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ABSTRACT

Binary liquid alloys have found wide applications in electronics, communications,
automotive and aerospace technologies. The development of new alloys and im-
provement of existing ones require accurate knowledge of thermodynamic variables
of the constituent systems which may not be obtainable experimentally. Hence,
there is always the need for theoretical investigation to complement experiment.
This study was aimed at theoretical determination of the thermodynamic proper-
ties of nine binary liquid alloys.

Nine liquid alloys (Al-Zn, Bi-In, Ga-Zn, Ga-Mg, Al-Ga, Sb-Sn, In-Pb, Ga-T1
and Al-Si) with insufficient theoretical investigation were selected for investiga-
tion using three different models. Quasi-lattice theory which connects thermo-
dynamic and dynamical properties was employed to determine the concentration-
concentration fluctuation in the long-wavelength limit [S..(0)], chemical short range
order parameter («), free energy of mixing (G,y), the concentration dependence
of diffusion and viscosity of Al-Zn and Bi-In liquid alloys. Quasi-chemical approxi-
mation model for strongly interacting systems was used to investigate ordering and
glass formation tendencies in Ga-Zn, Ga-Mg and Al-Ga binary alloys. A statisti-
cal thermodynamic theory was used to determine the mixing properties of Shb-Sn,
In-Pb, Ga-T1 and Al-Si liquid alloys. The choice of model was influenced by the
type of available experimental data.

The S..(0) and «; showed that a reasonable degree of chemical order existed
in Bi-In system, while Al-Zn liquid alloys exhibited a liquid miscibility gap or
phase separation at all concentrations. The values of free energy of mixing at
the equiatomic composition were -0.4986RT and -0.9344RT for Al-Zn and Bi-In
alloys respectively. The free energy of mixing of Ga-Zn, Al-Ga and Ga-Mg alloys
are almost symmetrical around the equiatomic composition with Ga-Mg being the
most interacting, while Al-Ga is more interacting than Ga-Zn alloy. Apart from
Ga-Mg alloys with negative enthalpy of mixing, both the enthalpy of mixing and

entropy of mixing of the three Ga-based systems are positive and symmetrical

Xviil



about the equiatomic composition. In the concentration range 0 < cy < 0.3
and 0.7 < ¢y < 1, Al-Ga systems exhibited a glass-forming potential. The free
energy of mixing, enthalpy of mixing and entropy of mixing of Sb-Sn and Al-Si
liquid alloys exhibited negative deviations from ideality and were symmetric around
the equiatomic composition, while In-Pb and Ga-T1 systems exhibited positive
deviations with Ga-T1 alloys showing asymmetry behaviour.

The compound formation in liquid phase was weaker in Al-Zn than in Bi-In
alloys. The Sb-Sn and Al-Si liquid alloys had tendency for heterocoordination,
while In-Pb and Ga-TI exhibited homocoodination. The Ga-Zn and Al-Ga alloys
exhibited homocoordination, whereas Ga-Mg alloys had tendency towards hetero-

coodination.

Keywords: Binary liquid alloys, Phase separation, Concentration-concentration

fluctuations, Short range order

Word Counts: 415
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Chapter 1

Introduction

1.1 Background to the research

Understanding the properties of liquid alloys is really a matter of interest in the field
of liquid science mainly because most of the binary solid alloys are formed by cooling
from their respective liquid state. The properties of liquid alloys provide some
unique information that can improve the processing and qualities of materials in
the solid state. Recent advancement in the use of liquid alloys and their composites
in high temperature applications in many diverse fields call for better understanding
of the thermodynamic and dynamical properties of alloys in the liquid state to aid
the development of new alloys, improving the existing ones and characterizing the
glassy solids (Anusionwu and Adebayo, 2001; Maller, 2003; Novakovic et al., 2003,
2004) and (Novakovic and Takana, 2006).

Though our daily experience testifies to the classification of three different classi-
cal phases of matter: solid, liquid and gas or vapour (other phases of matter include
plasma and superfluid). Solids are rigid, and when studied by diffraction experi-
ment give rise to sharp Bragg reflections. This is the hall-mark of crystallinity: an
ordered array of the building blocks, be they atoms or groups of atoms. Diffraction
experiments have shown that liquids in general and metallic liquids in particular
exhibit some kind of short-range order (SRO), that is, absence of long-range order,

demonstrating that there is no long-range structural order among the atoms or



molecules (Singh and March, 1995; Miller, 2003).

However, a very characteristic property of liquids and gases is that they have
low viscosity and are thereby endowed with fluidity. In spite of our understanding
of solid state of matter, the qualitative distinction drawn from diffraction exper-
iments between solid and liquid does not carry through to distinguish liquid and
vapour. The physical principles underlying the solid-liquid or liquid-vapour phase
transformations are not fully understood. Due to the non-existence of exact lig-
uid state theory, the understanding of the solid phases have served as guidelines
to characterize the structural behaviour of respective liquids and vapour. Their
characteristic behaviour is usually ascribed to an outcome of the interplay of the
energetic and structural readjustment of the constituent elemental atoms that hold
the system together, yet our present knowledge provides no clear-cut message as
to the ways the structure and forces are coupled (Singh and March, 1995).

Modelling the thermodynamic, structural and surface properties of liquid bi-
nary alloys and liquid metals require the data regarding their structures and the
relevant forces that quantify the interatomic interactions (i.e. the energetics of sys-
tems). This is why understanding the mixing behaviour of two elemental metals
forming a binary alloy has engaged the attention of many physicists, chemists, and
metallurgists (Bhatia and March, 1975; Singh, 1987; Alblas et al., 1982; McGreevy
and Pusztai, 1988; Singh and March, 1995; Singh and Sommer, 1997; Kaban et al.,
2003; Dubinin, 2003; Novakovic et al., 2004; Anusionwu, 2006; Awe et al., 2005).

A number of different theoretical approaches have been proposed and used to
study the thermodynamic and structural properties of these systems. Some of
these models include the Quasi-lattice approximation (Guggenheim, 1952), the
electron theory (Ashcroft and Stroud, 1978), the Bhatia and Hargrove formalism
(1974) which was later reformulated in Bhatia and Singh (1984) and the ab-initio
methods (Jank and Hafner, 1988; Dalgic et al., 1998) which involve the calculations
of thermodynamic quantities using the pseudopotential formalism. The first one is

based on simple theoretical model that makes it possible to express the energetics



of a system in terms of the interaction parameters reproducing its thermodynamic
properties as well as to explain the ordering and phase separation phenomena
in liquid binary alloys. Consequently, the thermophysical properties, as surface
tension, viscosity and chemical diffusion (Bhatia and Hargrove, 1974; Prasad et
al., 1998; Jha and Mishra, 2001; Novakovic et al., 2002 and Awe et al., 2006) can
then be described.

The mixing behaviour of two metals forming binary alloys is the result of the
interplay of energetic and structural readjustment of the constituent atoms. On
mixing, A and B atoms can prefer to remain self-coordinated forming A-A or B-B
pairs, or can exhibit a strong interactive tendency between unlike atoms forming
heterocoordinated A-B pairs. Based on this, all liquid binary alloys can be classified
according to deviations of their thermodynamic and thermophysical properties from
the additive rule of mixing (Raoult’s law) into two main categories: segregation
(positive deviation) or short-range ordered (negative deviation) alloys (Bhatia and
Hargrove, 1974; Sommer, 1982; Bhatia and Singh, 1984; Singh and Singh,1995;
Singh and Sommer, 1997; Prasad et al., 1998).

However, there are some liquid alloys which do not belong exclusively to any
of the above two categories. For example, the excess Gibbs energy of mixing G/’
for Ag-Ge and Cd-Na is negative at certain compositions, while positive at other
compositions (Singh and Sommer, 1997). Also in liquid alloys such as Au-Bi, Bi-Cd
and Bi-Sb, the enthalpy of mixing (H,,) is a positive quantity but G3° is negative
(Singh and Sommer, 1997). Bi-Pb has positive Hy; and G5° in the solid phase
as against the negative values of Hy; and G in the liquid phase. In addition,
systems such as Au-Ni and Cr-Mo exhibit immiscibility in the solid phase which
is not evidently visible in the corresponding liquid phase. While alloys such as
Ag-Te show intermetallic phases and large negative Hj; values in the liquid phase
together with a liquid miscibility gap (Singh and Sommer, 1997).

It is of interest to note that many binary liquid alloys such as Al-Bi, Al-In,
Al-Pb, Ga-Pb, Ga-Hg, Pb-Zn and Cu-Pb exhibit characteristic features as func-



tion of concentration based on their thermodynamic properties like free energy of
mixing, enthalpy of mixing, entropy of mixing (Hultgren et al, 1973) and many
other electrical properties (Heine, 1970) and (Busch and Guntnerodt, 1974). They
are characterized by liquid miscibility gaps and exhibit large positive Hj; (Singh
and Sommer, 1997). Their properties in the liquid phase tend to change markedly
as a function of composition (c), temperature (T) and pressure (P). The liquidus
lines for these systems are complicated and usually S-shaped while their enthalpy
of mixing and excess free energy of mixing are large negative quantities at one or
more concentrations (Anusionwu, 2006). The understanding of such anomalous
behaviour of liquid alloys as functions of concentration is still a great challenge and
demands extensive theoretical investigation.

In addition, the development of new alloys and improvement of existing ones
require accurate knowledge of thermodynamic variables of the constituent systems
due to their scientific and technological applications in electronics, communications,
medical science, automotive and aerospace technologies. For instance, for many
years the traditional silver solders have been used in joining ceramics and glasses
with metallic materials (Eustathopoulos et al., 1999). Other examples are silver
based alloys containing the additions of the group IV transition metals, Ti, Zr
and Hf. Ti-based alloys are principally used in aircraft, spacecraft, naval ships and
medicine as reported by Ratner et al.,(1996) and Novakovic and Zivkovic (2005). Hf
and its alloys are constituents or subsystems of complex metallic glasses (Saida and
Inoue, 2003), superconducting alloys (Novakovic and Zivkovic, 2005) or are used
in nuclear propulsion (Frost, 1981). Many properties of Cu-Zr and Cu-Si liquid
alloys have been studied by many researchers (Akinlade et al., 1998; Anusionwu
and Adebayo, 2001) due to their manifest behaviours and their potential usefulness
in technological applications.

It may therefore be necessary that a detail theoretical and thorough under-
standing of the structural readjustment and energetic preferences of atoms in binary

liquid metallic systems go beyond the knowledge of the empirical metallurgical con-



structs to explain the characteristic behaviours. Advances in these areas have been
made possible due to the combination of a number of simple theoretical approaches
or models to discuss the deviations and the anomalies in terms of heterocoordina-
tion or self-coordination species that might exist in liquid and vapour.

The foremost task in this work is to put together the various experimental and
theoretical information with a view to establishing a respectable understanding
between experimental results, theoretical approaches and empirical models via a
theoretical determination of some thermodynamic properties of nine binary liquid
alloys. Binary liquid Ga-Tl and Al-Si alloys whose experimental data were recently
published Ga-T1 (Katayama et al.,(2003) and Al-Si (Kostov et al.,2007) and seven
others (Al-Zn, Bi-In, Ga-Zn, Ga-Ma, Al-Ga, Sb-Sn and In-Pb) from Hultgren et
al,(1973) with insufficient theoretical investigation, thus forming the basis to eval-
uate the energetics of the systems and the driving forces behind the anomalous

behaviour in binary liquid alloys.

1.2 Aim and Objectives of this work

The aim of this study is to theoretically determine some thermodynamic properties
of selected liquid binary alloys while the objectives of the thesis are summarized as

follows:

1. determine the thermodynamics and microscopic structural properties of bi-
nary liquid Al-Zn, Bi-In, Ga-Zn, Ga-Mg, Al-Ga, Sb-Sn and In-Pb alloys at

different temperatures.

2. evaluate the phase separation and compound forming tendencies in the liquid

alloys for a proper understanding of the anomalous behaviour in liquid alloys.

3. extract useful microscopic information on the energetics of formation in bi-

nary liquid alloys.

4. carry out a theoretical determination of mixing properties and activities of



binary liquid Sb-Sn, In-Pb, Ga-Tl and Al-Si alloys using a statistical ther-

modynamic theory.

5. evaluate existing thermodynamic data related to the peculiarities of the

atomic size.

6. show that thermodynamic data obtained could serve as a basis for comparison

with some future critical experimental works.

The properties of some relevant parameters of constituents pure metals which will

be used in the present work are listed in table 1.1.

1.3 Outline of Thesis

The thesis is composed of five chapters. The present chapter introduces the main
theme of the research. Chapter 2 reviews the relevant literatures on thermodynam-
ics and its consequences. Methodology in chapter 3 along with introductions and
the theoretical basis of each of the models used in this study. The Quasi-Lattice
Theory of liquid mixtures relating two dynamic properties such as diffusion coef-
ficient and viscosity with thermodynamic properties used in the study of Al-Zn
and Bi-In liquid alloys is presented in section 3.1. The theoretical basis of the
Quasi-Chemical Approximation Model (QCAM) in determining the probable exis-
tence of chemical ordering and glass formation tendencies in binary liquid Ga-Zn,
Ga-Mg and Al-Ga alloys is given in section 3.2. The Four Atom Cluster Model
(FACM) used to study liquid Sb-Sn and Bi-Pb alloys follows in section 3.3. The
theoretical formulation of an approach for determination of the mixing properties
and activities of liquid binary Sb-Sn, In-Pb, Ga-T1 and Al-Si alloys using a statis-
tical thermodynamic theory is given section 3.4. While, results and discussion for
various thermodynamic models used are given in chapter 4. And finally in chap-
ter 5, conclusions and recommendations on the possible future research prospects

realized from this study along with contributions to body of knowledge are given.



Table 1.1: Table showing melting points, boiling points and atomic volume of some

elements.
Melting point* Boiling point*  Atomic Volume™
Elements Symbols  T,,(K) Ty(K) V, (107%m?g.atom™1)
Aluminium Al 933.35 2333.15 10.00
Antimony Sh 903.00 1913.15 18.19
Bismuth Bi 544.05 1833.15 21.31
Cobalt Co 1768.05 3458.15 6.67
Cadmium Cd 594.05 1039.15 13.00
Casium Ca 1124715 1513.15 26.20
Copper Cu 1356.15 2903.15 7.11
Gallium Ga 302.93 2573.15 11.80
[ron Fe 1808.15 3003.15 7.09
Lead Pb 600.55 2033.15 18.26
Magnesium Mg 923.15 1380.15 14.00
Mercury Hg 234.28 629.73 14.09
Nickel Ni 1728.15 3448.15 6.59
Silicon Si 1687.15 2608.15 9.80
Sodium Na 378.05 1150.65 23.78
Tin Sn 504.79 2548.15 16.29
Thallium Tl 575.65 1730.15 18.62
Zinc 7Zn 692.62 1203.15 9.16

For instance, Liquid range = T}, - T, (Iida and Guthrie, 1993)

e.g. the liquid range for Al = 1400K, Ga = 2270K

« lida and Guthrie, (1993); 4+ Singman, (1984)



Chapter 2

Literature Review

2.1 Study techniques for binary liquid alloys

The alloying behaviour of binary liquid alloys can be studied using two distinct
theories. The electron theory of mixing and statistical mechanical theory of mix-
ing. According to the first theory a liquid alloy is assumed to consist of a system
of ions and electrons. The problem, usually, in this approach is tackled through
the use of pseudo-potential theory (Harrison, 1966; Heine, 1970; Busch and Gunt-
nerodt, 1974; Thakur et al., 2005; Kanth and Chakrabarti, 2009) and hard sphere
model which had been used by Faber (1972) and Shimoji (1977). The major draw-
back of the approach is that it cannot be used to obtain information regarding
the concentration fluctuations in the long wavelength limit S..(0), an important
thermodynamic function which determines the stability of alloys. The approach
is also computationally demanding and has several limitations in situations where
there is formation of chemical complexes (Akinlade, 1994).

The second theory also known as thermodynamic model approach is a very
useful tool to study the behaviour of liquids and liquid mixtures. It involves the use
of analytical solutions of liquid state equations based on some approximations. It
has been used to obtain analytical expressions for various thermodynamic functions
that are not possible otherwise and proved useful for qualitative description of

thermodynamic and microscopic structural properties of binary liquid alloys. The



conformal solution model has been used to study S..(0) of different binary alloys
(Bhatia and Hargrove, 1974; Alonso and March, 1990; Thakur et al., 2005). But
the model cannot be used to study the short-range order parameters. The Quasi-
chemical theory of Guggenheim (1952) is successful in studying the chemical short-
range order parameters of binary liquid alloys, but cannot be used to explain the
observed asymmetry in the properties of mixing as a function of concentration. In
order to overcome the identified shortcomings of the models, a number of theoretical
models have been established by theoreticians within the framework of statistical
mechanical theory of mixing to explain the energetics of liquid alloys and the various
concentration dependence thermodynamic properties based on the deviations from
ideality in terms of heterocoordination or homocoordination species that might
exist in liquid and vapour phases.

Some of the established thermodynamic models include: the Quasi Lattice
Model(QLM), the Quasi-Chemical Approximation Model(QACM); the Self- As-
sociation Model(SAM) in demixing liquid alloys and vapour species; the Complex
Formation Model (CFM) in liquid binary alloys; the Four-Atom-Cluster Model
FACM), the Regular Associated-Solution Model(RASM) and the Weak Interac-
tion Approximation Model (WIAM)(Singh and March, 1995).

Thermodynamic and thermophysical data of alloys play an important role in the
present production processes and design of reliable materials for high temperature
applications but due to experimental difficulties they have not been successfully
measured well above and well below the melting temperature (Novakovic et al.,
2005). Experimental investigation of the thermodynamic properties of binary liquid
alloys and higher component systems is a rather difficult, time consuming and very

expensive endeavour. The main reason for the experimental difficulties are:

1. high investigating temperature required,

2. high melting points and their strong chemical affinity for oxygen, in pure

states or alloyed form, and

3. difficulties of making experimental measurements over a wide range of



temperature well above and below the melting temperatures with high

precision.

It is anticipated that most of the thermodynamic data on binary and multi-
component systems will come from theoretical calculations, rather than from direct
experimentation. Therefore, theoretical calculation is an indispensable and effec-
tive approach to obtaining thermodynamic data for alloy of interest from some
other data available on that system. In this regards, researchers have been moti-
vated to develop different models to solve the difficulties and complexities of ob-
taining thermodynamic quantities such as activity, free energy of mixing, enthalpy
of mixing, entropy of mixing as well as thermophysical quantities like diffusion
and viscosity of many binary liquid alloys by experiments. However, these mod-
els are rarely valid (Chen et al., 2002) over the whole concentration ranges for
real liquid and solid metallic solutions. For instance, extensive description of the
hard sphere model to calculate the entropy of mixing of binary liquid alloys have
been reported by Hoshino and Young (1981); Visser et al.,(1980) and Alblas et al.,
(1982), but the model could not explain thermodynamic properties of systems with
chemical short-range order (Pettifor, 1993) and (Dalgic et al., 1998). The Melting
point depression method (Chou and Wang, 1987) was used for simple eutectic sys-
tems based on two approximations: the regular solution model of Hildebrand and
Scott, (1950) and the melting enthalpy of component is assumed to be tempera-
ture independent. The approximation dealing with regular behaviour was found
to cause great errors in calculated activity values. Arising from this, in 1990,
Chou developed a new method based on Rao-Belton method (Rao and Belton,
1981) and Richardson assumption (Richardson, 1974) to calculate thermodynamic
properties of binary liquid alloys based on their known phase diagram. Sommer
and Lee used two different models, an association model(Sommer et al., 1983) and
the Miedema model(Godbole et al., 2004) to study thermodynamic properties of
aluminum-calcium, aluminum-Strontium, aluminum-nickel and calcium-nickel as

well as calculated the liquid phase enthalpy of mixing of liquid copper-magnesium
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alloys. Takana and Gokcen (1995) derived a statistical thermodynamic solution
model based on the free volume theory that each atom moves in a liquid metal
within a restricted region in a cell made by its nearest-neighbour atoms. Empirical
relation for estimation of entropy of mixing of liquid alloys was proposed by Wi-
tusiewicz and Sommer (2000) on the basis of experimental enthalpy of mixing data
at constant temperature. The molecular interaction volume model (MIVM) which
is a two-parameter model proposed by Tao (2000; 2003) was able to predict some
component activities of liquid alloys and solid solution by using only the partial
molar mixing enthalpies and the coordination numbers of the constituent elements
in liquid alloys. This model has been used (Tao et al., 2002; Yang et al., 2008, 2009)
for prediction of the mixing enthalpies of 23 binary liquid alloys. Whereas, Iwata et
al.,(2003) predicted thermodynamic properties, including activity coefficients and
the interaction parameters of the solute elements in infinite dilute Si solutions, by
the use of first-principles calculations based on density functional theory.

In addition, Chen and co-workers (2002) derived a statistical thermodynamic
solution model based on the free volume theory. Their main aim was to calculate
the excess entropy and excess Gibbs free energy in solid binary alloys through the
experimental results of enthalpy of mixing. However, for successful application of
the model the experimental results of mixing enthalpy should be known for different
concentration ranges, otherwise the calculation cannot be carried out.

Broadly speaking, the main problems associated with all the present models on
liquid alloys are as follows: In a general way, the excess entropy was not accounted
for or taken into consideration in the models formulations (Chen et al., 2002).
The regular solution model proposed by Hildebrand and Scott (1950) and the sub-
regular solution model proposed by Hardy (1953), also had not taken the problem
of excess entropy Sg # 0 into consideration. The 55- does not equal to zero in
some molten solutions. It can be either positive or negative, mainly because the
mixing of two components can not be completely random. In order to overcome

this problem, Lupis and Elliott (1967) proposed the sub-regular solution model in
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which Siff is directly proportional to AH. And, Guggenheim (1976) proposed the
solution model of standard chemical theory and provided the expression of excess
free energy for binary systems. Though these models have physical background in
some degree, they still however depend on the experimental data.

It is thus obvious, that each of the proposed thermodynamic model requires
inputs from thermodynamic measurements such as order energy or activity coef-
ficients for the determination of the various thermodynamic properties and the
models fail to make accurate prediction for liquid alloys over a wide range of con-
centration and temperature with high precision. Thus underlining the importance
of investigations of thermodynamic studies for binary liquid alloys in the frame-
work of theoretical investigation. Therefore, a good, economic and effective method
for obtaining thermodynamic data from the theories or from thermodynamic mod-
els for binary liquid alloys without experimental values as input becomes a great
necessity.

In this study, using a statistical thermodynamic theory within the framework
of Flory model (1942), an improved calculation method for obtaining the mixing
properties and activities of binary liquid alloys based only on analytical expressions
have been introduced (in chapter 3.4) without recourse to experimental data as
input. The approach is capable of determining and evaluating the mixing properties
and activities of components in binary liquid alloys. It is also a very useful approach
to cut down the cost and time for the development of new alloys because the
conventional alloy development has been primarily based on experimental approach
and is frequently performed by trial and error methods (Liu and Fan, 2002). Such
experimental approach to alloy design is cost intensive and time consuming. The
thermodynamic data obtained using the analytical expressions are compared with
the experimental data and the results obtained are found to be in satisfactory
agreement with experimental values. Thus suggesting that the approach is reliable,

convenient and economic and has a good physical basis.
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2.2 Observable thermodynamic indicators

2.2.1 Structure factors S(q) of Liquid

The structure factor S(g) of liquid is one of the most important properties to
study the various electronic, magnetic, static and dynamic properties of a material
in liquid states (Thakor et al., 2002). It is a measure of particle correlations in the

reciprocal space. The liquid structure factor S(q) is related to 1(q) as

S(q) = ]]V(chl (2.1)

where I(q) is the intensity of the scattered radiation (say neutron or X-ray) is
measured as a function of scattering angle, NV is the number of scattering points
and f is the atomic scattering factor, ¢ = 4wsinf/\, 260 is the scattering angle and
A is the wavelength of the radiation.

The physical significance of S(q) is defined in terms of the pair distribution
function g(r) of a liquid with density p (Ganesh and Widom, 2006), which measures
the probability of finding an atom at a distance r from the origin (r=0)

sin(qr)

o ridr (2.2)

S() = 1+4mp [ “lg(r) = 1]

Evidently, one needs a knowledge of the radial distribution function up to large
values of r to get a good S(q). ¢(r) and S(q) both oscillate between 0 and 1.
Besides providing the information regarding the distribution of atoms, g(r) can be

utilized to determine the coordination number, z, for the first coordination shell,

z= /47r7“2pg(7’)d7" (2.3)

The limit of integration can be chosen to vary from zero to the distance where g(r)
exhibits the first minimum.

According to Bhatia and Thornton (1970), the concentration-concentration fluc-
tuations Se.(q) for a binary mixture at ¢ = 0 (long wavelength) may be expressed

as

See(0) = N{(Ac)?) (2.4)
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where ((Ac)?) represents the mean square fluctuations in the concentration and
are readily derived from statistical mechanics in terms of the Gibbs free energy G,

i.e.
NKgT
(aQG/aC%)T,P,N

For a binary mixture consisting of Ny = Ncy and Ng = Ne¢g)g moles of A and B

Scc(o) = (25>

atoms where c4 + cg = 1, G may be expressed as
G = N[caGY + cG%] + G (2.6)

with G% and G% being the Gibbs free energies per atom of the species A and B,
respectively. G is the free energy of mixing. In view of equation (2.6), S..(0)

becomes

NKgT
(902G /0c%) T,P,N

aACB

(Oaa/0ca) T,P.N

CAGp
dap/dcp 1 py

Scc(0> =

(2.7)

where a4 and apg are the thermodynamic activities of components A and B in the
mixture. It should be pointed out the (92G/0c%) is also known as the stability of
the solution, which was originally introduced by Darken (1967) (Singh and March,
1995). Thus, the reciprocal of S..(0), i.e. NKgT/S..(0), is a measure of the sta-
bility of the mixture. The S..(0) is directly related to the excess stability function

by the equation

o  (0°GEE B 1 1
E N (aCA)2> N RT(SCC(O) B CACB> (28)

For ideal solutions, Gy = RT'Y"; ¢;In¢;, and S..(0) and E** become
SH(0) = cacp; EXS =0 (2.9)

It is obvious from equation (2.7) that S..(0) can be determined directly from the
measured activity data or from the Gibbs free energy of mixing. In the literature,

this is usually referred to as an experimental S..(0). It should pointed out that such
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a numerical differentiation is very sensitive, in particular around the critical region
when activity and G, start to flatten (Singh and Sommer, 1997). However, a
direct measurement of das/dcy, for instance, with the help of electromotive force
(emf) measurements, can be a suitable experimental basis for the calculation of

Sec(0) as reported by Singh and Sommer (1997).

2.2.2 Small-angle scattering experiment

In principle, the long wavelength limit of the structural factors S..(0) can be deter-
mined from the small-angle scattering experiments either by using neutron or x-ray
as sources of radiation for extracting structural information from liquid metals and
liquid alloys, but it poses a much more experimental problem that has never been
successfully solved. As such, there is no direct information on S..(0) from the
diffraction experiments, although it can be determined directly from the measured
activity data or measured free energy of mixing data as earlier mentioned.

Owning to experimental difficulties, theoretical determination of S..(0) is of
great importance to anyone trying to visualize the nature of atomic interactions in
the mixture, particularly if the region of interest is of the order of atomic dimen-
sions. The mixing behaviour of liquid binary alloys can be deduced from the devia-
tion of S..(0) from the ideal value S(0). If, at a given composition, S,.(0)>S%(0),
then there is a tendency for segregation (preference for like atoms to pair as nearest
neighbours); while S..(0)<S(0) is an indicator of heterocoordination (preference
for unlike atoms to pair as nearest neighbour). The latter is often interpreted as a
signature of chemical short-range order or existence of chemical complexes.

For strongly interacting liquid alloys, Gy ~ - 3RT, S..(0) is much less than
Si(0) and exhibits a dip around a particular stoichiometric composition. The
position of the dip in the S..(0)-c curve usually yields information on the stoichio-
metric composition of the probable chemical complexes in liquid binary alloys, and
its depth signifies the strength of the interaction (Singh and March, 1995).

Since its inception by Bhatia and Thornton (1970), the long-wavelength limit
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of concentration fluctuations, S..(0) has been widely used (Wagner, 1985; Singh,
1987) to study the nature of atomic order in binary liquid alloys. The effect of
temperature on S..(0) is also of particular interest and is visibly dominant in the
region of segregation rather than the heterocoodination region where stability is
maximum. It decreases fast in the segregation region whereas in the heterocoodi-
nation region it increases slightly with increasing temperature (Singh and Sommer,

1992; Singh and March, 1995).

2.2.3 Segregating liquid alloys

From the point of view of interatomic interactions, a binary liquid alloy is either
(i) ordered alloy, where unlike atoms are preferred as nearest neighbours over like
atoms, or (ii) a segregated alloy, where like atoms are preferred to pair as nearest
neighbours over unlike atoms, as earlier classified in section 1. Up till now surpris-
ingly, there is no direct ways of identifying the different components of elemental
atoms and, consequently the identification of a nearest-neighbour pair of atoms is
a very difficult task. In this circumstance, it is either we resort to the structural
data or the observed thermodynamic quantities or other thermophysical properties
(like viscosity, chemical diffusion, density, surface tension, electrical resistivity) as
possible ways to extract useful thermodynamic information associated with inter-
atomic interactions. Considerable efforts have been made to identify the factors
affecting the alloying behaviour of liquid metallic mixtures, such as differences in
atomic sizes, electronegativity difference, valence differences, solubility differences,
etc. For the sake of a quick understanding, the underlisted identified empirical
criteria as well as microscopic parameters are used to classify binary liquid alloys

as segregated alloy (Singh and Sommer, 1997):
1. Alloys exhibiting positive deviations from Raoultian behaviour.
2. The heat of formation and the excess Gibbs energy of mixing are positive.

3. The concentration fluctuations in the long-wavelength limit, S..(0)>S(0).
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4. The Warren-Cowley short-range order parameter, a; > 0.
5. In the framework of regular solution theory, the interchange energy, w > 0.

For instance, the following liquid alloys Bi-Zn, Cu-Pb, Bi-Cu, Cd-Ga, Ag-Te,
Na-Cs, Na-K (Singh and Sommer, 1997), which exhibit liquid immiscibility and
comparatively large positive H); values are typical examples of segregating liquid
alloys.

On the other hand, short-range ordered alloys exhibit negative deviations from
Raoultian behaviours in contrast to the above highlighted empirical criteria. Ex-
amples of short-range ordered alloys are Bi-K, Al-Au, Bi-Mg and Hg-Na (Singh and
March, 1995), Bi-Pb (Novakovic et al., 2002) and Cu-Zr (Novakovic et al., 2004).
These alloys are usually strongly interacting and their mixing properties such as
free energy of mixing, Gj;, heat of mixing, Hj; and concentration fluctuations

See(0), ete. are often symmetrical about the equiatomic composition ¢, = 0.5.

2.3 Short-range order parameter

The Warren-Cowley (Warren, 1969; Cowley, 1950) chemical short-range order
(CSRO) parameter oy which is frequently used to quantify the degree of order and

segregation in the melt, is directly related to the conditional probability, [A/B],
[A/B] = ¢(1 — ay) (2.10)

where [A/B] defines the probability of finding A atom as a nearest neighbour of
B atom. The sign of a; indicates whether atoms in a given mixture prefer AB
ordering (o < 0) or segregating (o > 0 (Singh,1987). The SRO parameters are

normalized such that the limiting values of o lie in the range

<a; <1, ¢< (2.11)

DN | —

<o <1, ¢< (2.12)

N | —
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For a perfect random distribution of atoms i.e. an alloy without atomic correlations,
[A/B] is simply ¢ and then a; = 0. If ay < 0, then A-B pairs of atoms are preferred
over A-A or B-B pairs as nearest neighbours, and for the converse case a; > 0.
For ¢ = 1/2, one has —1 < a; < 1. The minimum possible value, o = —1,
means complete ordering of A-B pairs in the melt, whereas the maximum value,
a* =1, suggests that the A-A and B-B pairs in the melt are totally segregated.
However, since «; can be determined from diffuse x-ray and neutron diffraction
experiments (Miller, 2003), a quantitative comparison between calculation and
measurement is possible. Experimentally, a; is determined from the concentration-
concentration structure factors Se.(q) and the number-number structure factors
Snn(q). For mixtures in which the A and B atoms are nearly the same size, (Singh
and Sommer, 1997) showed that
/T1+€ 4712 pee(r)dr = 012 (2.13)
ri—e
where 77 is the mean distance of the first neighbour shell from a given atom. The
actual distance is, however, taken between r; —e and r1+e¢€. zis the number of atoms
in the first shell, usually known as the coordination number, and is determined
from Sy (q). pec(r) is called the radial concentration-correlation function, which is
obtained from the Fourier transform (FT) of concentration-concentration structure
factor, S..(q), i.e.,

AT12 pee (1) = 4WTFT[£{C£qZ) — 1] (2.14)

However, because of practical difficulties involved in the measurement of S..(q),

experimental data on a; are very scarce.
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Chapter 3

Methodology

3.1 Quasi Lattice Theory of Liquid Mixtures

Bulk and Dynamic properties in Al-Zn and Bi-In Liquid Alloys Using a Theoretical
Model

Keywords: Al-Zn, Bi-In, Entropic, Enthalpic, Dynamic properties, Segregation

3.1.1 Introduction

Different kinds of theoretical models proposed to explain the concentration depen-
dence of the thermodynamic properties of liquid binary alloys and by so doing,
extracting useful microscopic information on them has attracted the attention of
Physicists, Chemists and Metallurgists for a long time (Bhatia and Hargrove, 1974;
Singh, 1987; Akinlade, 1994 and 1995; Singh and Singh, 1995). In this regard, a
substantial effort has been directed towards the understanding of the mechanism
for the phenomenon of compound formation in liquid binary alloys (Singh, 1987;
Singh and March, 1995).

In addition, their energetics are reasonably well understood theoretically. On
the contrary, relatively little is known and written on the other class of liquid alloys
that exhibit segregation (i.e. preference of like atoms as nearest neighbours) or on

the liquid alloys endowed with a miscibility gap. Singh and Sommer (1997) have
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documented extensively on thermodynamic information (both experimentally and
theoretically) on phase separating systems. They have equally mentioned different
kinds of theoretical methods that could be used to explain the mechanism for the
energetics of liquid alloys.

Singh and Sommer (1992a, 1992b) established an empirical model which pro-
vides a possible way of relating two of the dynamics properties, as diffusion coeffi-
cient (D) and viscosity (1) with thermodynamic properties like the concentration-

concentration fluctuations in the long wavelength limit, S..(0), and the free energy

Gu

Fik, for liquid binary alloys. These quantities can then be connected in

of mixing,
terms of entropic and enthalpic contributions to the free energy of mixing. How-
ever, no practical application was made to a particular liquid alloy in their work
so as to know the limit of suitability of the model.

In this section, an attempt was made in this direction to use the theory by Singh
and Sommer (1992a, 1992b) and show that it could be used to model the structure
of liquid binary alloys and to facilitate our understanding of the energetics of the
liquid alloys.

The model was applied to Al-Zn and Bi-In liquid alloys. The choice of Al-Zn
and Bi-In was however influenced by the availability of all the required thermody-
namic data for both systems. Moreso, due to the difficulties in performing high
temperature surface and viscosity measurements, in the literature only a few ref-
erence data for metals (Lucas, 1984) are available. For binary systems they are
scarce, and in the case of complex alloys a nearly complete lack of data is evident.
Therefore, it is of interest to estimate the missing values of the viscosity data by
theoretical models. The dynamic properties of Al-Zn and Bi-In liquid alloys are
calculated in the framework of quasi-lattice theory (QLT) with the aim to analyze
existing thermodynamic data and use these data as the input for the fitted param-
eter calculations, and to explain the ordering and phase separating phenomena in
liquid binary alloys. In addition, available information on phase diagrams and other

thermodynamic properties indicate the existence of liquid miscibility gap in Al-Zn
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system. Its S..(0) exhibit a tendency for phase separation over the concentration
range, whereas the S..(0) for Bi-In alloy exhibits compound formation tendency.
The above mentioned facts motivated the study of these two systems to widen the

theoretical understanding of the energetics in liquid binary alloys.

3.1.2 Basic Theory of Quasi-Lattice Theory

The quasi-lattice theory (QLT) of liquid mixtures is based on the Guggenheim
theory (Guggenheim, 1952) which assumes the existence of a binary mixtures con-
sisting of Ny = Ncy and Ng = Ncp atoms of elements A and B, respectively. The
theory also assume that a small gradient of composition ¢4 is maintained in an
equilibrium condition along the x-direction by the application of a force F4, such
that for dilute alloy, it is possible to write (Akinlade et al., 1998)

Fg:—@T@m%% (3.1)

x
where T is the temperature and kg, the Boltzmann’s constant. Using equation
(3.1), Singh and Sommer (1992a, 1992b) have shown that S..(0) is related to the
diffusion coefficient, D), for liquid alloys (Singh and March, 1995; Singh and Som-
mer, 1997) by

U (3.2)

_ kgT Ca | CB\ CaCB
3 DM >\2 )\1 Scc(o)

where A\; and Ay are functions of the size and shape of the constituent particles.

Thus, the quantity ¢ is defined as

* 50 >
and the ideal value of S(0) as
S4(0) = cacp (3.4)
Equation (3.3) can be rewritten as
1n = 1o (3.5)
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with
Mo = IEZJF (i‘;‘ + if) (3.6)
Thermodynamic investigation of ¢ have been performed by Osman and Singh
(1995) for the more general case in which one introduces the entropic contribution
(i.e. the size ratio y= g—g, Qp > Qg4), where Q is the atomic volume and the en-
thalpic contributions (via the interchange energy, w). They obtained an expression

for ¢ given by

¢ =1—cacpf(y,W) (3.7)
where
W= QA(KC;T) (3.9)
with
w=Z(eap — (caa +€55)/2) (3.10)

Equation (3.10) is known as the interchange energy and it should be stated that
€AB, €44, and egp are the energies for AB; AA and BB pairs of atoms, respectively
and 7 is the coordination number of the liquid alloys. Obviously, if w < 0, there is
tendency to form unlike atom pairs, and if w > 0, like atoms tend to pair together.
w=0, however, shows that atoms in the mixture are perfectly disordered(Singh,
1987). By taking together equations (3.5), (3.7), (3.8) and (3.9), one expresses %

as

An

o

= —cacpf(v, W) (3.11)

The factor f(, W) which introduces both the entropic and enthalpic effects is
responsible for the characteristic behaviour of An for a given binary alloy. In the
light of the result obtained by Singh and March (1992a, 1992b), it is readily shown

that
An B Hy
n  RT

(3.12)

R is the universal gas constant. It is important to note that in using the formulae

given above, one does not have sufficient information on thermodynamic quantities
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to relate it to 1. In order to do this, the general expression for the Gibb’s free

energy of mixing (G); is employed
Gy =—-TSy+ Hy (3.13)

where S); is the entropy of mixing and Hj; is the enthalpy of mixing. Using
Guggenheim’s theory of mixtures (Guggenheim, 1952), QLT makes it possible to

write an explicit expression for Gj; as

G w
% :cBln\II+cAln(1—\If)+cA\I/(QAKBT) (3.14)
=cglnVU+caln(l =) 4+ c, YW (3.15)
with
. (3.16)
A+ CB

And from G, as in equation (3.14) or (3.15), S..(0) can easily be calculated from

standard relationship in terms of free energy of mixing,

2 —1
S..(0) = RT 0 Cu (3.17)
9 )1 pn
or in terms of activity, a4 and ap,
8CLA ! 8aB -1
See(0) = (1 —¢)ag () = ca () 3.18
(0) = (1~caa | -~ . P\B0-0)) o px (3.18)
as
S (0) cacs (3.19)

1 cacgf(v, W)

Once S..(0) is fitted from equation (3.19), then all other parameters can be calcu-
lated.

The degree of order and segregation in the melt can be quantified by another
important microscopic function, known as Warren-Cowley short range order pa-
rameter or simply chemical short-range order (CSRO), ay, (Cowley, 1950) and

(Warren,1969). The parameter o is related to the S..(0) by

SCC<O) . 1 + aq
cacg  1—(Z—-1Day

(3.20)
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For equiatomic composition, the CSRO ay, is found to be in the range —1 < ay <
1. The negative values of this parameter indicate the ordering in the melt, and
complete ordering is shown by af*™=-1. On the contrary, the positive values of o
indicate segregation, whereas the phase separation takes place if a/"**=1.

In addition,the mixing properties of binary molten metals forming alloys can
as well be analyzed at the microscopic scale in terms of the quantity ¢ defined
in equation (3.3) known as diffusion. The formalism relation that connects diffu-
sion and S..(0) (Singh and Sommer, 1992) combines the Darken’s thermodynamic
equation for diffusion (Darken,1967) with the basic thermodynamic relation in the
form (Singh and Sommer, 1992):

Dy S(0)
Did B Scc(o)

(3.21)

where D, is the mutual diffusion coeflicient and D,; is the intrinsic diffusion coef-

ficient for an ideal mixture, given as
Did = CADB o CBDA (322)

with D4 and Dpg being the self-diffusion coefficients of pure components A and B,
respectively. For ideal mixing, S..(0)—S(0), i.e. Dy — Djq; for ordered alloys,
S..(0)<S4(0), i.e. Dy > Dyg; and similarly for segregation, Dy, < D;g. The
highest peak of %Z as a function of composition indicate the presence of maximum
chemical order in molten alloy system as well as the composition of the most likely

associates to be formed in the liquid phase (Singh and March, 1995).

3.2 Quasi-Chemical Approximation Model

Thermodynamic properties of some gallium-based liquid alloys
Keywords: Chemical order, Homocoordination, Interaction energy, Raoultian be-

haviour
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3.2.1 Introduction

Many investigations have been reported in literature on liquid binary alloy systems
which are of importance from both the scientific and also the technological points of
view. An accurate knowledge of the thermodynamic properties and phase diagrams
of the alloy systems are essential to establish a respectable understanding between
the experimental results, theoretical approaches and empirical models for liquid
alloys with a miscibility gap.

The interatomic interactions and the related energies of the bond between the
A and B component atoms of a binary alloy play an essential role in understanding
the mixing behaviour of two metals. Because of this, the energetically preferred
heterocoordination of A-B atoms as nearest neighbours over self-coordination A-
A and B-B, or vice versa lead to the classification of all binary alloys into two
distinct groups: short-range ordered (Bhatia and Hargrove, 1974; Bhatia and Singh,
1982; Singh and March, 1995; Novakovic et al.; 2002; Novakovic et al., 2004) or
segregating (demixing) alloys (Singh, 1993; Singh and Sommer, 1997; Prasad and
Mikula, 2000a).

The three binary alloys namely Ga-Zn, Ga-Mg and Al-Ga are the alloys of in-
terest. The choice of these alloys arises from the fact that the three alloys have
various industrial applications. Alloy systems containing semiconducting compo-
nents such as gallium which is a group I1IB element like aluminium have been the
subject of an increasing attention in the semiconductor production for their impor-
tant application in the solid-state electronic devices and as a useful thermometric
liquid (Awe et al., 2005). Also, magnesium alloys offer lightweight alternatives
to conventional metallic alloys and consequently, research on Mg alloys is fuelled
nowadays by the need for low-density materials that suit aerospace and automobile
industries (Islam and Medraj, 2004) and as a result of which the world consump-
tion of magnesium alloys in the automobile industry has been on the increase in
the last decade (Awe et al., 2006). Moreover, aluminium and its alloys are used in

many aspects of modern life, from soda cans and household foil to automobiles and
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aircraft in which we travel. Al-based alloys have also been found useful as additives
in various fuel formulations for propellants, explosives, incendiaries or pyrotechnics
(Awe et al., 2006). Large quantities of zinc are used to produce die castings. In
addition, all the essential experimental data that are required for the calculation
of the thermodynamic properties are available.

It has been established in this work that both Ga-Zn and Al-Ga systems are
characterized by positive interaction energies indicating segregation in the melts,
while Ga-Mg alloy is characterized by a negative interchange energy indicating
ordering in the melt. This characteristic behaviour is likely to be a reflection of the
interplay of the energetic and structural re-adjustment of the constituent elemental
atoms in the alloys.

In this section, the composition dependence of thermodynamic properties of
these liquid alloys has been studied using a quasi-chemical approximation model
by Singh (1987) for compound forming binary alloys and that for simple regular
alloys. The energetics of mixing as well as the positive deviation from Raoultian

behaviour was discussed for the various thermodynamic quantities calculated.

3.2.2 Theory of QCAM

The fundamental idea about the quasi chemical model is that the thermodynamic
properties of a compound forming A-B alloy can be explained by treating the alloy
as pseudo ternary mixture of A atoms, B atoms and A,B, (p and v are small
integers) complexes. The grand partition function = of a binary molten alloy AB,
which consists of Ny = Nc¢ and Ng = N(1 — ¢) atoms of elements A and B,
respectively, where the total number of atoms, N, is equal to Ny + Np,can be

expressed as

[1]

=Y YA (T)ay® (T)expl(paNa + ppNp — E) /kpT] (3.23)

where ¢¥(T) and p; are atomic partition function and chemical potential of "

components (i = A, B), kg is Boltzmann’s constant, T is the absolute temperature
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and E is the configurational energy of the alloy. The QCM is utilized to determine
the probable chemical complexes existing in a liquid binary alloy.

The solution of equation (3.23) in line with (Prasad et al., 1998) is given as the
ratio of the activity coefficient v (y = ;’—A), (74 and g are activity coefficients of

B

A and B atoms, respectively) for the compound (A4, B,) forming alloys as

Z(1—c¢c) (B+2c—1)

Invy = 2 (F-2e1) (3.24)
with
_[B—=1+2c 3
VA= (48 } (3.25)
[ B+1-2c Z
75 = [(1 — o0 +5)} (3.26)

The excess free energy of mixing G5 is related to the free energy of mixing G,

by the expression:
Gif =Gy — RT{clnc+(1=c)ln(1 - )} (3.27)

The quasi chemical expression for the excess free energy of mixing G is given as:

XS c
C;é\j{ = Z/() [lIlO' + (QkBT)_l(PAAAEAA — PBBAGBB)}dl’ + Qb (328)

where 7 is the coordination number, c is the concentration of atom A and R is the

universal gas constant and

1 (1-¢o(B+2c-1)

lnaziln B—2c+1) (3.29)

with
B ={1+4c(l —c)(n>—1)}"? (3.30)

and
= e:cp(z—w)e:cp(QPABAEAB — PA;BATEAA — PBBAGBB) (3.31)

Zk‘BT

For a simple regular alloy, n is given as

n= exp( ) (3.32)

Zk?BT
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w is the interchange or order energy, expressed as:
1
w = Z[AEAB — §<A€AA + AEBB)] (333)

Ae€ap, Aeqa, Aepp are the interaction parameters and Ae;; is the change in the
energy of the ¢j bond in the complex A, B,. P;; is the probability that the 75 bond

is a part of the complex. P;; may be expressed as

Pip=c"T1—c) 2= (1—c) Y (3.34)
Pag=c"2(1—0¢)"[2—c"2(1—¢)], u>2 (3.35)
Ppp=c"(1—c) 22— c"(1—¢)""2, p>2 (3.36)

The constant ¢ in equation (3.28) is determined from the requirement that
27 = 0 at ¢=0 and c=1.

The concentration-concentration fluctuations in the long-wavelength limit, S,.(0),
has emerged as an important microscopic function to understand the mixing be-
haviour of liquid alloys in terms of compound formation and phase segregation
(Singh, 1987). The S..(0) can be expressed by Gy, or the activity, a;(i = A, B),
as

) —1 —1
See(0) = RT <8GM> = cpagy (EM;)
N

Loy} dca

T,P, T,P,N
8aB >_1
(8(1 —ca) T,P,N

For ideal mixing the energy parameters, w, given in equation (3.33) is equal to zero,
and equation (3.37) becomes

S(0) = cacp (3.38)
Substituting equation (3.27) for G, into equation (3.37), one obtains

_ c(l1—rc)
e

Equation (3.37) is usually utilized to obtain the experimental values of S..(0) from

See(0) (3.39)

the measured activity or the free energy of mixing data (Akinlade, 1998). The
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mixing behaviour of liquid binary alloys can be inferred from the deviation of
S..(0) from S(0). The presence of chemical order is indicated by S..(0)<S¥(0);
on the contrary, if S..(0)>S5%(0), the segregation and demixing in liquid alloy take
place.

The Warren-Cowley short-range order parameter a; for the first nearest neigh-
bours is expressed in term of S-function (Anusionwu, 2006), (equation (3.30)) as:

-1

= o (3.40)

651

The enthalpy of mixing, Hy; within the QCM can be obtained from the standard

thermodynamic relation (Novakovic and Zivkovic, 2005)

Hy = Gy — T(W)P (3.41)

Making use of G in equation (3.27), H)s is expressed as

8RTc*(1 — c)zexp(iZiZT) ( 1 dw w>

HM:_(5—1+2c)(1+5)(@+1—2c) kpdl T

(3.42)
and thus the entropy of mixing,

(3.43)

3.3 Four Atom Cluster Model

Energetics of Mixing in Bi-Pb and Sb-Sn Liquid Alloys
Keywords: Four atom cluster model; Bi-Pb; Sb-Sn; heterocoordination; Bulk

properties

3.3.1 Introduction

Different theoretical models or formalisms have been established with a view to
explaining or describing thermodynamic, structural and thermophysical properties
of binary molten alloys. Some of these are Bhatia and Hargrove formalism (1974),

electron theory (Aschroft and Stroud, 1978), four atom cluster model (FACM)
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(Bhatia and Singh, 1982; 1984) and the pseudopotential formalism (Dalgic et al.,
1998; Thakur et al., 2005).

FACM is a model established by Singh (1993) as an extension of his earlier
work on a two atom cluster model (TACM) (Singh et al., 1988). This model is
established to give a more realistic value of the ordering energy w and the chemical
short range order (CSRO) parameter o and hence, a better quantitative approach
to the processes of compound formation or phase separation in liquid binary sys-
tems (Akinlade, 1997). Essentially, in FACM a simple scheme is used to connect
conditional probabilities enumerating the occupation of neighbouring sites by the
atoms of the constituent elements in the liquid alloys. One significant advantage of
the FACM, over the other available methods of calculating CSRO parameter a; is
the fact that in obtaining this parameter, the model formulation does not require
the assumption of any preferred complexes (Akinlade et al., 2003). The implication
of this is that we can obtain information on the properties of liquid alloys without
having to necessarily look for information on such features like the phase diagrams,
which normally provides information on the possible complexes (Akinlade, 1997).

Furthermore, the calculation of oy using the FACM only requires as input data,
a knowledge of the activity ratio ag/aa, where A and B are the individual compo-
nents of the alloy AB of interest.

In addition to the aforementioned, FACM makes it possible to obtaining higher
order conditional probabilities (HOCPs) encompassing atomic distribution in near-
est neighbour shells. Hence, it is possible to define i/iji as the probability of finding
i atoms on a given lattice site while the other three neighbours in the cluster are
occupied by i, j, and i atoms.

For the present study one has chosen Bi-Pb and Sb-Sn for some reasons. The
choice of Bi-Pb for investigation was influenced by the recent work on the surface
properties of Bi-Pb liquid alloys which suggested that Bi-Pb system is characterized
by short-range ordering in the liquid phase (Novakovic et al., 2002). In addition,

bismuth metal is used primarily as an alloy and metallurgical additive. One class of
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bismuth alloys comprises the low fusible (low-melting-point) alloys-combinations of
bismuth and other metals, such as cadmium, lead, gallium, indium and tin. These
alloys found applications in fuel tank safety plugs, holders for lens grinding and
other articles for machining, solders, and sprinkler triggering mechanisms (Brown,
2000).

Although, not quite much is known about the uses of Sb-Sn, yet one notes
that since antimonial lead (Sb-Pb) is primarily used in grid metal for lead acid
storage batteries and tin and lead are elements belonging to the same group of the
periodic table (meaning that they have similar chemical properties), then, it is not
unlikely that Sb-Sn will be relevant in the battery making industries. In addition,
the availability of enough data on the two systems makes them good candidates
for investigation.

In this section, the FACM has been used to compute the energetics of Bi-Pb
and Sb-Sn systems in terms of the ordering energy parameter reproducing their
respective activity ratios and two other thermodynamic properties (free energy of
mixing and the concentration-concentration fluctuations in the long wavelength

limit) as well as CSRO parameter and chemical diffusion.

3.3.2 Theory of FACM

The general expression for the grand partition function = of a binary alloy AB
consisting of N atoms, of which N4 = Nc are A atoms and Np = N(1-c) are B

atoms can be expressed as (Cartier and Barriol, 1976; Singh, 1993)
= = 3 (D)g P (D)o (344
E

where ¢;(T) are the particle functions of atoms i (A or B) associated with inner and
vibrational degrees of freedom, p4 and ppg are the chemical potentials and E is the
configurational energy. In solving equation (3.44), some simplifying assumptions
are essential (Singh, 1993). The first assumption is that the interactions between
the atoms should be of short range and effective only between nearest neighbours.

The second assumption is that the atoms are located on lattice sites such that each
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site has Z nearest neighbours. Also, the lattice sites are further subdivided into
smaller cluster of just a few lattice sites in domain 1 and the remainder in domain
2.

In view of the above assumptions, one could then write the grand partition
function as the product of the partition function of the two domains (i.e = = =;-=5).
The grand partition function for the cluster can be expressed as (Singh, 1993;

Cartier and Barriol, 1976)

(1]

1= ) €N PO o T (3.45)
Eq
where ¢4 and ¢p are constants to be eventually eliminated
No=Nia+Nyy ; Np=Nip+Nop ; E=E+E+E; (3.46)

In equation (3.46), E; denotes the configurational energies of domain 1 and Ejy
takes into account the interactions between atoms in cluster and the remainder.

The €4 and £p in equation (3.45) can be expressed as
Ea=qa(T)e’s 5 &= qp(T)eMs (3.47)

For a cluster of one lattice site, £; = 0 because there are no AA, AB, or BB atom
in the bond. Hence, the single lattice site can be occupied by either an A-atom
or a B-atom and Z4 = Zp = Z (the coordination number), and equation (3.45)

becomes
2 = €407 + Epd% (3.48)

The superscripts (1) in equation (3.48) is necessary to show that the expression
for = is for a cluster of one atom. For a cluster of four lattice sites in domain 1,
taking into consideration, the possible arrangements of atoms that can be obtained

statistically, one can then write equation (3.45) as

—(4
= = €40l Pl + 4L 05 PRAP s + 501 Pl

H6EAEE0Y O PasPrpPap + 46485053 65 PhpPip (3.49)
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Where ZL = Z — 3, P;; = ¢’Fi | (i,j = A,B) and the E;;’s are bond energies for
ij nearest neighbour bond. Further simplification of equation (3.49) leads to an

expression of the form

02 — Byo? — Byo® — B3o® = By, =0 (3.50)
where
o5 (PAA>
o=—|—=—— 3.01
ba \Ppp (8.51)
By =1* (3.52)
1—2/3
By = 3x2# (3.53)
n
(1—=2)
By =3 1 (3.54)
n
1 -3z
B, = 7 (3.55)
1—c Bw
z=— and n= exp(Z) (3.56)
w=Z(eap = (€an + €55)/2) (3.57)

Equation (3.57) is the interchange energy or order energy for the alloy. With
the activity ratio earlier defined <z’.e a=ag/a A), one recalls the thermodynamic
relation for the chemical potentials 14 and ppg for the two components elements A

and B in the alloy,
pa = pt+Bnay and pp=puf+Bnag (3.58)

where p2 and pZ are the chemical potentials of the pure species A and B. Using

the grand partition function and the above equation, one obtains
o 1
pwoy = —BlnqA(T)+§Z€AA (3.59)

1
pp = —BIngp(T) + §Z€BB (3.60)
Equations (3.47), (3.59) and (3.60) combined to yield
ap _ s (PBB>Z/ :

= —_— 3.61
aa § A\ Paa (3:61)

a =
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Where a4 and ag are the activities of component A and B in the alloy. An expres-

sion connecting a and o can be found in (Singh, 1993) as

cfi(a,0) = (1 —c)faa,0) (3.62)

where fi(a, o) and fy(a, o) are defined as

363037L  30202%L  qo?l
fila,0) = a*o*?* + e + " + e (3.63)
and
Bod?l 3020270 3q04L
fala,0) = = " + e +1 (3.64)

where ZL in both equations (3.63) and (3.64) has the same meaning as in equation
(3.49). The activity ratio for a given binary alloy can be determined by solving
equation (3.64) numerically based on the knowledge of o obtained from the numer-
ical solution of equation (3.50). The value of o needed in the calculations should
be optimized in such a way that it gives a good overall representation of activity
at all concentrations as reported by (Akinlade, 1997). The major idea behind the
FACM is to express the degree of CSRO in terms of probabilities. Even in the
framework of this model, the probability of finding an A atom or B atom on any
lattice site still depends on the nature of atoms already existing in the neighbouring
sites (Akinlade, 1995). One begins by stating the probability that all four lattice
sites occupied by atoms A as (A, A, A, A) and similar probabilities (i, j, k, 1) can
readily be reduced to HOCPs such that i/iji (the probability of finding i atom on
a given lattice site while the other three sites in the cluster are occupied by i, j,
and i atoms) and similar others. Having this in mind, one can express the pairwise
conditional probability Psp as

(A/BB)

Pap = (A/B) = (B/AB) + (A/BB) (3.65)
In terms of HOCP, one writes for the terms in equation (3.65)
B (A/BBB)
(A/BB) = (5 /ABB) + (A/BBE) (3.66)
(B/AB) = (B/AAB) (3.67)

(B/AAB) + (A/ABB)
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and one further notes that (B/ABB)=1-(A/ABB). However, equations (3.65)-
(3.67) are only useful in this context if they can be expressed in terms of a and o.

Hence, the results are

1

(4/BBB) = 1+ ac?Lexp(3pw/Z) (3.68)
1

(4/ABB) = 1+ ac?Lexp(fw/Z) (369)

(BJAAB) = a0 exp(—fw/2) (3.70)

1+ ac? exp(—pw/Z)
The value of Psp defined by equation (3.65) can then be obtained by solving
equations (3.68)-(3.70). A useful quantity which can be obtained from knowledge
of Psp is the Cowley-Warren short range order parameter a; (Cowley, 1950). For

nearest neighbour sites, oy can be defined as:

P
a1:1—4€§ (3.71)

From a simple probabilistic approach the limiting values of «; lie in the range

c 1
— <oy <1 c¢< - 3.72
(i—q ~M=' =35 (3.72)
1—c 1
— <o <1l ¢>-— 3.73
) smst o2 a7
For ¢ = %, one has —1 < a; < 1. The minimum possible value, af"", means

complete ordering of A-B pairs in the melts, whereas the maximum value o]"** =

+1, suggests that the A-A and B-B pairs in the melts are totally segregated (Singh,
1987). A situation in which a; = 0, implies a random alloy. On the basis of the
discussion on the equations written so far, one can say that we have obtained all
the essential equations required for FACM.

In order to calculate the bulk thermodynamic properties, the values of w ob-
tained above have been used; hence, one has computed the excess Gibb’s free en-
ergy of mixing, G4° and the concentration-concentration fluctuations in the long

wavelength limit, S..(0). In obtaining these, one has used

Gy = G+ GYP (3.74)
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where
Gl = RT{C + (1 —¢)In(1 — c)} (3.75)
and

Gy = RT{clnya+ (1—c)Invz} (3.76)

Here v4 and g are activity coefficients and are related to the activity a by the

standard relations:

ap = cya ; ag = (1—c)yp (3.77)
(B=1+2:\7"
. (C( G ) (3.78)
[ B+1-2¢ 7
= (d=5me7) o
with
B={1+4c(l —c)(n*—1)}"? (3.80)

From equation (3.74), S..(0) can be determined using thermodynamic rela-

tions:

02GM ! 8@,4 !
Scc(0> = RT <862> = (1 - C)CLA <8c>

T,P,N T,P,N

aCLB )1
=cap | = (3.81)

(8(1 —¢) T,P,N
Substituting equation (3.74) in equation (3.81), one obtains
1—
&ﬂn:—ié—flf (3.82)
1+5(5-1)

Hence, from equations (3.74) and (3.81), it means that once a suitable optimized
value of w is obtained, it can be used to compute % and S..(0) which can then
be compared with experiments and deductions made therefrom. One observes that
B in equation (3.82) depends on the interchange energy w through equation (3.56)
and brings about the deviation from ideality. As w — 0, § — 1 and S..(0) = ¢(1-
c¢) = S(0), the ideal values.

Equation (3.81) is usually utilized to obtain the experimental values of S..(0)

from the measured activity or the free energy of mixing data (Bhatia and Har-

groove, 1974).
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The knowledge of S..(0) has been further used to investigate the nature of
chemical diffusion in the two liquid alloys, which is likely to play an important role
in many technological and corrosion phenomena. Using the Darken (1948) thermo-
dynamic equation for diffusion, an expression that relates diffusion and S..(0) can

be established (Singh and Sommer, 1992a; Prasad et al., 1998); thus one can write

Dy S54(0)
Dy = 7506(0) (3.83)

where D, is the mutual diffusion coeflicient and D,4 is the intrinsic diffusion coef-

ficient for an ideal mixture, given as
Dig=24Dp+xpDa (3.84)

with D4 and Dp being the self-diffusion coefficients of pure components A and
B, respectively. For ideal mixing, S..(0) —Si(0), i.e. Dy—Diq; for ordered
alloys,S..(0)<S%(0), i.e. Dy > Dig; and similarly for segregation, Dy < D4
The maximum peak of Dy;/D;q as a function of composition indicate the presence
of maximum chemical order in molten alloy system as well as the composition of
the most probable associates to be found in the liquid phase (Prasad et al., 1998;
Singh and March, 1995).

3.4 Statistical Thermodynamic Theory

Determination of Mixing Properties and Activities of Binary Liquid Alloys
Keywords: Statistical thermodynamic, size factor, activity, enthalpy of mixing,

entropy of mixing

3.4.1 Introduction

A great deal of thermodynamic data on binary liquid alloys have been compiled in
monographs such as (Hultgren et al., 1973), but multi-component data is scattered
over some journals and quite scarce because the determination of thermodynamic

data of these liquid alloys needs not only the consummate skill of a researcher
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and excellent instruments but also the continuous financial support (Tao, 2000).
Although, the development of new and reliable materials requires sometimes the
knowledge of thermodynamic and thermophysical data which due to the experimen-
tal difficulties, especially high investigation temperatures required have not been
successfully measured (Novakovic and Takana, 2006; Kostov et al., 2007; 2008) and
coupled with the growing numbers of liquid alloys and numerous multi-component
systems in industrial processes. The main reasons for this high scientific attention
is certainly due to increasing applications of liquid alloys, especially in aerospace
industry, due to their high oxidation resistance, low density and high melting point.
It was obviously unrealistic to measure all the data experimentally. At present, sev-
eral experimental methods, such as calorimetric method, electromotive force (emf)
method and Knudsen effusion method, are in use to measure thermodynamic data
for liquid binary alloys and for ternary compounds. Although, the experimental
method is regarded to be the reliable one, but it is usually costly, laborious and
time-consuming.

Studies in both theoretical and computational modelling of liquid alloys have
led to rapid increase in the development of advanced high performance materials in
industrial world. These high performance liquid and metallic alloys find usage in
various segments of materials and chemical industry as catalysts, low weight and
high strength structural materials (Liu and Fan, 2002; Tao 2000; 2003; Tao et al.,
2002). In this regards, focus is on research areas having direct impact on innovative
development of such materials. Thus, the need for timely, cost efficient and envi-
ronmentally compliant methods for development of such advanced materials. This
aroused a genuine interest to carry out a theoretical determination of the mixing
properties and activity of the liquid Sb-Sn, In-Pb, Al-Si and Ga-T1 alloy systems
based on the recently published experimental data on Al-Si (Kostov et al., 2007)
and Ga-Tl (Katayama et al., 2003).

Although, different computational methods have been developed in literature

to obtain thermodynamic properties such as free energy of mixing, heat of mixing,
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etc. Witusiewicz and Sommer, (2000); Islam and Medraj, (2004); Kanth and
Chakrabarti, (2009) as well as thermophysical properties such as viscosity and
diffusion (Akinlade et al., 1998; Novakovic et al., 2008; Anusionwu et al., 2009;
Yong and Chen, 2011) of many binary liquid alloys. But these methods require
inputs from thermodynamic measurements such as ordered or interchange energy,
activity or activity coefficients for the determination of various thermodynamic
properties, otherwise the calculations cannot be done.

In this section, an effective and cost efficient approach to determine the mixing
properties like the free energy of mixing, Gy, enthalpy of mixing, H,,, entropy of
mixing, Sy and activities of binary liquid alloys at different temperatures within
the framework of a statistical thermodynamic theory without the need for input
from thermodynamic measurements has been proposed. With this approach lim-
ited experiments can then be focused on the most promising alloy compositions
identified by thermodynamic calculations, while avoiding the experiments with the
less promising ones. This approach is a very useful method to cut down the cost
and time for the development of new alloys.

Analytical expressions have been obtained for the various thermodynamic quan-
tities such as Gy, Hy, Sy and a; using standard thermodynamic relations by
incorporating the atomic size mismatch volume. These expressions can be used
for determination of the mixing properties and activities of binary liquid alloys at
any temperature of interest and, the results obtained can then be compared with
the experimental data. The analytical expressions were applied to liquid Sb-Sn
at 905K, In-Pb at 673K, Ga-T1 at 973K, 1073K and 1173K and Al-Si at 2000K,
2400K and 2473K, respectively.

The free energy of mixing G, and activity of liquid alloys play important role
in predicting the glass-forming ability of the multi-components metallic alloys to
the extent that many multi-component glass forming alloys like Ca- Senkov et al.,
(2004), Fe- Liu et al.,(2004), Cu- Cai Anhui et al.,(2008), and Mg-based alloys-
Jha and Mishra, (2001) and Cai Anhui et al.,(2006) possess excellent glass-forming
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ability. Mg-Zn is similar in structure to Ca-Mg. Ca-Mg is a good glass former
while Mg-Zn glass was reported by Jha and Mishra,(2001) as the first transition
metal-free metallic glass. The two quantities G, and a; are among the fortunate
thermodynamic functions which are obtained directly from experiment. However,
there is no universal applicable expression for GG, though attempts have been made
to derive analytical expressions for free energy of mixing of different materials (Cai
et al., 2008; Lad Kint et al., 2004).

Besides the factors mentioned above, the alloys or the individual constituent
elements of the chosen candidates are known for their industrial relevance and the
availability of the required experimental data for the liquid alloys is another impor-
tant factor. Some of the important uses of these materials are as follows: Aluminum
alloyed with tin, indium and zinc is used as sacrificial anodes and corrosion-proof
anodic coating for steel (Popescu and Taloi, 2007), while Al-Sn-Zn alloys are used
as soldering materials (Prasad and Mikula, 2006). Also, Mg-based alloys with dif-
ferent additives such as Pb, Ga, Al, Zn, Hg and T1 have been widely used as anode
materials due to their rapid activation, low density, low electrode potential and
high current capacity (Islam and Medraj, 2004; Aljarrah et al., 2007). In addition,
various properties of Mg liquid alloys show anomalous behaviour as a function
of concentration, with Mg being the lightest structural metal, with a density of
1.741g/em?, in comparison with the densities of aluminium (2.70g/cm?) and iron
(7.86g/cm3). This makes magnesium alloys particularly attractive for weight re-
duction and higher fuel efficiency transportation applications (Islam and Medraj,
2004; Aljarrah and Medraj, 2008). As a result, thermodynamics of liquid alloys
are currently engaging attentions of numerous researchers.

Moreover, no systematic thermodynamical study of Ga-T1 and Al-Si liquid al-
loys has been done or completely reported in literature until very recently, when
Katayama et al., (2003) carried out an activity measurement of Ga in liquid Ga-T1
alloys by electromotive force (emf) method and measured the free energy of mixing,

Gy and a4 of binary Ga-T1 liquid alloys at 973K, 1073K and 1173K, respectively.
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And Kostov et al,(2007) for the first time used a FactSage Thermo-Chemical Soft-
wares and Databases developed in 2001 to make thermodynamic predicting of the
free energy of mixing, G, of Al-Si liquid alloys at different temperatures of 2000K,
2400K and 2473K, respectively.

Thus, the result obtained using the analytical expressions proposed for theoret-
ical calculations of free energy of mixing G, and activity as of Ga-Tl and Al-Si at
investigated temperatures for which the data exist were compared with Katayama

et al.,(2003) for Ga-Tl and Kostov et al.,(2007) for Al-Si, respectively.

3.4.2 Theoretical formulation

The grand partition function of a binary liquid A — B alloy consisting of Ny = Ncy
and Ng = Ncp atoms of the element B, respectively, where the total number of

atoms, N = Ny + Np, is expressed in terms of the configurational energy, F, as:
==Y i (T)qs®(T)exp((naNa+ ppNp — E)/ksT) (3.85)

where ¢;(T) are the partition functions of atoms i (= A or B) associated with inner
and vibrational degrees of freedom and it is assumed that the partition functions
remain unchanged immaterial of whether the atom ¢ is located in the pure state
or located in the alloy; u; and ps are the chemical potentials, kg is Boltzmann’s
constant and 7T is the absolute temperature. Equation (3.85) is solved in the
framework of the quasi-lattice theory to obtain an expression for the activity. The
activity of an element in a binary mixture is given by (Takana and Gokcen,1995)
as:
—zFFE,,

Ina=——-" 3.86
na=— (3.86)

where z is the valence of carrier ions of the element, F' is the Faraday’s constant
and E,, is the electromotive force which can be observed directly from experiment.
Using statistical thermodynamic theory, an expression for the Gibbs free energy

of mixing is obtained as:

G (1—ca)

BT = calnea+(1—ca)In(l—ca)+caln(l—v)—In(l—vey)| +we T (3.87)
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with

1 1
v=1--— X n=—
n ’ VA

(3.88)

where V4 and Vg are the atomic volume of species A and B, respectively in the
binary mixture A-B alloys and w is the interchange energy. In order to obtain the
expression for the activity of components a;, (i = A, B) in the binary alloy, one

makes use of the standard thermodynamic relation:

ONA /71PN

RTIna, = ( = Gu+(1- cA)<8GM> (3.89)
T,P,N

86,4
Recalling that N = N4y + Np and ¢4 = N4/N, and upon differentiating equation
(3.87) partially with respect to ¢4, one obtains

0G

e Inca—In(l1—cy)+In(l1—v)+ -

Vca

= RT

—|—w{1 = 2ea yL=ca)ea)] (545

1—ves (1 —vey)?

By putting equations (3.87) and (3.90) in equation (3.89) and solving, the activities

can be expressed as:

ca(l—=v)  v(l=cap) W (1 —cn)?
1 —vey 1 —vey RT (1 —vca)?

Inay =1In (3.91)

and
ca v(l—ca)ea  w (1—ca)v

—_—— 3.92
1—vey 1—vey RT (1 —vecya)? ( )

Inag =In

Once the expression for (G5, is obtained, other thermodynamic quantities readily
follows. Enthalpy of mixing and entropy of mixing are related to G, through

standard thermodynamic relations:

Differentiating equation (3.87) with respect to T and substituting in equation

(3.93), an expression for the enthalpy of mixing is given as

ca(l—ca) ca(l—cq) Ow sca(l —ca)
Hy = -7 & A )
M wl—VCA 1—vey 8T+ 1 —wvey
WY ca w 0v (3.94)

1—1/_1—uc,4ﬁ oT
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and, the entropy of mixing as:

Sy = Rlcalnca+ (1 —ca)In(l — ca)]+R[calnn —In(1 — vey)]

CA(l_CA)a—w—i—RTCA(l_CA) v A W @
1—vey OT 1—veq |1—v 1—vey RT|OT

(3.95)

Equations (3.87), (3.91), (3.92), (3.94) and (3.95) are the essential equations for

the model calculations.
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Chapter 4

Results and Discussion

In this chapter, results and discussion on each of the models used in the previous

chapter are presented.

4.1 Quasi-lattice theory

The QLT theory discussed in section 3.1, has been used to investigate the com-
position dependence of the bulk thermodynamics and dynamic properties such as
diffusion and viscosity for the two systems Al-Zn and Bi-In liquid alloys. It is evi-
dent from the theory that there are some parameters that need to be fitted in order
to perform the calculations. These parameters are the size ratio,y, the coordina-
tion number, Z and the interchange energy, w. For consistency, the coordination
number, Z in the liquid phase was chosen as 10 (Waseda, 1980; Anusionwu and
Adebayo, 2001). It was observed in the course of these calculations that the choice
of Z does not significantly affect the results obtain. In addition, the size ratio,
should have been obtained from experimental density measurements but one has
chosen to treat it as a free parameter in performing this calculations simply because
there are no experimental measurements for the densities at the temperatures for
which thermodynamics data are available. Once suitable values of these param-
eters are chosen, the theory allows to calculate other quantities described above.

The values of the fitted interaction parameters obtained are presented in table 4.1.
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4.1.1 Concentration Fluctuations in the long-wavelength
limit, the Free Energy of Mixing and the Chemical

Short-range order parameter

Due to the difficulties associated with diffraction experiments, the theoretical cal-
culation of S..(0) is of great interest when investigating the nature of interaction as
well as the structure of binary liquid alloys(Novakovic et al., 2004). The mixing be-
haviour of liquid binary alloys can be inferred from the deviation of S..(0) from the
ideal value, S¢(0). The presence of chemical order is indicated as S..(0)<S4(0),
on the contrary, if S..(0)>S(0), the segregation and demixing in liquid alloys take
place.

A perusal of Fig. 4.1, the plot of concentration fluctuations in the long-
wavelength limit S..(0) versus concentration for the systems studied show that
the fitted parameters yield a good representation of the experimental data. The
experimental values of S.(0) for the two systems were derived from the experimen-
tal free energy of mixing equation (3.17), the theoretical S,.(0) was obtained using
equation (3.19) and thermodynamic data were taken from(Hultgren et al., 1973).

The S..(0) values for the Al-Zn system at T=1000K (fig. 4.1) clearly indicate
that S..(0)>S%(0) in the whole concentration range. This implies a tendency for
homocoordination, i.e. segregation of preference for like atom Al-Al and Zn-Zn
tend to pair as nearest neighbours. The S..(0) curve exhibits the maximum value
of about 0.409 at Cy;, = 0.50. For Bi-In system, the S..(0) values show that
S..(0) < S(0) over the concentration range. This suggests a tendency of complex

formation i.e. preference for unlike atoms pairing as nearest neighbour.

Gum

#& for the two alloys are given in

The plot of the concentration dependence of
Fig. 4.2. It is interesting to note that the computed values are in quite excellent
agreement with experiment. From the result, the Gibbs energies of mixing G, for

Al-Zn and Bi-In liquid alloys, have values of about -0.4986RT and -0.9344RT,
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Table 4.1: Values of the parameters for Al-Zn and Bi-In liquid alloys

Alloy T(K) Z 2 v
Al-Zn 1000 10 0.800 0.950
Bi-In 900 10 -0.900 1.135
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Figure 4.1: Concentration fluctuations in the long-wavelength limit (S..(0) and
Si(0)) vs. concentration for Al-Zn and Bi-In liquid alloys at 1000K and 900K
respectively. The solid line denotes theoretical values while the triangle and the
cross denote experimental values for Al-Zn and Bi-In respectively. The dot denotes

the ideal values S(0). c4; and cp; are the Al and Bi concentrations in the alloy.
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Figure 4.2: Concentration dependence of % for Al-Zn and Bi-In liquid alloys at
1000K and 900K, respectively. The solid line denotes theoretical values while the
triangles and the crosses denote experimental values for Al-Zn and Bi-In, respec-
tively. c4; and cp; are the Al and Bi concentrations in the alloy. The experimental

data were taken from Hultgren et al., (1973).
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respectively. This shows that the tendency of compound formation in the liquid
phases is weaker in Al-Zn than in Bi-In alloy.

The same mixing behaviour can be deduced from the values of the Warren-
Cowley short-range order parameter, oy, table 4.2. The positive values of the
parameter «q, for Al-Zn support a tendency towards segregation and the negative
values of oy, for Bi-In system at all concentrations confirm a tendency of complex

formation.

4.1.2 Dynamic properties: diffusion and Viscosity

From the ordering point of view, the computed chemical diffusion ratio (equation
(3.21)) seems to be a more realistic parameter than the Warren-Cowley short range
order parameter, oy, (Novakovic et al., 2004) since equation (3.21) does not take
into consideration the coordination number, 7, as an input and thus the inherent
problems related to its estimation are avoided. The relationship between the S..(0)

and diffusion expressed by the ratio of the mutual and self-diffusion coefficient

%\Z’ indicates the mixing behaviour of alloys, i.e. phase separation tendency or

Dy

segregation in Al-Zn, for oo < 1 over the concentration range, table 4.3. The

values %\2 > 1 for Bi-In liquid phase at all concentrations suggest a tendency for
compound formation in the melt.

As to the other aspect of the calculations which is to investigate how well the
theoretical formulation in equations (3.11) and (3.12) compare with experiment,
Fig. 4.3 shows the results obtained for % and —%, but due to the lack of
experimental data for viscosity at temperatures of interest, it was not possible to
compare the results from this work for viscosity with experimental values. However,
examination of Fig. 4.3 reveals that the computed % for Al-Zn show a negative
deviation while its —% is characterized by liquid miscibility gaps and exhibit large
positive heat of mixing, H);. This fact is substantiated by the earlier hypothesis
of the existence of a liquid miscibility gap in Al-Zn liquid alloy.

On the other hand, the computed % for Bi-In exhibit positive deviation and
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Table 4.2: Computed chemical short range order parameter (a;) for Al-Zn and

Bi-In alloys at T = 1000K and 900K, respectively.

CAl,Bi (041),41—Zn (041)Bi—fn

0.1 0.0697 -0.0696
0.2 0.0625 -0.0614
0.3 0.0551 -0.0534
0.4 0.0476 -0.0453
0.5 0.0399 -0.0375

0.6 0.0322 -0.0298
0.7 0.0244 -0.0222
0.8 0.0164 -0.0145

0.9 0.0083 -0.0073
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Table 4.3: Concentration dependence of g{‘; for Al-Zn and Bi-In alloys at T =

1000K and 900K, respectively.

Dy Dy
Dia Al—Zn __ Did Bi—In

CAZ,Bi

0.1 0.8510 1.1493
0.2 0.7393 1.2751
0.3 0.6631 1.3746
0.4 0.6209 1.4443
0.5 0.6112 1.4805
0.6 0.6324 1.4792
0.7 0.6824 1.4358
0.8 0.7623 1.3334
0.9 0.8683 1.2021
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Figure 4.3: Concentration dependence of viscosity % eqns.(3.11) and (3.12) for
Al-Zn and Bi-In at 1000K and 900K respectively. The solid line are for calculated

An

e The triangles and the crosses denote experimental values for _RLIQW for Al-Zn

and Bi-In respectively. ¢y and cp; are the Al and Bi concentrations in the alloy.

The experimental data were taken from Hultgren et al., (1973).
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—Hpy

its = shows negative deviation which confirm that Bi-In liquid alloy is an ordered

alloy. In order to discuss the disagreement between the calculated values of % and

—Hyp

7L for the two systems, it is important one looks at the parameters used to fit

Sec(0) and hence to carry out the calculations. It is observed that the fitted value
of ~ for Bi-In is 1.135 and 0.950 for Al-Zn, (table 4.1). The calculated values of v
for Bi-In is closer to that determined at the melting point than that of Al-Zn. One
reasonably inference from this is that the size effect plays a prominent role in the
energetics of Bi-In than it plays in Al-Zn alloy and thus pulling the system from

segregation to order phase.

4.1.3 Summary

A Quasi-Lattice Theory has been utilized to obtain the fitted parameters, that are
assumed to be invariant in all calculations. The bulk and dynamic properties in
Al-Zn and Bi-In liquid alloys have been investigated using a theoretical approach
with special interest on their bulk thermodynamic properties such as free energy of
mixing, Concentration fluctuations in long-wavelength limit, chemical short range
order parameter and the concentration dependence of diffusion and viscosity. The
theoretical investigation of bulk properties of Al-Zn liquid alloy is substantiated by
the experimental data, obtained at 1000K (Hultgren et al., 1973). The ordering in
Al-Zn liquid phase has been analyzed in terms of the microscopic functions, S.(0),
and CSRO (ay). The calculated values of these functions indicate the existence
of liquid miscibility gap or segregation in the melt. On the contrary, the presence
of chemical order was observed for Bi-In at 900K. The bulk thermodynamic and
dynamic properties of the two liquid alloys have been explained to a reasonable
extent and the role of size effects notwithstanding the non-availability of the ex-
perimental viscosity data. The results obtained in this work establish or confirm
the applicability of this theoretical approach for a proper description of mixing

properties of binary liquid alloys.
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4.2 Quasi Chemical Approximation Model

The mixing properties of Ga-Zn, Ga-Mg and Al-Ga binary liquid alloys have been
discussed based on the model formulation described in section 3.2. The values
of the relevant parameters used to obtain various thermodynamic quantities are
presented in table 4.4.

Keeping these fitted parameters which gives the best representation of the ob-
served Gibbs free energy of mixing G, data unchanged in all calculations, one then
proceeded using these fixed values to compute properties such as the S..(0), a1,
H,; and Sj; and thus, forming a basis for discussing the energetics of the liquid
alloys.

The free energy of mixing for these liquid alloys has been computed using equa-
tion (3.27). The experimental data given as symbols in figure 4.4 were taken from
(Hultgren et al., 1973). Examination of figure 4.4 shows that the interaction pa-
rameters give a good reproduction of the experimental values of the free energy of
mixing for the alloys Ga-Zn, Ga-Mg and Al-Ga at temperatures of 700K, 923K, and
1073K, respectively. The good agreement obtained for Gj; as shown in the figure
for the three systems investigated, allow the use of the fitted energy parameters to
study the nature of ordering in the liquid alloys. A comparison of the figure for
the three liquid alloys reveal that the free energy of mixing are almost symmetric
around the equiatomic composition (cgeu = 0.5), with Ga-Mg [(%4)., = 2.08]
exhibiting a higher tendency for compound formation and is the most interacting
of the three alloys; Al-Ga [(%4),, = 0.652] is more interacting than Ga-Zn alloy
(54).. = 0.569]

For proper analysis of the nature of ordering in the melts, it is important to
critically consider the results for the structure related quantities. From this point
of view the first quantity considered is the concentration fluctuations S.(0). The
deviation of S..(0) from ideal value S¥(0)=c4cp is an essential parameter in or-
der to visualize the nature of atomic interactions in the mixture. If, at a given

composition S..(0)>S%(0), then there is a tendency for segregation and vice versa
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Table 4.4: Fitted interaction parameters for the systems.

System T(K) Z wleV)| % %1073 wl v
Ga-Zn 700 10 0.0323 -1.240 11 1
Ga-Mg 923 10 -0.3932 9.215 11
Al-Ga 1073 10 0.0150 -0.250 11 1

95




0 T T T T
_0.5 B a-Zn ,"'::*:::::// |
1k |
Gum
RT
-1.5 Ga-Mg n
JAN
oL A /,é _
25 | | | |
0 0.2 0.4 0.6 0.8 1
CGa) CAl =7
Figure 4.4: Free energy of mixing, % versus concentration for Ga-Zn, Ga-Mg and

Al-Ga liquid alloys at 700K, 923K and 1073K, respectively. The solid line denotes
theoretical values while the crosses, triangles and the stars denote experimental
values for Ga-Zn, Ga-Mg and Al-Ga respectively. cg, and cy; are the Ga and Al

concentrations in the alloy. The experimental data were taken from Hultgren et

al., (1973).
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for heterocoordination. It is obvious from equation (3.37) that S..(0) can be ob-
tained directly from the experimental Gibbs energy of mixing or from the activity
data. This is usually referred to as an experimental S..(0) in literature. Equation
(3.39) was used to determine the computed S..(0) for these liquid alloys, while
their measured S..(0) were obtained by numerical differentiation of the Gibbs free
energy of mixing data taken from (Hultgren et al., 1973). It is important to add
that equation (3.38) was used to obtain S(0). The results for the concentration
fluctuations as a function of composition for the three systems are as shown in
figure 4.5. From the figure, it is clear that the calculated S..(0)>S4(0) for Ga-Zn
and Al-Ga, while calculated S..(0)<S¥(0) for Ga-Mg. This implies a tendency
for homocoordination in Ga-Zn and Al-Ga alloys i.e. like atoms Ga-Ga, Zn-Zn or
Al-Al tend to pair as nearest neighbours and a presence of heterocoordination in
Ga-Mg i.e. unlike atoms Ga-Mg tend to pair as nearest neighbours. A look at
figure 4.5 shows that in the region of 0 < ¢y < 0.30 and 0.7 < ¢y < 1, it is noted
that the calculated S..(0) values for Al-Ga liquid alloy almost attain ideal values.
This indicates that Al-Ga alloy has tendency to exhibit ideal behaviour for these
concentrations.

For a better knowledge of the local arrangement of atoms in the molten alloys,
equation (3.40) is used to obtain the Warren-Cowley short-range order parameter
ay. The positive values of a; (figure 4.6) in the whole concentration range for both
Ga-Zn and Al-Ga alloys are sufficient indicators of the presence of homocoordi-
nation (Segregation) in the liquid alloys, while negative values of «; for Ga-Mg
indicates chemical order in this concentration range. In addition, oy is much less
than unity for both Ga-Zn and Al-Ga alloys and a pointer that the alloys are
weakly segregating alloys. It must be noted that varying the value of Z does not
have any significant effect on a; — ¢ curves, its only effect is to vary the position
of the maxima while the overall features remain unchanged.

From equation (3.42) it is seen that in order to obtain a good fit to H ) there

is need to incorporate the temperature dependence of the interaction parameters.
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Figure 4.5: Concentration-concentration fluctuations S..(0) versus concentration
for Ga-Zn, Ga-Mg and Al-Ga liquid alloys at 700K, 923K and 1073K, respectively.
The solid line denotes theoretical values while the crosses, triangles and the stars
denote experimental values for Ga-Zn, Ga-Mg and Al-Ga respectively. The dot

denotes the ideal values. cg, and c4; are the Ga and Al concentrations in the alloy.
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Figure 4.6: Calculated Warren-Cowley short range order parameter oy versus con-
centration for Ga-Zn, Ga-Mg and Al-Ga liquid alloys at 700K, 923K and 1073K,

respectively. cg, and cy; are the Ga and Al concentrations in the alloy.
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Using equations (3.42) and (3.43), one ascertained the variation in temperature
parameters from the measured values of H,; and Sj;, the results are shown in table
4.4. From the fitted enthalpy of mixing and entropy of mixing in Figures 4.7 and 4.8,
respectively, it is noted that the fits obtained for the three alloys compared quite
well with the experimental data. The values obtained (table 4.4) show that the
temperature dependence of the energy parameters are quite small. Also, it is seen
that the enthalpy of mixing for Ga-Zn and Al-Ga alloys are symmetric and positive
(typical of segregating systems) in agreement with the work of Novakovic and
Zivkovic,(2005) on Ga-Zn and Singh et al., (1997) on gallium-based alloys, although
their Gibbs free energy of mixing are indicative of a very weakly interacting system.
On the contrary, both the free energy of mixing, GGj; and the enthalpy of mixing,
H); exhibit negative deviations from Raoultian behaviour for Ga-Mg alloy. In
addition, the entropy of mixing (figure 4.8) for the three alloys investigated are
almost symmetric and positive around the equiatomic composition. Generally, one
observes that both the reported literature data and theoretical values obtained
using the interaction parameters and their temperature dependence are in very

good agreement.

4.2.1 Summary

The thermodynamic properties of the three binary liquid alloys, namely Ga-Zn, Ga-
Mg and Al-Ga have been discussed in terms of the free energy of mixing, %, the
concentration fluctuations in the long-wavelength limit, S..(0), the chemical short-
range order parameter, oy, as a functions of compositions on the basis of the theory
discussed in section 4.2. Positive deviations from Raoultian behaviour was observed
in the thermodynamic properties of Al-Ga and Ga-Zn which agrees with the result
of Awe et al,(2005) using four-atom -cluster model (FACM), while Ga-Mg exhibits
negative deviation. An indication that both Ga-Zn and Al-Ga are segregating

systems, while a reasonable degree of chemical order exists in Ga-Mg alloy across

the whole concentration range. The enthalpy of mixing and entropy of mixing
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for the three alloys investigated are positive and symmetric around equiatomic
composition, except for the enthalpy of mixing, Hj; of Ga-Mg alloy that shows a
negative deviation from Raoultian behaviour. It is established that in the glass-
forming composition range which usually lies far away from the stoichiometric
composition, computed S..(0) almost attain ideal values for Al-Ga: ie. Al-Ga

exhibits ideal behaviuor for the composition 0 < ¢4 < 0.30 and 0.7 < ¢y < 1.

4.3 Four Atom Cluster Model

The theory discussed in section 3.3 has been used to compute the concentra-
tion dependence of the activity ratio of the individual systems, the concentration-
concentration fluctuations in the long wavelength limit, the free energy of mixing,
the CSRO parameter and the chemical diffusion. For consistency, the coordination
number Z was chosen as 10 for the two systems investigated. It is, however, noted
that the choice of Z does not have significant effect on the results obtained. The
experimental S..(0) were obtained from experimental free energy of mixing using
equation (5.38). The experimental data used for the thermodynamic calculations
were taken from Hultgren et al., (1973) for the alloys.

One observes that the only parameter that needs to be fitted in order to perform
the present calculation is the interchange energy w. Table 4.5 shows the appropri-
ate values of this parameter for the two alloys obtained, via FACM. A close perusal
of Tables 4.6 and 4.7 confirms that the two alloys investigated are ideal candidates
for the FACM. The theoretical and observed values of the activity ratios are in
reasonable agreements. Although some minor discrepancies exist for smaller con-
tents of Bi and Sb in the alloys, as these concentrations increase the agreement
improves significantly. Table 4.5 shows the values of the parameters used for the
calculations of bulk properties of Bi-Pb and Sb-Sn liquid alloys. In general, it is
known that if w < 0, there is a tendency for the two different atoms in an alloy
to form unlike-atom pairs; otherwise, like atoms tend to pair together. However,

w = 0, indicates that atoms in the mixtures are perfectly disordered (Singh and
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Figure 4.7: Enthalpy of mixing, % versus concentration for Ga-Zn, Ga-Mg and
Al-Ga liquid alloys at 700K, 923K and 1073K, respectively. The solid line denotes
theoretical values while the crosses, triangles and the stars denote experimental
values for Ga-Zn, Ga-Mg and Al-Ga respectively. cg, and cy; are the Ga and Al
concentrations in the alloy. The experimental data were taken from Hultgren et

al.,(1973).
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Figure 4.8: Entropy of mixing,
Al-Ga liquid alloys at 700K, 923K and 1073K, respectively. The solid line denotes
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Sommer, 1987; Singh and March, 1995). Hence, that the values of w < 0 for both
Bi-Pb and Sb-Sn show that there is higher tendency for unlike atoms to pair in
the two alloys which implies heterocoordination. Also, the value of w for Sb-Sn is

lower than that for Bi-Pb. This is an indication that the degree of chemical order

in Sb-Sn is higher than in Bi-Pb.

Gy

7 for the two alloys, using equation

Fig. 4.9 shows the results obtained for
(3.74). The qualitative agreement between the experimental and calculated values
is a confirmation that the chosen values of w for each of the two alloys is okay. One
interesting characteristic exhibited by the two alloys investigated is the concentra-
tion dependence of their free energy of mixing which exhibits a regular solution
behaviour. It is observed that the two alloys are weakly interacting in view of the
fact that their respective plots of G/ RT are quite less than 3.0 throughout the
entire compositions. Also, it is noticed that the chemical interaction in Sb-Sn at
905k is not as weak as that in Bi-Pb at 700K as the plot of the former is below the
latter which is in harmony with one’s expectations for the two alloys (the ordering
parameter of Sb-Sn of value -0.0695 is lower than that of Bi-Pb of value -0.0497 by
as much as 0.0198).

Equation (3.82) has been used for the computation of the S..(0) for Bi-Pb and
Sb-Sn. The plot of S..(0) as a function of concentration obtained are shown in Fig
4.10. The agreement between the computed and experimental values for each of
the two alloys is quite good. That the S..(0) for both alloys is less than S%(0) is
an indication that there is chemical order over the whole concentration range in
the two alloys. Also, that the deviation of S..(0) from ideality of Sb-Sn is greater
than that of Bi-Pb is a corroborating evidence that although the two alloys are
both weak chemically interacting alloys yet, Bi-Pb is weaker than Sb-Sn. Fig. 4.11
shows the plot of a; against chemical composition, obtained from equation (3.71)
for Bi-Pb and Sb-Sn at 700K and 905K, respectively. It is observed that the two
plots are symmetrical about equiatomic composition and negative throughout the

concentration range. The negative values of «; in the two alloys are signatures
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Table 4.5: Interchange energy w(eV) for the systems.

System T(K) Z w(eV)

Bi-Pb 700 10 -0.0497
Sb-Sn - 905 10 -0.0695
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Table 4.6: Computed and experimental activity ratio for Bi-Pb alloy.

CBi Theory Experimental*
0.1 10.373 7.611
0.2 4.455 3.435
0.3 2.509 2.041
0.4 1.556 1.337
0.5 1.000 1.000
0.6 0.643 0.906
0.7 0.399 0.403
0.8 0.224 0.239
0.9 0.096 0.108

*Hulgren et al,(1973)
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Table 4.7: Computed and experimental activity ratio for Sb-Sn alloy.

Csh Theory Experimental*
0.1 10.287 9.000
0.2 4.427 3.088
0.3 2.498 2.351
0.4 1.552 1.494
0.5 1.000 0.996
0.6 0.644 0.703
0.7 0.400 0.429
0.8 0.226 0.251
0.9 0.097 0.111

*Hulgren et al,(1973)
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of heterocoordination in the Bi-Pb and Sb-Sn systems, as earlier evident in the
calculations of % and S..(0) and in the values of obtained for w. Furthermore,
that the plot of Sb-Sn is lower than that of Bi-Pb reinforce earlier submission that
the degree of order in the latter is not as high as in the former.

The computed values of S..(0) have been used in equation (3.83) to evaluate
Dy/Diq as a function of composition. These are presented in Fig. 4.12. It is
observed that D);/D;q is greater than 1 in the entire concentration range for these
alloys. This is indicative of the presence of chemical order in the alloys, and further

shows that the degree of order in Sb-Sn is higher than in Pb-Bi alloy.

4.3.1 Summary

Although the FACM employed in the study of thermodynamic functions of Bi-Pb
and Sb-Sn has been reported to have some shortcomings when applied to alloys
where size effect or/and electronegativity difference are significant (Akinlade, 1997);
yet the model as used here has successfully explained some thermodynamics prop-
erties of Bi-Pb and Sb-Sn. This might perhaps be connected with the fact that
their size ratios (Bi-Pb is Qp;/Qpy &~ 1.07, while Sb-Sn is Qg,/Qs, ~ 1.11)) and
electronegativity differences (0.18 for Bi-Pb and 0.09 for Sb-Sn) are quite ignorable.

The bulk property calculations reveal that both Bi-Pb and Sb-Sn at tempera-
tures of 700 and 905K in that order are heterocoordinated liquid alloys with degree
of chemical order in the latter being more than the former.

For both systems, in view of the fact that the size ratios are quite less than
2.0 and their electronegativity differences are ignorable, one thus infers that the
characteristic behaviour of each of the alloy is dependent on the energetics of the

respective system.

71



1.5 T T T T H
1.45 ™ -
1.4 ™~
Sb-Sn
1.35
1.3
D
Tx 1.25 -

1.2

I I
/
/

o

1

)

on

|

T
|

T
|

T
|

1.1
1.05

1 I I I I
0 0.2 0.4 0.6 0.8 1

CBisCSh —

T
|

T
|

Figure 4.12: Calculated ratio of mutual diffusion and self-diffusion coefficients,
Dyr/D;q versus concentration, using Eqn. (3.83) for Bi-Pb and Sb-Sn liquid alloys
at 700K and 905K, respectively. cp; and cg, are the Bi and Sb concentrations in

the alloys.

72



4.4 Statistical thermodynamic theory

The formulation described in section 3.4 has been utilized to compute the various
mixing properties such as Gy, Hys, Sy and activities a4 for binary liquid Sb-Sn,
In-Pb, Ga-Tl and Al-Si alloys at different temperatures. Table 4.8 shows the values
of model parameters used in the calculations for Sb-Sn and In-Pb, while Table 4.9
shows the values of model parameters used in the calculations for Ga-T1 and Al-Si
liquid alloys, respectively.

Keeping the values of the interaction energy parameters which give the best
representation of the experimental free energy of mixing unchanged in all calcula-
tions, one has incorporated the temperature dependence of the interaction energy
parameters to obtain the enthalpy of mixing and the entropy of mixing for the
liquid alloys.

It is important to say that equation (3.87) was used to obtain the calculated

Gy

T, equation (3.91) for the calculated activity, a4, while

free energy of mixing,
equations (3.94) and (3.95) were used to obtain the enthalpy of mixing, Hj; and

entropy of mixing, Sy, respectively, for the liquid binary alloys.

4.4.1 Sb-Sn liquid alloys at 905K

The calculated activity of Sb in liquid Sb-Sn alloys at 905K is obtained via Equation
(3.91). The values are given in Table 4.10 together with the experimental values
from Hultgren et al.;(1973). The computed and experimental values are in good
agreement.

The computed values of free energy of mixing, %‘% through equation (3.87)
are plotted in Figure 4.13 with the experimental data for Sb-Sn at 905K, as a
function of concentration. The qualitative agreement between the computed and
experimental values as seen from the figure is a confirmation that the value of the
fitted interaction energy parameter w for Sb-Sn is okay. The negative value of this
parameter for Sb-Sn as given in Table 4.8, clearly indicates the tendency for unlike

atoms to pair as nearest-neighbour (i.e Sb-Sn pairs) in the alloys. It may be noted
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Table 4.8: Parameters used in the model calculations for Sb-Sn and In-Pb

Systems T(K) v w L o
Sb-Sn 905  0.0957 -0.85 -0.20 -0.15
In-Pb 673 0.1607 0.45 -0.10 -0.20
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Table 4.9: Parameters used in the model calculations for Ga-T1 and Al-Si.

Systems T(K) v w

Ga-T1 973 03140 1.55
Ga-T1 1073 0.3140 1.30
Ga-T1 1173 0.3140 1.12
Al-Si 2000 0.0177 -0.82
Al-Si 2400 0.0177 -0.70
Al-Si 2473 0.0177 -0.67
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Table 4.10: Activity of Sb in Sb-Sn liquid binary alloys at 905K.

Csh Theory Experimental*
0.1 0.049 0.049
0.2 0.113 0.113
0.3 0.192 0.194
0.4 0.287 0.290
0.5 0.495 0.497
0.6 0.514 0.520
0.7 0.641 0.646
0.8 0.769 0.772
0.9 0.891 0.892

* Hultgren et al.,(1973)
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that the % of Sbh-Sn liquid alloys is symmetrical around equiatomic composition
with the minimum value of % = -0.929393 at about cg, = 0.5.

The enthalpy of mixing and entropy of mixing of Sb-Sn liquid alloys at 905K
have been evaluated as a function of concentration through equations (3.94) and
(3.94), respectively, on taking the values of interaction parameters given in table
4.8 and their temperature derivatives as used for the calculation of Gj;. The
computed values of enthalpy of mixing are plotted in Figure 4.14 together with
its experimental values. It is observed from figure 4.14 that the calculated results
are in good agreement with experimental values across the concentration range.
The minimum value of Hj, (-0.185879RT) is observed around cg, = 0.526 which
is the compound forming concentration. Figure 4.14 is also symmetric around the
equiatomic concentration. It is also evident from the figure that Sb-Sn liquid alloys
deviate negatively from the ideal values, and thus Sb-Sn liquid alloys belong to the
class of liquid alloys that exhibit a tendency towards compound formation.

As shown in Figure 4.15, the calculated entropy of mixing, % of Sb-Sn at 905K
agrees well with the experimental data . The values are positive at all concentra-

tions, which shows atomic order. The Sy, Vs. cg is found symmetric at equiatomic

Vsn

i &~ 0.895 on the mixing

concentration, cg, = 0.5. The effects of the size ratio

properties can be neglected.

4.4.2 In-Pb liquid alloys at 673K

The computed values of activity of In in In-Pb liquid alloys at 673K are presented
in Table 4.11 along with the experimental values. The computed In activity values
compare reasonably well with the experimental values across the concentration
range.

Figure 4.16 shows the plot of the % versus cy, for In-Pb liquid alloys at 673K.
It is seen from the figure that there is a close agreement between the computed

and experimental values of G); across the whole concentration range. The values

are negative at all concentrations, symmetric around the equiatomic composition
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Table 4.11: Activity of In in In-Pb liquid binary alloy at 673K

CIn Theory Experimental*
0.1 0.138 0.133
0.2 0.260 0.259
0.3 0.370 0.375
0.4 0.469 0.480
0.5 0.560 0.576
0.6 0.647 0.662
0.7 0.731 0.745
0.8 0.816 0.825
0.9 0.905 0.908

* Hultgren et al., (1973)
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and being minimum at G,; = -0.586657RT with ¢;,, = 0.5. The positive value of
the interaction energy parameter w shows that the preference for like atoms to pair
as nearest-neighbour is higher in the liquid alloys i.e. In-In or Pb-Pb pairs.

The plot of concentration dependence of Hy; for In-Pb liquid alloys at 673K is
shown in Figure 4.17. It is obvious from the figure that the calculated values of
H)j; reproduced fairly well the experimental values at 673K. The curve is symmetric
around the equiatomic composition with minimum value of Hy; = 0.152522RT at
about ¢ = 0.55. It is clear from the figure that the H); values deviate positively
from the ideal values, and thus In-Pb alloys belong to the class of liquid alloys that
exhibit a tendency towards segregation.

Figure 4.18 shows the plot of Sy; versus ¢, for In-Pb liquid alloys at 673K.
The calculated Sy, values compare well with the experimental values across the
concentration range. The curve is also symmetric around the equiatomic compo-
sition. The effects of size ratio on the mixing properties can be ignored in In-Pb

liquid alloys due to the fact that the ratio % ~ 1.17, is small.

4.4.3 Al-Si liquid alloys at 2000K, 2400K and 2473K, re-
spectively.

The consistency obtained between the calculated and experimental values for both
the mixing properties and activities of Sb-Sn and In-Pb alloys at respective tem-
peratures gave us the confidence to use the analytical expressions to determine the
properties of mixing and activities of both Al-Si and Ga-TI liquid alloys at three
different temperatures each, for which experimental data exist.

Activity is a very important thermodynamic function because it can be obtained
directly from experiment and used to obtain other thermodynamic functions. The
calculated activities obtained using equation (3.91) for Al-Si liquid alloys at tem-
peratures of 2000K, 2400K and 2473K, are given in tabular form in Table 4.12.
The calculated activities show a relatively negative deviation from ideal behaviour

for the liquid alloys. However, due to the non availability of thermodynamic data
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Figure 4.17: Concentration dependence of % for In-Pb liquid binary alloy at 673K.
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Table 4.12: Computed activities of Al in Al-Si liquid binary alloy at 2000K, 2400K

and 2473K, respectively

cal 2000K 2400K 2473K
0.1 0.051 0.058 0.059
0.2 0.118 0.129 0.130
0.3 0.201 0.214 0.215
0.4 0.295 0.312 0.313
0.5 0.407 0.420 0.422
0.6 0.526 0.536 0.538
0.7 0.650 0.657 0.658
0.8 0.774 0.777 0.776
0.9 0.893 0.894 0.894
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on activities of the components in the alloys at the investigated temperatures, there
is no possibility for comparison between experimental and calculated data. It was
however noticed that the increase in temperature do not significantly affect the
change in activity values in the temperature interval 2000-2473K.

Figures 4.19 - 4.21 give the plots of the calculated free energy of mixing for Al-Si
liquid alloys at temperatures of 2000K, 2400K and 2473K, respectively, as functions
of concentration along with the respective experimental data for the alloys. The
calculated free energies of mixing at each temperature show good agreement with
the results of Kostov et al., (2007). The GG, are symmetrical around the equiatomic
composition with G4 = -0.900283RT, -0.871280RT and -0.859690RT at 2000K,
2400K and 2473K, respectively. The effects of size ratio on the mixing properties of
Al-Si can be neglected because the ratio, % ~ (.98, is very close to 1 and too small
to cause anomalous behaviour in Al-Si alloys. The magnitudes of G, are found
to decrease with increasing temperature. An indication that liquid Al-Si alloys at
2000K is the most interacting of the alloys, that is, the interaction increases as
temperature decreases. The negative values of w for the liquid Al-Si Alloys at the
investigated temperatures further support the existence of chemical order leading
to compound formation in the liquid alloys.

Both the results for the Hj; and Sy, are presented in Figure 4.22 and Tables
4.13, respectively, but the results could not be compared due to lack of experimental
data at the investigated temperatures. The calculated enthalpy of mixing are
negative and symmetrical around the equiatomic composition for Al-Si alloys. The
magnitudes of H); are found to decrease with increasing temperature. The effect
of temperature is more distinct around the stoichiometric composition and the

positions of the minima in H); shift with increasing temperature.
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Figure 4.19: Concentration dependence of % for Al-Si liquid binary alloy at
2000K. The solid line denotes theoretical values while the times denote experi-
mental values respectively. cy; is Al concentrations in the alloy. The experimental

data were taken from Kostov et al.,(2007)

88



-0.1

T
|

-0.2

T
|

-0.3
-0.4

T
|

Gy

BT o5 .

-0.6

T
|

-0.7

T
|

-0.8

T
|

X
0.9 1 1 1 1

cal —

Figure 4.20: Concentration dependence of % for Al-Si liquid binary alloy at
2400K. The solid line denotes theoretical values while the times denote experi-
mental values respectively. cy; is Al concentrations in the alloy. The experimental

data were taken from Kostov et al.,(2007).
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Figure 4.21: Concentration dependence of % for Al-Si liquid binary alloy at
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Table 4.13: Computed entropy of mixing for Al-Si liquid binary alloy at 2000K,
2400K and 2473K, respectively

cal 2000K 2400K 2473K
0.1 0.325 0.058 0.059
0.2 0.500 0.129 0.130
0.3 0.611 0.214 0.215
0.4 0.673 0.312 0.313
0.5 0.693 0.420 0.422
0.6 0.673 0.536 0.538
0.7 0.611 0.657 0.658
0.8 0.500 0.777 0.776
0.9 0.325 0.894 0.894
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4.4.4 Ga-Tl liquid alloys at 973K, 1073K and 1173K, re-
spectively.

Tables 4.14 - 4.16 show the results of the calculated activities with the respective
experimental data of Ga in Ga-T1 liquid alloys. The activity of Ga shows large pos-
itive deviations from ideal behaviour at each temperature, indicating some demix-
ing tendencies between constituent components of Ga-Tl binary systems, while the
temperature dependence of the activity is not so large. As a whole, the calculated
activities of Ga in this study followed the same trend as the experimental results
obtained by Katayama et al.,(2003).

For Ga-Tl liquid alloys at each temperature, figures 4.23 - 4.25 show the plot of
the calculated free energy of mixing against concentration with the experimental
data given as symbols. The calculated free energies of mixing are found to be
in satisfactory agreement with the experimental data obtained by Katayama et
al,(2003) at respective temperatures. The curves are asymmetric and it is most
evident at the point where the free energy of mixing at 973K, 1073K and 1173K
have values of Gy = -0.265287RT, -0.294290RT and -0.316273RT at about cg, =
0.288, 0.324 and 0.350, respectively. The asymmetry behaviour observed in Gy
curves of Ga-T1 alloys can be ascribed to the size ratio values, % ~ 1.578 (which
is close to 2) because for size ratio >> 1, the entropic effects become dominant
over the enthalpic effect and tend to pull the system from the segregation to order
phase. Thus suggesting a limited solubility in the solid state of the liquid alloys.
The magnitudes of G, are found to increase with increasing temperature. An
indication that Ga-TI liquid alloy is such a weakly interacting system like Al-Ca,
Al-Mg, Hg-Sn, Ag-Al, Cu-Sn and Mg-Zn liquid binary alloys (Prasad and Mikula,
2006; Jha nd Mishra, 2001) with Ga-T1 alloys at 1173K being the most interacting
of the three Ga-Tl liquid alloys.

The results of the Hy; and Sy, computed at three different temperatures, T =
973K, 1073K and 1173K, are presented as functions of concentration in Figure 4.26

and Tables 4.17, respectively. A comparison between calculated theoretical
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Table 4.14: Activity of Ga in Ga-T1 liquid binary alloy at 973K.

CGa Theory Experimental*
0.050 0.200 0.232
0.079 0.298 0.299
0.098 0.356 0.366
0.151 0.493 0.517
0.203 0.597 0.586
0.276 0.704 0.649
0.397 0.805 0.751
0.502 0.846 0.779
0.588 0.861 0.824
0.697 0.873 0.865
0.800 0.890 0.910

* Katayama et al.,(2003)
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Table 4.15: Activity of Ga in Ga-T1 liquid binary alloy at 1073K.

CGa Theory Experimental*
0.050 0.158 0.206
0.079 0.238 0.270
0.098 0.286 0.339
0.151 0.404 0.492
0.203 0.498 0.553
0.276 0.601 0.612
0.397 0.716 0.720
0.502 0.775 0.757
0.588 0.807 0.803
0.697 0.841 0.840
0.800 0.874 0.891

* Katayama et al.,(2003)
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Table 4.16: Activity of Ga in Ga-T1 liquid binary alloy at 1173K.

CGa Theory Experimental*
0.050 0.134 0.187
0.079 0.203 0.247
0.098 0.245 0.318
0.151 0.350 0.473
0.203 0.438 0.528
0.276 0.537 0.583
0.397 0.657 0.695
0.502 0.728 0.738
0.588 0.771 0.785
0.697 0.818 0.824
0.800 0.863 0.876

* Katayama et al.,(2003)
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taken from Katayama et al.,(2003).
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data were taken from Katayama et al.,(2003).
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Figure 4.26: Computed enthalpy of mixing, g—J‘T”, of Ga-T1 liquid alloy at 973K,
1073K and 1173K, respectively. The solid line denotes theoretical values. cg, is

Ga concentrations in the alloy.
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Table 4.17: Computed entropy of mixing of Ga-Tl liquid alloy at 973K, 1073K and

1173K, respectively

CGa 973K 1073K 1173K
0.1 0.281 0.331 0.331
0.2 0.326 0.511 0.511
0.3 0.432 0.625 0.625
0.4 0.515 0.690 0.690
0.5 0.602 0.711 0.711
0.6 0.688 0.690 0.690
0.7 0.710 0.626 0.626
0.8 0.695 0.512 0.512
0.9 0.629 0.332 0.332
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values at the investigated temperatures and the experimental data cannot be made
due to lack of experimental data. Nonetheless, the calculated enthalpy of mix-
ing are positive and exhibited slight asymmetrical behaviour near the equiatomic
composition for Ga-T1 liquid alloys. The magnitudes of Hj; are found to increase
with decreasing temperature. The effect of temperature is more distinct around
the stoichiometric composition and the positions of the maxima in Hj; shift with

decreasing temperature.

4.4.5 Summary

The concentration dependence of the properties of mixing and activities of binary
liquid Sb-Sn, In-Pb, Al-Si and Ga-T1 systems at respective temperatures were
determined using analytical expressions only. This has made it possible to extract
a consistent interpretation of the temperature and concentration dependence of
the mixing properties. Bearing in mind that thermodynamical study of Al-Si and
Ga-T1 systems have not been completely reported in the literature. Both Sb-Sn
and Al-Si alloys exhibited negative deviations from ideal behaviour, while In-Pb
and Ga-T1 systems exhibited positive deviations from ideality.

For segregating alloys, such as In-Pb, having the size ratio value close to 1,
the effects of size on their mixing properties can be neglected. On the contrary,
for the segregating systems such as Ga-Tl, with the size ratio of 1.5 or higher, the
size effects on the mixing behaviour becomes significant. The anomalous behaviour
observed in the mixing properties of binary alloys in molten state as observed in Ga-
T1 alloy as functions of concentration may then be attributed to the size difference
of the constituent species. The size effect plays a significant role in the energetics of
In-Pb and Ga-T1 which are segregating systems than it plays in both Sb-Sn and Al-
Si liquid alloys. The effect of temperature on the thermodynamic functions is more
visible around the stoichiometric composition. The theoretical results obtained are
in good agreement with the corresponding experimental data for Sb-Sn, In-Pb,

Al-Si and Ga-TI liquid alloys at the investigated temperatures. At this stage, it is
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still not possible to single out any particular elemental properties which might be
held responsible for the observed anomalous behaviours of liquid alloys. However,
the empirical investigations suggest that quantities such as atomic size, heat of
vapourization and electronegativity together hold the key to the understanding of
the segregation or order in a liquid alloy.

Hence, the approach discussed in this chapter, represent an effective and cost
efficient method for obtaining the mixing properties like G s, Hyy, Sy and activities
of binary liquid alloys at desire temperatures without the need for input from
thermodynamic measurements. The approach is a very useful method to cut down
the cost and time for the development of new alloys, and obtained thermodynamic
data may as well be useful for comparison with some future critical experimental

results and in developing new alloys.
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Chapter 5

Conclusions and

Recommendations

5.1 Conclusions

Theoretical approaches have been used in this study to determine some thermody-
namic properties of selected binary liquid alloys at different concentration temper-
atures, because good understanding of thermodynamic and microscopic structural
properties of liquid alloys is an important prerequisite in the design and develop-
ment of reliable materials for high temperature applications and also the need to
find cost effective substitutes to obtain thermodynamic data as against the present
conventional alloy development which is primarily based on experimental approach
motivated this study. The energetics of alloy formations in Al-Zn (at 1000K), Bi-
In (at 900K), Ga-Zn (at 700K), Ga-Mg (at 923K), Al-Ga (at 1073K), Sb-Sn (at
905K), In-Pb (at 900K), Al-Si (at 2000K, 2400K and 2473K) and Ga-T1 (at 973K,
1073K and 1173K) liquid alloys have been evaluated with special focus on their
bulk thermodynamic and dynamical properties. From the results obtained, the
following conclusions are made:

The liquid binary alloys studied have been classified into two main groups:

segregating (demixing) or short-range ordered based on the deviations of their
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thermodynamic properties from Raoultian behaviour.

The study of microscopic functions of Al-Zn at 1000K indicates that Al-Zn is a

—Hy

segregated alloy while its heat of mixing —2 is characterized by liquid miscibility

gaps and exhibits large positive heat of mixing values. On the other hand, Bi-In

—Hpy
RT

at 900K exhibits positive deviation and its shows negative deviation which
confirmed that Bi-In liquid alloy is an ordered alloy. In addition, the concentration
dependence of the dynamic properties of both systems have been analyzed through
the study of diffusion coefficient and viscosity within the framework of the Quasi-
Lattice Theory (QLT). The size effect plays a prominent role in the energetics of
Bi-In than it plays in Al-Zn alloy and thus pulling the system from segregation to
order phase. The study has shown the suitability of the formalism which relates
the dynamic properties with thermodynamic properties for a proper description of
the alloying behaviours of binary liquid alloy.

The mixing properties of binary alloys, namely Ga-Zn at 700K, Ga-Mg at 923K

and Al-Ga at 1073K have been described in terms of the %, See(0), aq, enthalpy

of mixing, I}{%—f‘:ﬁ and entropy of mixing, —%‘% as a function of composition using the
Quasi-Chemical Approximation Model (QACM). Both Al-Ga and Ga-Zn alloys
were observed to exhibit positive deviations from ideal mixture behaviour. The
positive deviation supports a tendency of both systems towards segregation. The
results obtained for Ga-Zn agrees with the results of Awe et al., (2005) using four-
atom-cluster-model (FACM). On the contrary, Ga-Mg exhibits negative deviation,
an indication that a reasonable degree of chemical order exists in Ga-Mg alloy across
the entire composition range. It is noted that the enthalpy of mixing and entropy
of mixing for the three alloys are positive and symmetrical about the equiatomic
composition in accord with the result obtained by Novakovic et al.,(2005) and
Singh et al., (1997) on Ga-based alloys, except for Ga-Mg alloy whose enthalpy
of mixing is negative. Furthermore, it was established that in the concentration

range < cy < 0.30 and 0.7< ¢4y <1, the calculated S..(0) almost equal to the ideal

Si(0) values for Al-Ga systems. An indication that Al-Ga liquid alloy exhibited
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the highest glass-forming potential among the three Ga-based alloys investigated
in these concentration ranges.

The FACM which was successfully used in the study of thermodynamic func-
tions of Bi-Pb and Sb-Sn has been reported to have some shortcomings when
applied to alloys where size effect or/and electronegativity difference are signifi-
cant (Akinlade, 1997); yet one is still of the opinion that the use of the FACM
which is an extension of Singh earlier work on a two atom cluster model(Singh et
al., 1988) and reformulated to give a more realistic value of the ordering energy w
and the chemical short range order (CSRO) parameter oy and hence, to explain
the energetics of mixing in liquid alloys in terms of compound formation or phase
separation is still justified. For both systems, in view of the fact that the size
ratios are quite less than 2.0 and their electronegativity differences are ignorable,
one thus infers that the characteristic behaviour of each of the alloy is dependent
on the energetics of the respective system.

In addition, evaluation of the atomic size mismatch in each of the alloys Al-
Zn, Bi-In, Sb-Sn, In-Pb, Al-Si and Ga-T1 shows that size factor is less than 2.0
and thus, the observed anomalies in the thermodynamic properties of the liquid
alloys is perhaps a function of the energetics of the respective alloys. However, in
this study, the anomalous behaviour observed in the mixing properties of Ga-Tl
alloys as functions of concentration has been ascribed to the size factor. Several
experimental evidences clearly demonstrate that the asymmetric behaviour for a
large number of liquid alloys occur at or near the stoichiometric composition where
stable intermetallic compound exists in the solid phase. It is, therefore, natural to
propose that the chemical complexes or pseudomolecules exist in the liquid phase
near the melting temperature. An appropriate estimation of the stoichiometry
of complexes in the liquid alloy is usually made by an analysis of the physical
properties and also from the phase diagram. For segregating systems, the size
effects have an appreciable influence on their mixing properties. The magnitude

of these effects increases together with a tendency of a system to phase separation
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(Novakovic et al., 2005). It was established in this study that size effect plays a
prominent role in the energetics of Bi-In, Sb-Sn and Al-Si than it plays in Al-Zn,
In-Pb and Ga-Tl liquid alloys and tends to pull the systems from segregation to
order phase. The observed characteristic behaviour of Ga-T1 alloys as a function
of concentration was attributed to the effect of the size ratio which is about 1.57
or higher.

Furthermore, it is necessary to acknowledge the fact that the experimental val-
ues of S..(0) can be obtained theoretically from the observed free energy of mixing
or activity data, respectively and such S..(0) are usually termed experimental val-
ues. The experimental values of S..(0) used in all aspects of calculations in this
study were obtained from the free energy of mixing. It was shown in this study that
Se(0) obtained via free energy of mixing compares well with the theoretical S..(0)
values. One generally notes that both the reported literature data and calculated
theoretical values were in general good agreement. However, since theoretical de-
termination of S..(0) is of considerable interest to anyone trying to visualize the
nature of atomic interactions in the mixtures, it would therefore be of high interest
to obtain S..(0) using the two approaches to be able to ascertain which of the two
give consistent agreement with the theoretical S..(0) values.

A theoretical approach to determine the mixing properties and activities of lig-
uid binary alloys using analytical expressions based on a statistical thermodynamic
theory has been presented without recourse to input from thermodynamic measure-
ments. The potential of the approach has been verified to be quite convenient and
reliable based on the fact that theoretical results obtained conveniently reproduced
the experimental results obtained by Hultgren et al.,(1973), Katayama et al.,(2003)
and Kostov et al.,(2007). The approach can be adopted for determining thermo-
dynamic properties of liquid alloys, which might not be available in the literature.
For instance, the Gibbs free energies of mixing of liquid Al-Si and Ga-T1 alloys de-
termined by the current approach agree with the experimental data, while all the

mixing properties and activities of both In-Pb and Sb-Sn calculated compare well
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with the experiment. Thus the approach is a good and very useful method to cut
down the cost and time for obtaining thermodynamic data (mixing properties and
activities) of binary liquid alloys from theoretical calculations, rather than from

experiment and thereby enhancing the development of new alloys.

5.2 Limitations to this study

The major hindrance which tends to limit the scope of this study was non-availability
or complete lack of recent and sufficient experimental data which would have facil-
itated comparison of the calculated theoretical results with experiment at investi-
gated temperatures. Another challenge faced was lack of enough fund or support
to get experimental data on high temperature liquid alloys. It should however be
noted that the main drawback of the theoretical approach presented in section 3.4
to obtaining thermodynamic data of binary liquid alloys is that it still depends on
availability of experimental data to validate the theoretical results obtain using the

method.

5.3 Recommendations

In the light of these limitations and the experience acquired during this study, the

following suggestions are recommended for further studies:

1. From technological point of view, binary liquid alloys are of practical impor-
tance in the present production practice. Therefore, an important task for the
present scientific investigations should be a good theoretical understanding of
the energetics of the interrelationship between thermodynamic and structural
behaviour of these materials due to complications and difficulty associated

with the high-temperature experiments.

2. Adequate fund and technical assistance is required and future work should

be geared towards identifying binary liquid alloys for which no thermody-
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namic data presently exist in the literature with a view to determine their
thermodynamic data as calculation of thermodynamic properties of ternary
and quaternary systems relies heavily on their constituent binary systems
(Zivkovic et al., 2011) and could thus serve as a guide towards predicting

thermodynamic data for ternary and higher components liquid alloys.

. It would also be highly desirable to extend the present understanding of
concentration-concentration fluctuations in the long-wavelength limits, S..(0)
and the chemical short-range order parameter, o in explaining the energetics
of mixing of liquid binary alloy in terms of chemical ordering and phase sepa-
ration to ternary and quaternary liquid alloys in future studies. As increasing
attention is recently being shifted towards higher components liquid alloys
due to their potential usefulness in industrial applications (Gomidzelovic et

al., 2007; Zivkovic et al., 2011).

. It is believed that with a significant increase in activity in this emerging area
of research, our understanding of the electronic, structural and thermody-
namic properties of ternary and quaternary liquid alloys still at the early

stages will continue to evolve in years to come.

5.4 Contributions

The contributions that this work has made in the area of high temperature appli-

cations of liquid alloys are many. The study identified the inadequacies of many of

the models in the literature used for studying thermodynamic properties of liquid

systems. The suitability of a formalism which relates both the thermodynamic and

dynamical properties within the frame of the Quasi-Lattice theory has been estab-

lished in this thesis for a proper description of the alloying behaviours of liquid

binary alloys. This was presented in section 4.1 of this thesis. The quasi-chemical

approximation model for strongly interacting systems used to investigate order-

ing and glass formation tendencies in Ga-Zn, Ga-Mg and Al-Ga binary alloys at
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different temperatures through the study of their thermodynamic functions was re-
ported in section 4.2 of this thesis. In spite of some shortcomings of the FACM as
reported by Akinlade (1997), yet the model as used here has successfully explained
the thermodynamics properties of Bi-Pb and Sb-Sn alloys. This might perhaps
be connected with the fact that their size ratios are just close to 1, which can be
neglected. This was given in section 4.3 of this thesis. It has also been shown
through this study that the experimental S..(0) obtained via free energy of mixing
compare well with the theoretical S..(0) values as all the experimental values of
See(0) used in all aspects of the calculations were obtained from the free energy of
mixing. This can be found in chapters 3, 4 and 5 of the thesis. Finally, I have pre-
sented and tested an approach for determining the mixing properties and activities
data of liquid binary systems. The approach is economic, cost effective, environ-
mentally friendly and thus, the data obtained using this approach could as well be
adopted as a basis for comparison with some future critical experimental results
and aid in developing new alloys. It is these contributions that one hopes will go
to further the understanding of the thermodynamic properties and the energetics

of alloy formations in binary liquid alloys.
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Abstract

A formalism that connects thermodynamic and dynamic properties such as viscosity and diffusion coefficient has been used to calcu-
late the concentration dependence of the free energy of mixing, concentration—concentration fluctuations in the long-wavelength limit
and the concentration dependence of diffusion as well as viscosity in Al-Zn and Bi-In binary liquid alloys at various temperatures.
Our calculations show that a reasonable degree of chemical order exists in Bi—In system, while Al-Zn liquid alloy was observed to exhibit
a liquid miscibilty gap or phase separation over the concentration range. It can be concluded that size effect plays a more prominent role
in the energetics of Bi-In than it plays in Al-Zn alloy. This fact is substantiated by predicted dynamic properties of both systems.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Alloys; Liquid alloys and liquid metals

1. Introduction

Different kinds of theoretical models proposed to
explain the concentration dependence of the thermody-
namic properties of liquid binary alloys and by so doing,
extracting useful microscopic information on them has
attracted the attention of physicists, chemists and metallur-
guists for a long time [1-5]. In this regard, a substantial
effort has been directed towards the understanding of the
mechanism for the phenomenon of compound formation
in liquid binary alloys [1,6].

In addition, their energetics are reasonably well under-
stood theoretically. On the contrary, relatively little is
known and written on the other class of liquid alloys that
exhibit segregation (i.e. preference of like atoms as nearest
neighbours) or on the liquid alloys endowed with a misci-
bility gap. Singh and Sommer [7] have documented

* Corresponding author. Tel.: +234 805 220 3325; fax: +234 803 714
2446.
E-mail address: yisau24@yahoo.co.uk (Y.A. Odusote).

0022-3093/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2006.12.023

extensively on thermodynamic information (both experi-
mentally and theoretically) on phase separating systems.
They have equally mentioned different kinds of theoretical
methods that could be used to explain the mechanism for
the energetics of liquid alloys.

Modelling of thermodynamic, structural and surface
properties of liquid alloys usually requires data regarding
their structures and the relevant forces that describes the
interatomic interactions, i.e. the energetics of the system.
This can be done by different theoretical approaches such
as the electron theory [8] and the Bhatia and Hargrove
[2] formalism put in a more tractable form by [1].

Singh and Sommer [9,10] established an empirical model
which provides a possible way of relating two of the
dynamics properties, as diffusion coefficient (D) and viscos-
ity (1) with thermodynamic properties like the concentra-
tion—concentration fluctuations in the long wavelength
limit, S..(0) and the free energy of mixing, % for liquid bin-
ary alloys. These quantities can then be connected in terms
of entropic and enthalpic contributions to the free energy
of mixing. However, no practical application was made
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to a particular liquid alloy in their paper so as to know the
limit of suitability of the model.

In this paper, an attempt is made to apply the theory in
[9,10] and show that it could be used to model the structure
of liquid binary alloys and to facilitate our understanding of
the energetics of the liquid alloys that have been investigated.

Here, we apply the model to Al-Zn and Bi-In liquid
alloys. Our choice of Al-Zn and Bi-In was however influ-
enced by the availability of all the required thermodynamic
data for both systems. Moreso, due to the difficulties in
performing high temperature surface and viscosity mea-
surements, in the literature only a few reference data for
metals [11,12] are available. For binary systems they are
scarce, and in the case of complex alloys a nearly complete
lack of data is evident. Therefore, it is necessary to estimate
the missing values of the viscosity data by theoretical mod-
els. The dynamic properties of Al-Zn and Bi-In liquid
alloys are calculated in the framework of Quasi-Lattice
Theory (QLT) with the aim to analyse existing thermody-
namic data and use these data as the input for the fitted
parameter calculations, and to explain the ordering and
phase separating phenomena in liquid binary alloys. In
addition, available information on phase diagrams and
other thermodynamic properties indicate the existence of
liquid miscibility gap in Al-Zn system. Its S..(0) exhibit a
tendency for phase separation over the concentration
range, whereas the S.(0) for Bi-In alloy exhibits com-
pound formation tendency. Based on the above mentioned
facts, we deemed it fit to investigate these two systems to
widen our theoretical understanding of liquid binary alloys.

The layout of the paper is as follows: In Section 2, we
discuss the basic theory used for the calculations. In the
next section, we present our results and discussion and
finally, we make our conclusions.

2. Basic theory

We propose to apply the Quasi-Lattice Theory (QLT) of
liquid mixtures which is based on the ideas underlying the
Guggenheim theory [13]in which one assumes the existence
of a binary mixtures consisting of Ny = Nc4 and Nz = Ncp
atoms of elements 4 and B respectively. We assume also
that a small gradient of composition ¢, is maintained in
an equilibrium condition along the x-direction by the
application of a force F,, such that for dilute alloy, it is
possible to write [14]:

Fi= —KBT(dln%), (1)

where T is the temperature and Kp, the Boltzmann’s con-
stant. In the framework of the compound formation model
the stoichiometry of associates can be ascertained by the
viscosity, . By using Eq. (1), it has been shown [9,10] that
we can relate S..(0) and diffusion coefficient, D,, for liquid
alloys [6,7] by

CuCp

. BT Cy Cp
= (zz + il> Sec(0)’ @)
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where 4; and 4, are functions of the size and shape of the
constituent particles. Thus, we define the quantity ¢ as

C4CB

5.0 ®)
and the ideal value of 59(0) as

S5e(0) = cacp (4)
Eq. (3) can be rewritten as

n=n,9 ()
with

Ordinarily, one would expect that 5, be linear in ¢4, so
that the deviation of # — ¢ isotherm from the additive rule
of mixing can be attributed to the factor ¢ (i.e. 7 = >_.cin;).
This factor has been extensively reported in the literature
for a number of binary liquid alloys [6,7].

Thermodynamic investigation of ¢ have been performed
[15] for the more general case in which one then introduces

Q

the entropic contribution (i.e. the size ratio Y =5

Qp>Q,), where Q is the atomic volume and the enthalpic

contributions (via the interchange energy, ). They
obtained an expression for ¢ given by
¢ =1- CACBf(V7 W)7 (7)
where
200 — (y — 1)*(cq + yc
f(% W) _ Y ('V ) (;‘ Y 3)7 (8)
(ca + ycp)
w
= Q _
W=t <KBT)’ ®)
with
W:Z(EAB— (EAA +€BB)/2)- (10)

Eq. (10) is known as the interchange energy, here we re-
mind ourselves that e4p, €44, and epp are the energies for
AB, AA and BB pairs of atoms respectively and Z is the
coordination number of the liquid alloys. Obviously, if
o <0, there is tendency to form unlike atom pairs, and if
w >0, like atoms tend to pair together. w =0, however,
shows that atoms in the mixture are perfectly disordered
[1]. By taking together Eqgs. (5), (7)-(9), we express ﬁ—j as

A (1)

= —cacsf (y, W).
Mo

The factor f{y, W) which introduces both the entropic
and enthalpic effects is responsible for the characteristic
behaviour of Ay for a given binary alloy. In the light of
the result obtained in [9,10], it is readily shown that
Al’] . HM

= (12)

R is the universal gas constant. It is observed that using the
formulae given above, we do not have sufficient information
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on thermodynamic quantities to relate it to #. In order to
achieve this, we make use of the general expression for the
Gibb’s free energy of mixing Gy

Gy = —TSy + Hy, (13)

where Sy is the entropy of mixing and Hy is the enthalpy
of mixing. Using Guggenheim’s theory of mixtures [13],
QLT makes it possible for one to write an explicit expres-
sion for Gy as

G 0}

RI;/I_'_CBIH'II—FCAIH(l—qj)—i-CA'Il(QAI(BT), (14)

:CBIHYI—FCAln(l—W)-FCATW, (15)

with

p—_ 1B (16)
¢4+ yCB

And from Gy as in Eq. (14) or (15), S.(0) can easily be cal-
culated from standard relationship in terms of free energy
of mixing,

2 -1
a0 —rr(S32) (1)
oc* ) rpn

or in terms of activity, a4 and ap,

See(0) = (1 = ¢)ay (%ig‘)_l = (%)_l (18)

TP, T.PN

as
C4Cp

- 1 —CACBf('}), W) '

Once S.(0) is fitted from Eq. (19), then all other parame-
ters could be calculated.

The degree of order and segregation in the melt can be
quantified by another important microscopic function,
known as Warren—Cowley short range order parameter
(CSRO), «y, [16,17]. The parameter «; is related to the
See(0) by

SCC(O) B 1+O€1
C4Cp - 1-— (Z— 1)0(1 ’

Sec(0) (19)

(20)

For equiatomic composition, the chemical short range or-
der (CSRO) parameter, a4, is found to be —1 <oy < 1.
The negative values of this parameter indicate the ordering
in the melt, and complete ordering is showed by " = —1.
On the contrary, the positive values of o, indicate segrega-
tion, whereas the phase separation takes place if o = 1.

In addition,the mixing properties of binary molten met-
als forming alloys can as well be analysed at the micro-
scopic scale in terms of the quantity ¢ defined in Eq. (3)
known as diffusion. The formalism relation that connects
diffusion and S.(0) [9] combines the Darken’s thermody-
namic equation for diffusion [18] with the basic thermody-
namic relation in the form [10]:

D _ Se(0)
Did B Scc(o) ’ (21)

where D, is the mutual diffusion coefficient and D;q is the
intrinsic diffusion coefficient for an ideal mixture, given as

Did = CADB + CBDA, (22)

with D 4 and Dp being the self-diffusion coefficients of pure
components A and B, respectively. For ideal mixing,
Sec(0) — Sic‘i(O), i.e. Dy — Di; for ordered alloys,
Se(0) < 59(0), i.e. Dy, > Dig; and similarly for segregation,
Dy, < Djq. The highest peak of g—ifz as a function of compo-
sition indicate the presence of maximum chemical order in
molten alloy system as well as the composition of the most
likely associates to be formed in the liquid phase [6].

3. Results and discussion

The basic theory explained in Section 2, have been used
to investigate the composition dependence of the bulk ther-
modynamics and dynamic properties such as diffusion and
viscosity for the two systems Al-Zn and Bi-In liquid alloys.
It is understood from the theory that there are some
parameters that need to be fitted in order to carry out
the present calculations. These parameters are the size
ratio, y, the coordination number, Z and the interchange
energy, w. For uniformity, the coordination number, Z in
the liquid phase was chosen as 10 [19,20]. We observed that
the choice of Z does not significantly affect our results. In
addition, the size ratio, y should have been obtained from
experimental density measurements but we chose to treat
it as a free parameter in our calculations simply because
there are no experimental measurements for the densities
at the temperatures for which thermodynamics data are
available. Once suitable values of these parameters are cho-
sen, the theory allows to calculate other quantities men-
tioned above. The values of the fitted parameters are
presented in Table 1.

3.1. Concentration fluctuations in the long-wavelength
limit, the free energy of mixing and the chemical short-range
order parameter

Due to the difficulties associated with diffraction exper-
iments, the theoretical calculation of S..(0) is of great inter-
est when investigating the nature of interaction as well as
the structure of binary liquid alloys [21]. The mixing behav-
iour of liquid binary alloys can be inferred from the devia-
tion of S.(0) from the ideal value, S‘c‘i(O) The presence of
chemical order is indicated as S..(0) < Si4(0), on the con-

Table 1

Values of the parameters for Al-Zn and Bi-In liquid alloys

Alloy T (K) z =z s
Al-Zn 1000 10 0.800 0.950
Bi-In 900 10 —0.900 1.135
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Fig. 1. Concentration fluctuations in the long-wavelength limit (S..(0) and
54(0)) vs. concentration for Al-Zn and Bi-In liquid alloys at 1000 K and
900 K respectively. The solid line denotes theoretical values while the
triangle and the cross denote experimental values for Al-Zn and Bi-In
respectively. The dot denotes the ideal values Si‘i(O) Ca and Cg; are the Al
and Bi concentrations in the alloy.

trary, if S..(0) > S4(0), the segregation and demixing in
liquid alloys take place.

A perusal of Fig. 1, the plot of concentration fluctua-
tions in the long-wavelength limit S..(0) versus concentra-
tion for the systems studied show that the fitted
parameters yield a good representation of the experimental
data. The experimental values of S..(0) for the two systems
were derived from the experimental free energy of mixing
Eq. (17), the theoretical S.(0) was obtained using Eq.
(19) and thermodynamic data were taken from [22].

The S.(0) values for the Al-Zn system at 7= 1000 K
(Fig. 1) clearly indicate that Sc.(0) > S(0) in the whole
concentration range. This implies a tendency for homoco-
ordination, i.e segregation of preference for like atom Al-
Al and Zn-Zn tend to pair as nearest neighbours. The
Sc¢e(0) curve exhibits the maximum value of about 0.409

at Ca1=0.50. For Bi-In system, the S.(0) values show
that S..(0) < S9(0) over the concentration range. This sug-
0 T T T T
-0.1
02\ NAlzn i
0.3 F . - 4
L
1L rd 4
04 \&wg\ e
Gy o= —A AN
_ _0 - -
-0.6 -
Bi-In
0.7 F N .
-0.8 : < -
0.9 \X\y\ "‘5</ g -
1 1 1 1 1
0 0.2 04 0.6 0.8 1
Cu,Cpi —

Fig. 2. Concentration dependence of £ for Al-Zn and Bi-In liquid alloys
at 1000 K and 900 K respectively. The solid line denotes theoretical values
while the triangle and the cross denote experimental values for Al-Zn and
Bi-In respectively. Ca; and Cg; are the Al and Bi concentrations in the
alloy. The experimental data are from [22].
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Table 2
Computed chemical short range order parameter (o;) for Al-Zn and Bi-In
alloys at 7= 1000 K and 900 K respectively

CaLBi (%1)AL-zn (%1)Bi-n
0.1 0.0697 —0.0696
0.2 0.0625 —0.0614
0.3 0.0551 —0.0534
0.4 0.0476 —0.0453
0.5 0.0399 —0.0375
0.6 0.0322 —0.0298
0.7 0.0244 —0.0222
0.8 0.0164 —0.0145
0.9 0.0083 —0.0073

gests a tendency of complex formation i.e. preference for
unlike atoms pairing as nearest neighbour.

The plot of the concentration dependence of GM for the
two alloys are given in Fig. 2. It is interesting to observe
that the computed values are in quite excellent agreement
with experiment. From the result, the Gibbs energies of
mixing Gy for Al-Zn and Bi-In liquid alloys, have values
of about —0.4986RT and —0.9344RT respectively. This
shows that the tendency of compound formation in the
liquid phases is weaker in Al-Zn than in Bi-In alloy.

The same mixing behaviour can be deduced from the
values of Warren—Cowley short-range order parameter,
o, Table 2. The positive values of the parameter «;, for
Al-Zn support a tendency towards segregation and the
negative values of o, for Bi-In system at all concentrations
confirm a tendency of complex formation.

3.2. Dynamic properties: diffusion and viscosity

From the ordering point of view, the computed chemical
diffusion ratio (Eq. (21)) seems to be a more realistic
parameter than the Warren—Cowley short range order
parameter, o, [21] since Eq. (21) does not take into consid-
eration the coordination number as an input and thus the
inherent problems related to its estimation are avoided.
The relationship between the S..(0) and diffusion expressed
by the ratio of the mutual and self-diffusion coefficient %’
indicates the mixing behaviour of alloys, i.e. phase separé-
tion tendency or segregation in Al-Zn, for 7 D‘" < 1 over the
concentration range, Table 3. The values 2 m > 1 for Bi-In

Table 3
Concentratlon dependence of D'“ for Al-Zn and Bi-In alloys at
= 1000 K and 900 K respecnvely

0.1 0.8510 1.1493
0.2 0.7393 1.2751
0.3 0.6631 1.3746
0.4 0.6209 1.4443
0.5 0.6112 1.4805
0.6 0.6324 1.4792
0.7 0.6824 1.4358
0.8 0.7623 1.3334
0.9 0.8683 1.2021
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A
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Fig. 3. Concentration dependence 0fv1sc051ty Egs. (11) and (12) for Al-
Zn and Bi-In at 1000 K and 900 K respectlvely The solid line are for
calculated A" The triangle and the cross denote experimental values for

=t for Al Zn and Bi-In respectively. Ca; and Cg; are the Al and Bi
concentratlons in the alloy. The experimental data for heat of mixing are
taken from [22].

liquid phase at all concentrations suggest a tendency for
compound formation in the melt.

As to the other aspect of our calculations which is to
investigate how well the theoretical formulation in Egs.
(11) and (12) compare with experiment, we show in
Fig. 3, our results for ,A7’7 and — g"T/‘, but due to the lack of
experimental data for viscosity at temperatures of interest
it was not possible to compare our calculated results for
viscosity with experimental values. However, a perusal of
Fig. 3, reveals that computed A]" for Al-Zn show a negative
deviation while its — ﬁ is characterized by liquid miscibil-
ity gaps and exhibit large positive heat of mixing, Hy;. This
fact is substantiated by our earlier submission of the exis-
tence of a liquid miscibility gap in Al-Zn liquid alloy.

On the other hand, the computed A1 for Bi-In exhibit
positive deviation and its —Z—“;‘ shows ‘negative deviation
which confirm that Bi-In liquid alloy is an ordered alloy.
In order to discuss the disagreement between the calculated
values of A]" and — =} for the two systems, it is important one
looks at the parameters used to fit S..(0) and hence to carry
out the calculations. It is observed that the fitted value of y
for Bi-In is 1.135 and 0.950 for Al-Zn (Table 1). The calcu-
lated values of y for Bi-In is closer to that determined at the
melting point than that of Al-Zn. One reasonable conclu-
sion drawn from this is that the size effect plays a prominent
role in the energetics of Bi-In than it plays in Al-Zn alloy
and thus pulling the system from segregation to order phase.

4. Conclusions

A Quasi-Lattice Theory has been utilised to obtain the
fitted parameters, that are assumed to be invariant in all

calculations. We investigated the bulk and dynamic prop-
erties in Al-Zn and Bi-In liquid alloys using a theoretical
approach with special interest on their bulk thermody-
namic properties such as free energy of mixing, concentra-
tion fluctuations in long-wavelength limit, chemical short
range order parameter and the concentration dependence
of diffusion and viscosity. Our theoretical investigation of
bulk properties of Al-Zn liquid alloy is substantiated by
the experimental data, obtained at 1000 K [22]. The order-
ing in Al-Zn liquid phase has been analysed in terms of the
microscopic functions, S.(0), and CSRO («;). The calcu-
lated values of these functions indicate the existence of
liquid miscibility gap or segregation in the melt, on the
contrary, the presence of chemical order was observed for
Bi-In at 900 K. The bulk thermodynamic and dynamic
properties of the two liquid alloys have been explained
to a reasonable extent and the role of size effects notwith-
standing the non-availability of the experimental viscosity
data. The results obtained in this work further confirm
the applicability of this theoretical approach for a
proper description of mixing properties of binary liquid
alloys.
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Abstract

We have studied the concentration dependence of the free energy of mixing, concentration—concentration fluctuations in the long-
wavelength limit, the chemical short-range order parameter, the enthalpy and entropy of mixing of Ga—Zn, Ga—Mg and Al-Ga binary
alloys at different temperatures using a quasi-chemical approximation for compound forming binary alloys and that for simple regular
alloys. From the study of the thermodynamic quantities, we observed that thermodynamic properties of Ga—Zn and Al-Ga exhibit
positive deviations from Raoultian behaviour, while Ga—Mg exhibits negative deviation. Hence, this study reveals that both Ga—Zn and
Al-Ga are segregating systems, while chemical order exists in Ga-—Mg alloy in the whole concentration range. Furthermore, our
investigation indicate that Al-Ga binary alloy have a tendency to exhibit ideal mixture behaviour in the concentration range

0<ca1<0.30 and 0.7<cp1 < 1.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Chemical order; Homocoordination; Interaction energy; Raoultian behaviour

1. Introduction

Many investigations have been reported in literature on
liquid binary alloy systems which are of importance from
both the scientific and also the technological points of view.
An accurate knowledge of the thermodynamic properties
and phase diagrams of the alloy systems are essential to
establish a respectable understanding between the experi-
mental results, theoretical approaches and empirical
models for liquid alloys with a miscibility gap.

The interatomic interactions and the related energies of
the bond between the A and B component atoms of a
binary alloy play an essential role in understanding the
mixing behaviour of two metals. Because of this, the
energetically preferred heterocoordination of A-B atoms as
nearest neighbours over self-coordination A—A and B-B,
or vice versa lead to the classification of all binary alloys

*Corresponding author. Tel.: +2348052203325.
E-mail address: yisau24@yahoo.co.uk (Y.A. Odusote).
"Present address: Vice Chancellor’s Office, Lagos State University,
Ojoo, Lagos, Nigeria.

0921-4526/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

into two distinct groups: short-range ordered [1-5] or
segregating (demixing) alloys [6-9].

In this study, Ga—Zn, Ga—Mg and Al-Ga binary alloys
are the alloys of interest. Our choice of these alloys arises
from the fact that the three alloys have various industrial
applications. Alloy systems containing semiconducting
components such as gallium which is a group I1IB element
like aluminium have been the subject of an increasing
attention in the semiconductor production for their
important application in the solid-state electronic devices
and as a useful thermometric liquid [10]. Also, magnesium
alloys offer lightweight alternatives to conventional metal-
lic alloys and consequently, research on Mg alloys is fuelled
nowadays by the need for low-density materials that suit
aerospace and automobile industries [11] and as a result of
which the world consumption of magnesium alloys in the
automobile industry has been on the increase in the last
decade [12]. Moreover, aluminium and its alloys are used in
many aspects of modern life, from soda cans and house-
hold foil to automobiles and aircraft in which we travel.
Al-based alloys have also been found useful as additives in
various fuel formulations for propellants, explosives,

doi:10.1016/j.physb.2008.01.026
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incendiaries or pyrotechnics [13]. Large quantities of zinc
are used to produce die castings. In addition, all the
essential experimental data that are required for the
calculation of the thermodynamic properties are available.

We observed that both Ga—Zn and Al-Ga systems
are characterized by positive interaction energies indicating
segregation in the melts, while Ga—Mg alloy is character-
ized by a negative interchange energy indicating ordering in
the melt. This characteristic behaviour is likely to be
a reflection of the interplay of the energetic and structural
re-adjustment of the constituent elemental atoms.

The long-wavelength limit of the concentration fluctua-
tions, S..(0), the Warren—Cowley chemical short-range
order parameter (CSRO), o, the enthalpy of mixing, Hy
and the entropy of mixing, Sm of Ga—Zn and Al-Ga
molten alloys deviate positively from the ideality and thus
both alloys belong to the class of liquid alloys that exhibits
a preference towards homocoordination (segregation),
while Ga—Mg deviate negatively from ideality suggesting
a preference towards heterocoordination.

In this work, we study the composition dependence
of thermodynamic properties of these binary alloys by
using a quasi-chemical approximation model [14] for
compound forming binary alloys and that for simple
regular alloys. The energetics of mixing as well as
the positive deviation from Raoultian behaviour was
discussed for the various thermodynamic quantities
calculated.

The structure of this paper is as follows. In Section 2, we
present the model descriptions for calculating the thermo-
dynamic properties of the alloys. This is followed by results
and discussion in Section 3 and our conclusions at the end
of the paper.

2. Model descriptions

The general mathematical expression treats an alloy as a
pseudoternary mixture of A atoms, B atoms and A4,B,
(1 and v are small integers) group of atoms or clusters with
the stoichiometry of intermetallics present in the solid state,
all in chemical equilibrium with one another. The absence
of clusters in the melt reduces the model to the quasi-
chemical approximation for regular solutions. The grand
partition function Z of a binary molten alloy 4B, which
consists of N4 = Nc and Ng = N(1 — ¢) atoms of elements
A and B, respectively, where the total number of atoms, N,
is equal to N4 + N, can be expressed as

=) q{"(Dgg*(T)expl(usN.4 + upNs — E)/kpT],
E

(1
where ¢(T) and y; are atomic partition function and
chemical potential of ith components (i = 4, B), kg is
Boltzmann’s constant, T is the absolute temperature and E
is the configurational energy of the alloy. The quasi-
chemical model (QCM) is utilized to determine the
probable chemical complexes existing in a liquid binary

O.E. Awe et al. | Physica B 403 (2008) 2629-2633

alloy. Detailed discussion of the model are given in
Ref. [14].

After doing some algebra [15], the solution of Eq. (1)
is given as the ratio of the activity coefficient y (y = y,/75);
y4 and yp are activity coefficients of 4 and B
atoms, respectively) for the compound (A4,B,) forming
alloys as

_Z(1—¢) (B+2c—1)

= =2+ @

with

B={1+d4c(l = )n* = DY'/2, (3)

where

) 20 2P4pAesp — PaaAeqq — PppAepp

= exp (sz T) exp ( knT )
“4)

and the interchange or ordered energy, w is expressed as

o = Z[Aeqp — X Aesq + Aepp)]. (%)

Aeyp, Aeyy, Aepp are the interaction parameters and Ag;; is
the change in the energy of the if bond in the complex
AyB,. Py is the probability that the ij bond is a part of the
complex. P; may be expressed as

Pip=c"'1-0 " 2=c""1-0], (6)
Pis=c"2(1 =02 —=c*2(1—-0)"], u=2, (7)
Pes=c*(1—o) 2= —0¢)"2, u=2. (8)

We now try to obtain an expression for the excess Gibbs
free energy of mixing Gy; defined by

G = Gy — RT{cInc+ (1 — &) In(1 — ¢)}. (9)

Gm being the free energy of mixing. Gy can be ob-
tained from Eq. (2) by using the thermodynamic relation-
ship [3]
=7 [an' + RkgT) (PgqAe gy — PBBASBB)] dx
0

RT
+ . (10)

Here Z is the coordination number, ¢ is the concentration
of atom A4 and R is the universal gas constant and

L (=0 +2c-1)
o= — 1

The constant ¢ in Eq. (10) is determined from the
requirement that Gyj =0 at ¢=0 and 1. One observes
that for Ag; =0, the expression reduces to the regular
solution expression [16].

The concentration—concentration fluctuations in the
long-wavelength limit, S..(0), has emerged as an important
microscopic function to understand the mixing behaviour
of liquid alloys in terms of compound formation and phase
segregation [14]. The S..(0) can be expressed by Gy, or the

(11)
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activity, a; (i = A, B), as
-1

’G da\ ™"
Smmy=RT( ?) =cmu<‘“>
ocy ) rpn 0ca) r.pn

aaB )_1
=cqap| ———— . 12
y B<60__CA) o (12)

For ideal mixing the energy parameters, w, given in
Eq. (5) is equal to zero, and Eq. (12) becomes

Si(i(()) = C4CB. (13)
Substituting Eq. (9) for Gy into Eq. (12), we obtain

1 —
S(?c(o) = C( C) (14)

1+Z/21/8-1)
Eq. (12) is usually utilized to obtain the experimental
values of S..(0) from the measured activity or the free
energy of mixing data [17]. The mixing behaviour of liquid
binary alloys can be inferred from the deviation of S..(0)
from Si,‘f,(O). The presence of chemical order is indicated by
S.(0)<S“(0); on the contrary, if S..(0)>S“(0), the
segregation and demixing in liquid alloys take place.

The Warren—Cowley short-range order parameter, o)
[18,19] can further be used to gain insight into the local
arrangement of atoms in the molten alloys. This parameter
o is expressed in term of f-function (Eq. (5)), as

p—1
=51 (15)
The enthalpy of mixing, Hy within the QCM can be
obtained from the standard thermodynamic relation [20]

0Gm
Huy=Gu—-T|— | - 16
w=an-7(%) (1)

o]

From the expression for Gy in Eq. (9), we obtain

8RT(1 — ¢)? exp (%)

Hy — — (L%_%
MT T B=14+200+BB+1—-20c) \kgdT T
(17)
and thus the entropy of mixing,
Hy—G
Sy = % (18)

3. Results and discussion

Based on the model descriptions in Section 2, the mixing
behaviour of Ga—Zn, Ga—Mg and Al-Ga binary alloys

Table 1
Fitted interaction parameters for the systems

System T (K) V4  (eV) dw/dT x 1073
Ga—Zn 700 10 0.0323 —1.240
Ga-Mg 923 10 —0.3932 9.215
Al-Ga 1073 10 0.0150 —0.250

have been defined. The values of the relevant parameters
used to obtain our results are presented in Table 1. It is
important to add that keeping these fitted parameters,
which gives the best representation of the observed Gibbs
free energy of mixing Gy data unchanged in our
calculations, one can then proceed using these fixed values
to compute such properties as the S..(0), o, the enthalpy of
mixing, Hy and the entropy of mixing, Sy and thus,
forming a basis to elucidate the energetics of the alloys.

Using Eq. (9), we have calculated the free energy of
mixing for these alloys. The experimental data given as
symbols in Fig. 1 were obtained from Ref. [21]. A perusal
of Fig. 1 shows that our interaction parameters give a good
representation of the experimental values of the free energy
of mixing for the alloys Ga—Zn, Ga-Mg and Al-Ga
at temperatures of 700, 923 and 1073 K, respectively.
The good agreement obtained for Gy as shown in the
figure for the three systems we have worked on, gives us the
confidence to use the fitted energy parameters to study
the nature of ordering in the liquid alloys. A comparison of
the figure for the three binary alloys reveal that the Gibbs
free energy of mixing are almost symmetric around the
equiatomic composition (cgaal = 0.5), with Ga-Mg
[(Gm/RT), = —2.08] exhibiting a higher tendency for
compound formation and is the most interacting of the
three alloys; Al-Ga [(Gm/RT),, = —0.652] is more inter-
acting than Ga—Zn alloy [(Gm/RT),, = —0.569].

For proper analysis of the nature of ordering in the
melts, it is important to critically consider the results for
the structure related quantities. From this point of view the
first quantity investigated is the concentration fluctuations
Sc(0). The deviation of S..(0) from ideal value Sé“;(O) =
cqcp 1s an essential parameter in order to visualize the
nature of atomic interactions in the mixture. If, at a given
composition SCC(O)>S2‘(’,(O), then there is a tendency for
segregation and vice versa for heterocoordination.

T T
7/
/
W;* // }
W X
// —
5 /
m“r
—_ 48 7 1
2.5 | 1 1 1
0 0.2 0.4 0.6 0.8 1

CGaCAl —

Fig. 1. Free energy of mixing, Gy /RT versus concentration for Ga—Zn,
Ga-Mg and Al-Ga liquid alloys at 700, 923 and 1073 K, respectively. The
solid line denotes theoretical values while the cross, triangle and star
denote experimental values for Ga—Zn, Ga-Mg and Al-Ga, respectively.
¢cga and ca; are the Ga and Al concentrations in the alloy. The
experimental data are from Ref. [21].
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It is obvious from Eq. (12) that S..(0) can be obtained
directly from the experimental Gibbs energy of mixing or
from the activity data. This is usually referred to as an
experimental S..(0) in literature. We have used Eq. (14) to
determine the computed S..(0) for these liquid alloys, while
their measured S..(0) were obtained by numerical differ-
entiation of the Gibbs free energy of mixing data taken
from Ref. [21]. It is important to add that Eq. (13) was used
to calculate S(0). Our results for the concentration
fluctuations as a function of composition for the three
systems are as shown in Fig. 2. From the figure, it is clear
that the calculated SUC(O)>S2‘£(O) for Ga—Zn and Al-Ga,
while calculated S¢,C(0)<S£Z(O) for Ga—Mg. This implies a
tendency for homocoordination in Ga-Zn and Al-Ga
alloys, i.e. like atoms Ga—Ga, Zn—Zn or Al-Al tend to pair
as nearest neighbours and a presence of heterocoordination
in Ga-Mg, ie. unlike atoms Ga-Mg tend to pair as
nearest neighbours. A close look at Fig. 2 shows that in the
region of 0<ca1<0.30 and 0.7<cp1<1, it is observed
that the calculated S..(0) values for Al-Ga liquid alloy
almost attain ideal values. This indicates that Al-Ga alloy
have tendency to exhibit ideal behaviour for these
concentrations.

To have a clear understanding into the local arrange-
ment of atoms in the molten alloys. We have used Eq. (15)
to obtain the Warren—Cowley short-range order parameter
a;. The positive values of o; (Fig. 3) in the whole
concentration range for both Ga-Zn and Al-Ga alloys
are sufficient indicators of the presence of homocoordina-
tion (segregation) in the liquid alloys, while negative
values of «; for Ga—Mg indicates chemical order in this
concentration range. In addition, «; is much less than unity
for both Ga—Zn and Al-Ga alloys and a pointer that the
alloys are weakly segregating alloys. It is noted that
varying the value of Z does not have any significant effect
on o —c curves, the only effect is to vary the position of the
maxima while the overall features remain unchanged.

See(0)

0 0.2 0.4 0.6 0.8 1
CGasCAl —

Fig. 2. Concentration—concentration fluctuations S..(0) versus concentra-
tion for Ga—Zn, Ga-Mg and Al-Ga liquid alloys at 700, 923 and 1073 K,
respectively. The solid line denotes theoretical values while the cross,
triangle and star denote experimental values for Ga-Zn, Ga-Mg and
Al-Ga, respectively. The dot denotes the ideal values. c¢g, and ca; are the
Ga and Al concentrations in the alloy.
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Fig. 3. Calculated Warren—Cowley short-range order parameter a; versus
concentration for Ga-Zn, Ga—-Mg and Al-Ga liquid alloys at 700, 923 and
1073 K, respectively. cga, and ca; are the Ga and Al concentrations in the
alloy.

08 YA .
a1+ -
19 b sa-Mg A 2 |
‘ ——
1.4 1 1 I 1
0 0.2 0.4 0.6 0.8 1
CGayCAl —

Fig. 4. Enthalpy of mixing, Hy/RT versus concentration for Ga—Zn,
Ga-Mg and Al-Ga liquid alloys at 700, 923 and 1073 K, respectively. The
solid line denotes theoretical values while the cross, triangle and star
denote experimental values for Ga—Zn, Ga-Mg and Al-Ga, respectively.
¢ga and ca are the Ga and Al concentrations in the alloy. The
experimental data are from Ref. [21].

It is seen from Eq. (16) for Hy that in order to obtain a
good fit to this parameter, we need to incorporate the
temperature dependence of the interaction parameters; any
other approximation would be invalid. Using Eqgs. (17) and
(18), we have ascertained the variation in temperature
parameters from the measured values of Hy and Sy, the
results are shown in Table 1. From the fitted enthalpy of
mixing and entropy of mixing in Figs. 4 and 5, respectively,
we note that the fits obtained for the three alloys compared
quite well with the experimental data. The values obtained
(Table 1) show that the temperature dependence of the
energy parameters are quite small. Also, one notes that the
enthaply of mixing for Ga—Zn and Al-Ga alloys are
symmetric and positive (typical of segregating systems) in
agreement with the work of Novakovic et al. [20] on
Ga-Zn and Singh et al. [6] on gallium-based alloys,
although their Gibbs free energy of mixing are indicative
of a very weakly interacting system. On the contrary, both
the free energy of mixing, Gy and the enthalpy of mixing,
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Fig. 5. Entropy of mixing, Sm/R versus concentration for Ga—Zn,
Ga—Mg and Al-Ga liquid alloys at 700, 923 and 1073 K, respectively. The
solid line denotes theoretical values while the cross, triangle and star
denote experimental values for Ga-Zn, Ga—Mg and Al-Ga, respectively.
¢Ga and ca; are the Ga and Al concentrations in the alloy. The
experimental data are from Ref. [21].

Hy exhibit negative deviations from Raoultian behaviour
for Ga—Mg alloy. In addition, the entropy of mixing
(Fig. 5) for the three alloys investigated is almost
symmetric and positive around the equiatomic composi-
tion. Generally, one observes that both the reported
literature data and theoretical values obtained using the
interaction parameters and their temperature dependence
are in very good agreement.

4. Conclusions

The thermodynamic properties of the three binary
alloys, namely Ga—Zn, Ga—Mg and Al-Ga have been dis-
cussed in terms of the free energy of mixing, Gym/RT, the
concentration fluctuations in the long-wavelength limit,
Sc(0), chemical short-range order parameter, oy, as a
function of compositions on the basis of the theory in
Section 2. Positive deviations from Raoultian behaviour
was observed in the thermodynamic properties of Al-Ga
and Ga—Zn which agrees with the result of Awe et al. [10]
using four-atom-cluster-model (FACM), while Ga—Mg
exhibits negative deviation. An indication that both Ga—Zn
and Al-Ga are segregating systems, while a reasonable

2633

degree of chemical order exists in Ga—Mg alloy across the
whole concentration range. The enthalpy of mixing and
entropy of mixing for the three alloys studied are positive
and symmetric around equiatomic composition, except for
the enthalpy of mixing, Hy of Ga—Mg alloy that shows a
negative deviation from Raoultian behaviour. We conclude
that in the glass-forming composition range which usually
lies far away from the stoichiometric composition, com-
puted S..(0) almost attain ideal values for Al-Ga: i.e.
Al-Ga exhibits ideal behaviour for the composition
0<cA1<0.30 and 0.7< e < 1.
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