrossharing of neighboring clusters. These sharing schemes lead
to correlation peaks in the partial pair correlation functi@bs 97] Figure3.7 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 mediange ordering with the partial correlation
functions, Al atoms can be found from an-Ak Ni-center nearest neighbor shell and the
extended nearest neighbor shell, so both O and' O have the first and second
peaks (se€&igure3.l). Furthermore, at 1500K and 1330K, there is clearly third peak in
theC O in Figure 3.1(a), indicaing the icosahedra medidrange ordering at low

temperatures. Since the Ni atoms are far from each other, the height of the first peak of
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' O is smaller than the extended peaks Bigare3.1(d). Additionally, the shoulder

peaks in the structure factor around the second peak in N in Figure3.2(a) indicate

the existence of chemical sheange ordering57, 98]

3.3.3. Diffusion coefficients

Figure 3.8 shows themeansquare displacements of Al and Ni as a function of
time at various temperatures obtained in the present wedk.time below 0.1ps, the
meansquare displacemei proportionako £, as expected for ballistic moti¢a3]. For
longer times thaneansquae displacemenincreases linearly with time, which is the
indication of longrange diffusior{23]. Themeansquare displacemenssarting at 2 A
or later than 0.%s and ending at larger than 4 dre used for diffusion analysis. The
O € T Yeurve is shown irFigure 3.9 and agrees very well with the result from the
guastelastic neutron scattering experimeri&]. Both our simulations and the
experiments[99] show that the R in binary alloys is higher than the seliffusion
coefficient of pure liquid Ni[100, 101]and is close to . This can be understood
through cluster ordering discussed in the previous secisrshown inFigure3.7, many
Ni atoms are located in polyhedron centers, and the displacements of polyhedra are thus
largely determined by the bondihgtween polyhedral, i.e. Al atoms. Consequently, the
migrations of Ni and Al are collaborative, resulting in similar-sififusion coefficients
close to that of Al.

To calculate interdiffusion coefficients, the thermodynamic factor and dynamic

correlaton factor need to be evaluated. The thermodynamic factor can be obtained from
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"Y N in MD and AIMD simulationg[32] or from the thermodynamic databgd®?2].

The results thus olteed are compared iRigure 3.10 as a function of temperature. It
can be seen that the thermodynamic factor obtained from the thermodynamic database
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 plottedFigure 3.11 with the initial

step considered as the reference s#abem , showing that the Manning dynamic
correlation factol in Equation2.21 approaches unity with increasing simulation time.
The diffusion mechanism in liquid &Niyo thus appears to be the same as for viscous
flow [30] and strongly affected by local chemical orderifid3], similar to the
conclusion by Tang et.gl24] when examining the characteristics of Be diffusion in Zr
based 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 plotte&igure3.12 with the experimental data and MD
simulation results in the literature superimposg@?]. It is observed that the
interdiffusion coefficients calculated by the Darkesation 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 interdiffuscoefficients in comparison

with the experimental data.
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3.4. Conclusion
In summary, the atomic configurations and diffusion coefficients in liquid

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

1 The generalized pair correlation functions and Falwran total and partial
structure factors show a good agreement with the experimental data.

1 The bond pair analysis shows that titosahedral bond pairs are dominant,
followed by the FCE€and HCPRtype bond pairs and the B&gpe bond pairs.

The percentage of the perfect icosahedral clusters increases as the temperature
decreases.

1 The predicted tracediffusion coefficients of Al ad Ni via the mean square
displacements are almost equal, in agreement with the quasielastic neutron
scattering datin the literature.

1 The Manning dynamic correlation factor is found to approach unity with
increasing simulation time. The interdiffusiooefficients obtained from Darken

eguation show good agreement with experimental data.
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Figure 3.1. Pair correlation function of the liquid &Niyo alloy (a) gotwl(r), With each
curve shifted by.5, and the reduced partial pair correlation functionSAl), (¢) Gaini,

and (d)Gnini with the experimentdB6] and the MD[61] data superimposed.
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Figure 3.2. FaberZiman structure factor of the liquid AdNiyo alloy at various
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Stotal(Q); and partial structure factor (b) A, Saai(qQ); (c) Al-Ni, Sani(q); and (d) NiNi,
Suini(d).  The exerimental results (red stars in the figures) are determined at 1330K

about 70K higher than the liquidus tempera{8&].
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Figure3.3. BhatiaThornton structure factor of liquid &Ni» with the neutron scattering
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(b) and 0.1 in (c) and (d).
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Figure3.7. Icosahedra mediwrange order with the Ni atoms in the center of icosahedra
(golden, darker) and other positiofred, lighter), and Al atoms in the center (yellow,
darker) and other positions (blue, lighter). The icosahedra are linked by-skaed

(VS), faceshared (FS), and intercreskared (IS) atoms.
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Figure3.8. Meansquared displacements of Al and Ni from AIMD simulations at 2000K,

1900K, 1800K and 1330K from the supmsll with 200 atoms and 2200K, 1500K from

the supercell with 150 atoms.
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Chapter 4
Structure, diffu sivity and viscosity of liquid AlggCuyg

4.1. Introduction

Al-Cu alloys have been widely used in diversity of fields such as construction,
aeronautical and astronauticaldustry due to their light weight, higgtrength, heat
treatable property. Now Cu is the major alloying element in the 2000 series of wrought
Al alloys. From the phase diagram of-8uU binary alloy, it is seen that several
intermetallic phases can bertited in the middle part of ACu composition. Fothe Al-,
and Curiched Al-Cu solid solution, the diffuse scatteriegperimentd104-106] have
been showtthatthe structure containgdustering or ordering type of structure, which may
result in theprecipitation of GP zone in ACu alloys. The precipitation strengthening
represents one of the most typical of strengthening modes for metallic mgtkdials
108]. Shtablavyiet al has studied the structure ofgfCu7 liquid eutectic alloy by using
high energyX-ray diffraction and Mont&arlo simulatior{109]. They found thathe Al
Cu chemical ordering clusters have a significant effect on the structurgsGugl It is
easily to understand that this strengthening mechanism is in heredity related to the
structure and kinetic properties. Therefore, it is of significant imddiseind 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 theCAl alloys, it is noted that a
comprehensive understding 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 dusivity and viscosity are both costly and difficult due to the high
temperatures encountered. Recerdly,nitio molecular dynamics (AIMD) approach has
demonstrated its power in predicting the atomic struct{t@s 19, 20, 39, 40jnd

physical propertie[, 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 light
weighted Albased alloys. The paper is organized as follows. In Sec. Il the calculation
methodologies are presented in details. In the Sec. Ill the calculated results of local
structure analysis, diffusivities and viscosities are analyzed and are séidcus

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 e&change correlation functionathe projector
augmented wave (PAW) method and the ultrasoft (US) pspatimtial [91] for the
electroni on i nteraction. The Newtonds equatio

algorithm with a time step of 5 fs. The simulations were performed & ploet only.
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All the calculations are carried out in canonical ensemble of consihme and
temperature, with temperature controlled by a Nose thermd8&jt At each
temperature, the supercell volume is varied, and the equilibrium volume iseabtetien
the pressure equals zerDifferent plane wave cutoff energy is setdontrol the energy
convergenceonditions, which ar269.6 eVfor the low accuracy setting and 300 eV for
the high. Three kinds of calculations, including PAMBA potential wih high accuracy
(PAW-High), US potential with high accuracy (kHgh) and US potential with low
accuracy (US.ow), were operated in order to evaluate the efééatariouspotential 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 £CAbo. The initial
configuration is equilibrated at a temperature well above the melting pointthand
sequentially cooled down to 1818, 1656, 1517, 1408, 1345, 1172 and 1@QC\ery
time step the liquid wasequilibratedfor 10 ps, respectively. 2000 configurations are
collected at each temperature step for diffusion analydie. characterize # 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 functiofQQ) of pure Cu and ACuy at
1000K obtained from AIMD calculation is shovingure4.1. In this Figure, the PCF of
AlgsCuw7 and Al at 1023K measured bynt@blavyi et al[109] and Wased§110, 111]
using high energy Xay diffraction and QNS, respectively are also illustrattéds 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 ofQO are shifted to lower positions than these of the purdugl to the
small size of Cu atoms, indicating that the average bond distance of the ligiGdpAis

decided by the pure Al and Cu.

The generalized PCFQO, and the partial PCFC O, ¢ O, and

C O at different temperatures are shoimrFigure4.2. The first peak ofQO is an
effective hydrodynamic particle radius used thre Equation 2.23. Compared with
previously AIMD data of liquid AdCwoby Wang et.al[39], the positions of first peaks
of Al-Al, Al-Cu and CuCu pairs will be decreased to 2.67, 2.48 and 2.56 A individually
with more addition of Cu.In addition, it is also observed that the second peaks-&i Al
and AFCu partial PCFs at 1000 K show two spiaks. Obvious splitting occurs on the
second peak of GCGu partial PCF at the same temperature, indicating that there exists
shortrange order structure. This deduction will be also proved by structure analysis of

bond pairs and Voronoi polyhedraThe above results provide strong basis for the
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analysis of the kinetic properties of the liquidsfluy, and could be evaluated by the
experimental data obtained by QNS and extendedhyXabsorbing fine structure

(EXAFS).

Figure 4.3 illustrates the distribution of individualCNs 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 rapidlylawv temperatures. Moreover, a dramatic change
occurs at around 1500K. Furthermore, the average CN is increasing fro® 9:63(68
A) at 1818K to 11.0Q =3.63 A) at 1000K. Similarly, the reportecaverage CN of
liquid AlgeCugincreases from 11.26 &4823K to 11.50 at 973K =3.56 A)[39]. With
the decreases of temperature, the increased aveidgedicates the formation of more
close packed local orders in liquid-8lu, 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 tgpof polyhedra are shown iRigure 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 B&¢pe 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, d541 an
1431 BPs account for 51% of the total BPs in liquideBlpo. In liquid AlgcCus, 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 AICuy is further explored by the Voronoi
tessellation method, as shownkigure4.5. It has been founfll2, 19, 20]that in binary
systems, the preferred type of polyhedron depends on the ratio of the atomic radii of
solute to that of solventY(), i.e. FrankKasper polyhedra witty’  p&, the icosahedral
polyhedra’Y 1@ 11,Cthe bi-capped square Archimedean antiprism polyhédra
@) o,wand the tricapped trigonal prism polyhedra viWth 18 o.¢In liquid AlgoClpo,

Y is equals to 0.86 (=1.82 A,i =1.57 A), so that icosahedral type clusters tend to be
formed. It isobserved 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 liqugCAdo. It is noted that

the perfect icosahedra <0, 0, 12, 0> is not the most polyhedipuid RlgsCuy, Which is

less than 1.5% in liquid. The aforementioned clusters can form local ordering structures
in medium range through vertexedge, face and intercrossharing of neighboring

clusterd75, 97]

4.3.2. Diffusivity

The mearsquare displacementf Al and Cu as a function of time at various
temperatures are shown kigure4.6. For time below 0.ps, the MSD is proportional to
t?, as expectetbr ballistic motion[23]. For longer time the MSD increases linearly with

time, indicating that longange diffusion takes pla@3]. The MSD values in #hrange
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of 2 A% and 4 K are used for diffusion analysis. Generally, the diffusion coefficient
obtained experimentally is always in accordance with the Arrheypes temperature
dependence in the superheat liquid and the supeling liquid state abov@y The

Arrheniustype temperature dependence equation is expres$2d]as

Equation4.1 $ $ADD(IE L)

where , H, ks and T are the preexponential factor, the activation enthalpy for diffusion,

Boltzmannds coefficient, and the temperatu

Figure 4.7 illustrates the Arrheniutype of intrinsic diffusion coefficients of Al
and Cu in liquid AdsCuy calculated via MSD method and measureddNS by Zhang et
al. [28]. Compared with the intrinsic diffusivity of dilute Cu in liquid f£L12], the
diffusivity of Cu is decreased with the additionmbre Cu into liquid Al, whereas larger
in the liquid AFCu 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-Lo® and
experimental data, which is acceptable due to the low accuracy settirgdalculation.
Based on the Arrhenius equation, the-gxponential factor () and the activation
enthalpy (H) are fitted for the self diffusion of Cu in liquid@u and Ni in liquid AINi,
listed inTable4.1. Compared with the diffusivity of dilute Cu in liquid Al (1073~1373K)
[114], the activation enthalpy for the diffusion of Cu in liquidgf&uyis larger, but a

little bit smaller than that of Ni in A§Nixo.
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In calculating of interdiffusion coefficient, the thermodynansicd dynamic
correlation factor isreead to be evaluatedccording the modified Darken equation as
shown in Equation 2.22. The thermodynamic factors<* ) calculated from the
thermodynamic databag#15] are shown irFigure4.8. In Figure4.8(a), the <= as a
function of the content of Cu in binary-&lu alloys at 983K is compared with the results
obtained by Zhang et gR8]. Temperature dependence of the thermodynamic factor in
AlgClyg is shown inFigure 4.8(b), values of which in liquid ACuy is significantly
smaller than that of in liquid AdNix[32]. The dynamic correlation factor evaluated
from the current AIMD simulations is plotted iRigure 4.9 with the initial step

considered as the reference staternt , showing that the Manning factbrin Equation 4

approaches unity with increasing simulation time. approachingquilibrium. The
diffusion mechanism in the &Cu liquid thus appears to be the same as that for viscous
flow [30], and is strongly affected by local chemical ordefib@3]. 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 Longpilary (LC) diffusion experiment with in situ-xay
radiography{28] are plotted inFigure4.10. The calculated diffusivity and the thermal
dynamic factors are listed in tii@ble4.2. 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-8L could not be representeid the

Darken equation. Th® 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 AICuy calculated by different potentials and
accuracy setting parameters through the Skiaktein relation are shown Figure4.11.
And theviscosity coéficients calculated by PAWHigh setting are listeth Table4.2. As
shown inFigure4.11(a), if evaluated based on the QNS data by Brillo ¢29] and the
XRD data by Wang et aJ30], the viscosity coefficients by PAWIigh setting are better

in agreement with the experimental data than those withigB and USLow settings.

In this work, the fragility of liquid AdCuo is predicted to characterize the
sensitivity of liquid structwr to the temperature changes through Véggther
Tammann (VFT) relation, shown aBigure 4.11(b). Although the liquid has a
temperaturéndependentactivation energy of O Q& §Qpj"Y wé &i g dheo
fragile liquids exhibit Arrhenius behavior and their effective activation energy increase as

temperature decreases 25].

In Table4.3, the fragilities obtained by the VFT fitting are list@ddicating that
liquid AlgeCuy can be classified into a strong liquid with the fragility value f < 10.
Although the viscosity behavior of liquid\lgsCuyo can be described bgn 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

value makes great contribution for the prédit of the fragilityvia 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.

CombiningEquation2.22 and Equation2.23, 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 thefa$ed particle size. The
diffused particle size can be determined by distance of the first peatf 'QO. The
accuracy of the interdiffusion coefficients or viscosity of the liquid could be evaluated
experimentally and theoretically through the St&gkstein relation. It will be more
meaningful to investigate the structural evolution and the kinetic behavior as a function

of temperature.

4.4. Conclusions

1 The atomic configurations, the diffusivity and the viscosity of the liquigd@\Lo
were obtained bymeans of the AIMD simulations. The influence of local
structure and the thermodynamic driving forces on chemical diffusion have been
investigated to declare the composit&tructurekinetic relationship of the liquid
AlgoCuy. The theoretical predictis of the structure evolution and the kinetic
properties of liquid AdCup in the present workhave been evaluatedy

comparing with the related experiments.
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1 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 thatthe icosahedral clusters increases dramatically and the liquid becomes
more ordered as the temperature decreag@sh makes the diffusion mechanism

of the liquidAlgoCuy a viscous flow.

1 The thermodynamic factand thediffused particle sizere two key factors for
the successful determination of the viscasifihe interdiffusion coefficients of
liquid AlgoCuy predicted by the Darken equation match well with those got from
the viscosity experiment by the SteEknstein relation. Th&FT fitting results

shows that the liquid A}Cuyo can be classified into a strong liquid
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Table4.1 The preexponential factor (B) and theactivation enthalpy (H) for the intrinsic

diffusion coefficient of Cu in liquid ACu and Ni in liquid AINi through Arrhenius

eqguation
Do -H Temperature range
Ref
(m?s™h) (KImol™) (K)

Cuin AlgClpy 8.7 x10° 28.7 1170 ~ 1820 This work
1.4 x107 33.8 1000 ~ 1820 [28]
Cu in AlsoCuo 2.8 x10°® 19.7 973 ~ 1323 [39]
Ni in AlgoNizo 9.1 x10° 36.5 1330 ~ 2200 [22]
1.0 x10” 36.1 1350 ~ 1790 [32]
Dilute Cu in 10.6 x10' 24.0 714 ~ 1667 [114]
liquid Al 8.1 x107 38.9 831 ~ 919 14
1.1 %107 23.8 976 ~ 1260 (112
2.1 x10" 16.5 1073 ~1373 [114]
Dilute Ni in 9.9 x10°® 26.5 973 ~ 1223 [112]
liquid Al 9.54 x10° 26.0 714 ~ 1667 [114]

Note: The @and H ofAlgsCupand AkgNiy are fitted based on the their reported

experimental data by Zhang ef28] and Horbach et.482].
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Table 4.2 Diffusivity data and viscosity calculated by PABGA potential of liquid

AlgoClpo

Temperature Dai Deu d Daicu -
(K) (10°m’s)  (10° m’s") (10°m*s?)  (mPas)
1818 13.52 13.86 1.475 20.35 0.75
1656 10.27 10.32 1.540 15.57 0.89
1517 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




Table4.3 The fragility of liquid AksCuyo via VFT fitting

61

PAW-High  US-High ONS? XRD" QXNRSD&
_ (mPas) 0.73 0.61 1.11 0.86 0.68
1K) 773 580 778 626 607
f 4.17 1.85 8.16 6.85 1.58

QNS data is reported by Brillo et[29]

P XRD data is reported by Wang et.fd0]
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Figure 4.1 Generalized pair correlation functions of pure Cu anghQ\hy at 1000K
obtained by AIMD calculation, the high energyray diffraction of AksCuw7 at 1023K

[109], and the quasielastic neamh scatting experiment of pure Al at 102335].
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the generalized PCF§h) Al-Al partial PCF; (c) AtCu partial PCF(d) CuCu partial

PCF.
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Figure 4.8 Variation of thermodynamic factor with the content of Cu in binaryCAl

alloys at 983K; (b) Temperature dependence of the thermodynamic factgsQuAl
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Figure 4.10 Interdiffusion coefficient in AJCupo calculated by the Darken equation in

this work and compared results by Zhang ¢28].
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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 (B\G,)24] The
experimental measurements of diffusion coeffitsan liquid are both costly and difficult
due to the high temperatures encountered. In recent yearsbtlmtio molecular
dynamics (AIMD) approach has demonstrated its capability in accurately predicting the
atomic structureg12, 19, 20, 39, 40pnd physical propertiegt2-45] of stable and
metastable liquidpases. Previously, we studied the-sigifusion coefficients in pure Al
and Zr liquid phases using the AIMD approddi6], and the results were compared
favorably with available experimental data in the literafre7, 118] Recently, we
studied the atomistructureand diffusivity in liquid AkoNiyo by ab initio molecular
dynamics simulation§22]. In the present work, AIMD simulations are carried out to
study the atomic structure, diffusion coefficient, and visgasitliquid 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-Wlat% Zr films after oxation improve the tunneling

magneto resistance and the thermal stability of magnetic tunnel jufitiiéfy and the
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change of Al from 4 to 8 at% in &Cusp-based BMGs increases the critical diameter

from 2mm to over 5mnil20]

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 (PAWSYO] for the electrorion interaction. Thé&lewtoris equation of
motion is solved via#n Ver | et 6s algorithm with a ti me
were performed at th& point only. All the calculations are carried out in canonical
ensemble, i.e constant volume and temperature, with atomic configuration fully relaxed
and temperatureontrolled by a Nose thermos{&3]. The wave functions are sampled
on 1X1XL k-point mesh in terms of the MonkhoiBack schem4]. The plane wave
cutoff energy is 240.4 eV, and the energy convergence criterion of electronic self
consistencyis chosen as 1xI® 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, theolid/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, diffusity and viscosity[53, 116] In the present work, a cubic

supercell with 200 atoms is employed, and a ‘@qlilibrium liquid configuration is
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established afterunning 10 ps at a temperature of 1,46r four Al;«Zry (x=0.4, 0.5. 0.6

and 0.67) alloys, whereqlis the liquidus temperature based on theZAphase diagram
(1868 K (1595 €), 1758 K (1485 €), 1753 K (1480 €) and 1623 K (1350 €) for
x=0.4, 0.5.0.6 and 0.67, respectivel\j)121] The ensemble is sequentially equilibrated
for 10 ps at each temperature of 141.3Ty, 1.2Ty 1.1T, and T,. Two thousand
configurations were collected at each temperature and the last 1600 tizesl Wo

evaluate the mean square displacement of individual atoms.

5.3. Results and Discussions

5.3.1 Local Structure Analysis

Figure5.1 shows thegeneralized pair correlation functions of liquicsad,, AlZr,
Al,Zr; and AlZr, with their T/T=1.4, 1.3, 1.3 and 1.2, respectively, compared with those
of pure Zr with T/T1,=1.08 and pure Al with T/§=1.4 reported by Waseda10]. It can
be seen that our AIMD simulation results resemble the shape and peak positions of the
experimentally measured generatizpair 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 tempratures of each AlZr, alloy are plotted irFigure5.2, and the position
of the first peak represents the effective hydrodynamic particle radiussamsked in

Equation2.23to evaluate viscosity.

Figure5.3 shows the variation of bond pairs with temperature of each liquid Al

«ZIx alloy. The bond pairs with percentages smaller than 1% are not shown. The
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icosahedral clusters represented by 13541 and 1431 bond pairs are dominant in all
fouralloys. It can be seen kigure5.3 that the amounts of 1441 and 1661 bond pairs,

i.e. BCC type lusters, 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 defectre icosahedral clusters in the A}Z&lloy, 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 irFigure 5.4. In binary systems, it is commonly accepted that the
preferred polyhedron type depends on the ratio of solute to solVeratbmic size$12,

20]. With'Y  p&, the Frankkasper type structure forms, wittBot ¢ 'Y 1@ o U

the icosahedral type is favored, witi) c v 'Y T& o ¢ the bicapped square
Archimedean antiprism type develops, and with T8 o,¢he tricapped trigonal prism
packing type appears. In the-&t system with p& candi ¢® @ Y 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 icosabiedcture, 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 pgjsand the Voronoi tessellation method and

the HoneycutAnderson bond pairs analysis focus on different aspects of atomic
environments. In the HoneyctAnderson bond pairs analysis, pairs of atoms are
classified by (i) whether or not they are neaighbors, (ii) the number of neaeighbors

they have in common, and (iii) the ne@ighbor relationships among the shared
neighbors[72] While in the Voronoi tessellation method, the polyhedra are identified by
the topological difference, (i) the coordination number andi{@ number of edge of the
faces.[74] Itis not possible for all 1551 bond pairs to form the perfect icosahedra <0, 0,
12, 0> only. It shold 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 AlZralloys, which affects dynamic behavior of these

alloysas discussed in the viscosity part of this paper.

Figure5.5 shows the percentage of-Zentered 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, }»phat T
each alloy shown ifrigure 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 pition 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 T,. Various polyhedra are linked by vertsikared (VS), edgshared (ES),

faceshared (FS), and intercreskared (IS) atoms. Atoms in the local order strucinee
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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 positiamk(mlarker), and at other
positions (golden, light darker). It can be seen that the coordination number of the Zr
centered polyhedra shown kigure 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

functionsin Figure5.2 of each alloy indicates the formation of locally ordered structure.

5.3.2. Diffusion Coefficients and Viscosity

Figure5.7 shows the measquare displacement as a function of time at different
temperatures. For time shorter than @s1the MSD is proportional to the square of time
and independent of temperatues expected for ballistic motion and vibrati¢23] At
longer time the MSDOncreases with T, a characteristic of a thermally activated process
such as longange diffusion. In the present work, simulation results after 0.5ps and with
the MSD starting at 2 Zending at over 4 Aare used to evaluate diffusion coefficients.
The tacer diffusion coefficients are plotted in logarithmic scale with respect to the
inverse of temperature fRigure5.8. It is observed that the traceiffusion coefficients
of Al in binary solutions are about one order of magnitude lower thardigeiion
coefficient of pure Al, while the tracer diffusion coefficients of Zr in binary solutions are
similar to selfdiffusion coefficient of pure Zr. Ae tracer diffusion coefficients for each
alloy are fitted to the Arrhenius relation, and the prefactor coefficients and activation

energies thus obtained are listed’able5.1.
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In Figure5.9, 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, [Qi/Dz, calculded 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 diffuson coefficients of Zr do not seem to vary much with the concentration. It is
also observed that thealIDz ratio is independent of temperature in the temperature
range considered, similar to the liquid-Mi system[103] The lowest [3/Dz is ~ 1.2 at
a composition around Afr;. The closeness of the two traddiffusion coefficients
indicates the strong dynamic cross correlations of the collective motion of diffusion
atoms similar to those reported in thegNlizo and AkCuy solutions[28, 32, 103]and
Be atoms in the Zbased bulk metallic glass alloyi4, 67] Particularly, the
investigations of AINi melts using quasielastic neutron scattering and MD and AIMD
simulations correlated the equality of seiffusion coefficients to chemical shednge

order visible through a prepeak in the structure fag2@r.103]

The thermodynamic factor needed HEguation 2.19 is shown inFigure 5.10
calculated from a thermodynamic database by Wang EtZdl]. It can be seen that the
thermodynamic factor decreases with increasing of Zr concentration, meaning the liquid
phase becomes less deviated fridieality. The interdiffusion coefficient thus predicted
is shown inFigure 5.11 with its activation energy close to that of pure Zr because both
selt-diffusion coefficients of Al and Zr in liquid have similar activation energy as pure Zr

as depicted irFigure 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 thedgélision coefficient of pure
Al

The viscosity is calculated Hyquation2.23 with ¢=6 for a viscous flovand the
value ofO evaluated fronFigure5.2 and plotted irFigure5.12. It is observed that the
viscosities of four AlZr binary alloys are similar to each other, closer to thaguoé Al
than that of pure Zr. This is because the interdiffusion coefficient is close to the self
diffusion coefficient of pure Al as shown iRigure 5.11 and the similar effective
hydrodynamic particle radius represented by the position of the first peak of the
generalized pair coordination functions as showRigure5.2. The behavior of viscosity
from the experiment could also be expressed an Arrhéyiestemperature dependence

equation a$29, 61]

Equation5.1 d dAgp-

whereh is the prefactor, and Q the activation energy for the viscous flow. Their values
for each alloy are included ifable5.1

One interesting observatioabove is that both interdiffusion coefficient and
viscosity of the binary AZr liquid are close to those of pure Al. One possible reason for
this behavior is related to the strong clustering in theZrAliquid evidenced by the
similar tracer diffusiorcoefficients 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 ensimbThese
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, sdiffusion and interdiffusio coefficients,
and viscosity of the liquid AZr binary alloys are obtained by means of the AIMD
simulations. It is observed that the saiffusion coefficient of Al decreases dramatically
with the addition of Zr and become close to that of Zr in timaryi solutions, while the
self-diffusion coefficient of Zr remains almost constant. The closeness afiabion
coefficients of Al and Zr indicate the collective motion of Al and Zr. Both interdiffusion
coefficients and viscosity of the liquid Alr binary alloys binary are found to be close to

those of pure Al.
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Table5.1 Prefactor and activation energy for tracer diffusion coefficients and viscosity

AlzZr, AlZr Al>Zr3 AlZr»
Do(Al) (m?s?) 1.2 x10” 7.2 x10° 7.4 x10° 2.7 x10’
Q (Al) (kJ mol?) 53.6 50.5 49.3 72.7
Do(Zr) (m?s?) 8.7 x10°® 3.4 x107 1.1 x10” 3.0 x107
Q (zr) (kJ mor 56.9 83.1 59.6 77.9
do (Pas) 1.6 x10* 7.8 x10° 1.3 x10* 3.4 x10°
Q (kJ mol) 7.0 22.0 11.6 38.1
1868 ~ 2615 K 1758 ~ 2462 K 1753 ~ 2455 K 1623 ~ 2272 K
Temperature (1595 ~ 2342  (1485~2189 (1480 ~2182 (1350 ~ 1999
€ ©) © ©)
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Figure 5.1. Generalized pair correlation functions of liquid-2d alloys shifted by 0.5
between neighboring curves with the experimental data of pure Al at 1323 K (1050 €)

and Zr at 2290 K (2017 €) reported by Wasdda0] and Schenkl122] superimposed.
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