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ABSTRACT

Due to the numerous commercial applications and anomalous concentration-dependent
thermo-physical properties of binary alloys, physicists, chemists, and metallurgists have
long been interested in understanding the mixing behavior of two metals that form alloys.
Most alloys have different interaction energies between like and unlike atoms. Therefore,
the mixing property cannot be described as the concentration average of the properties of
constituent metals.

The study focuses on the thermodynamic properties of four different binary liquid
alloys (Na-Hg, Pb-Mg, Bi-Tl and Cu-Al) of type 𝐴𝜇𝐵𝜈 by assuming NaHg2, PbMg2,
BiTl3 and Cu3Al2 as their most stable intermetallic compounds respectively using the
‘Quasi-Chemical Approximation’ model given by Bhatia & Singh (1982). The Gibbs free
energy of mixing, enthalpy of mixing, entropy of mixing, chemical activity, concentration
fluctuation in long wavelength limit and chemical short range order parameter are among
the properties that are the subject of study of this thesis. For this purpose, the interaction
energy parameters are optimized at the melting temperatures of the aforementioned
alloys. The study shows that the free energy of mixing is minimum at about compound
forming concentration for all the alloys. Similarly, the theoretical analysis of structural
properties indicate that all the preferred liquid alloys have ordering tendency at their
melting temperature, which is found more near the vicinity of the compound forming
concentration.

Next, the viscosity of preferred alloys is studied by using Kaptay model (Kaptay, 2003).
The computed viscosities for Na-Hg, Pb-Mg and Bi-Tl liquid alloys are positively deviated
whereas it is negatively deviated for Cu-Al liquid alloy from ideal behavior at their
melting temperatures. The surface properties of the aforementioned liquid alloys have
been studied by the refined Butler model (Kaptay, 2019). Surface tension and surface
concentration calculations have been used to analyze the patterns of surface segregations
in these liquid binary alloys. The segregation of the alloy component having a lower
surface tension is confirmed by theoretical analyses.

Finally, the Quasi-Chemical Approximation model has been extended to study the thermo-
physical properties of preferred liquid alloys at different temperatures. For this purpose,
the interaction energy parameters for each of the alloy system have been computed
at different temperatures by making the assumption that the concentrations or mole
fractions and the temperature derivative interaction energy parameters are independent
on temperature. The study shows that as temperature rises above melting point, the Gibbs
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free energy and the enthalpy of mixing of alloys gradually become less negative. Further,
the ordering tendency of these alloy systems gradually decreases. These findings are
supported by increase in concentration fluctuation in long wavelength limit at higher
temperatures. The viscosity and the surface tension both decrease with increase in
temperature. The liquid alloys thus show the maximum tendency towards complex
formation as well as maximum values of viscosity and surface tension at their respective
melting temperatures.
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CHAPTER 1

1. INTRODUCTION

1.1 General Consideration

The journey of development of human beings and human society speeded up with
the development of metals. As society became more advanced and civilized, more
sophisticated materials were necessary to fulfil such advancement. Among these,
alloying phenomena is considered as one of the important factors and hence it has
drawn great attention of people especially for engineers, physicists and metallurgists.
The researchers from the field of metallurgy tend to design alloy microstructure to
derive the properties required for them. The microstructure of an alloy is dependent on
the chemical composition, processing route and thermal processing (Yeh, 2015). The
operating parameters like temperature, pressure and working atmosphere influence the
microstructure of an alloy. All alloys in spite of being in the solid state later, originate from
liquid state because the components of alloys must be melted before their combination
obtains a concrete form and exhibits a significant variety of atomic structure. So the act
of melting serves as the basic process to develop a new alloy. Furthermore, deducing
the microscopic properties of binary liquid alloys from their bulk properties is often the
tendency among the metallurgists (Singh & Mishra, 1988). So, the field of metallurgical
synthesis is always an important area to be explored further. The field of research study
needs to be concentrated towards the design, characterization, thermodynamics and
structural properties of mixing of liquid alloys.

The knowledge of mixing behavior of alloys can be achieved from the experiment but
the major problems are related to high reactivity after the alloys are melted at a high
temperature. Similarly, the formation of alloy is not only associated with change in the
structure of a given system but also in bonding among the atoms. The interaction and
structural resetting of integral atoms during the formation of the alloy make the study
more interesting (N. Jha & Mishra, 2001; Adhikari et al., 2010; Bhandari, Koirala, &
Adhikari, 2021) . It becomes difficult to study all the properties of an alloy in solid
state and analysis by X-ray diffraction method has shown that a liquid is much more
like solid than gas (Guggenheim, 1952). Hence, different behavior of alloys are studied
in liquid state rather than solid. Concentration, temperature and pressure affect the
alloying characteristics of liquid alloys, which are considered most important for the
materials’ strength, stability, and electrical resistance among other things. As a result,
alloy forming qualities have been regarded as the critical tools in metallurgy and the
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complete study of alloy formation is a difficult task. Furthermore, there is no easy method
to tell which constituent atoms in the alloy are grouped together. As a result, identifying
the nearest neighboring pair of atoms is extremely challenging. To solve this challenge,
thermodynamic or microscopic parameters are investigated in order to get information
on closest neighbour pairings or interactions (Singh & Sommer, 1997). Components in
some alloys are identical in terms of the Hume-Rothery rule (Hume-Rothery & Powell,
1935) and undergo relatively minute changes in electronic behavior on mixing. Local
structure is similar to that of pure elements under these conditions, and differences
in transport and thermodynamic characteristics from ideal behavior may be conveyed
from the perspective of size, electrochemical effect, and electron concentration. On the
other hand, a great number of alloys exist in which complicated ionic species emerge
during alloying and are distinguished by remarkable atomic geometrical configurations.
In these systems, there occur considerable differences in electrical behavior and large
asymmetries in the concentration dependence of thermodynamic functions. The solubility
of a homogeneous solid phase is influenced by the size factor, electrochemical effects and
electron concentrations. As a result, from a metallurgical approach; studying the mixing
behavior of liquid alloys may provide information on the energetics of the creation of
binary solid alloys.

The alloys lack long-range order and therefore they are classified as disordered materials
with a wide range of atomic arrangement. The interaction and bond energies between the
similar and dissimilar atoms are different and the property of mixing cannot be expressed
as the concentration average of constituent metals. It is therefore fascinating to investigate
the different properties of alloys. The interatomic interactions between the nearest
neighbours, which can occur between the atoms of same components and also distinct
components are taken into account for the theoretical analysis of the various nature of
liquid alloys. The atomic interactions give rise to two thermodynamic effects namely, the
enthalpic and the entropic effects and the liquid alloys may exhibit a significant variety of
arrangements.

Developments in statistical physics and computer approaches have made significant
contributions to study liquid alloys. Statistical physics attempts to analyze binary alloys
by establishing model equations that can be the simplest and the efficient means of
understanding or predicting asymmetries and anomalies in mixing behavior of alloys. For
many years, theoreticians (Butler, 1932; Flory, 1942; Redlich & Kister, 1948; Longuet-
Higgins, 1951; Bhatia et al., 1973; Lele & Ramachandrarao, 1981; Bhatia & Singh, 1982,
1984; Kozlov et al., 1983; Singh, 1987; Prasad & Singh, 1990, 1991; Prasad et al., 1994;
Liang et al., 2016; Zhang et al., 2019) have been creating various modelled equations
to get various intriguing information about thermodynamic, structural, transport and
surface behaviors of binary liquid alloys.
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During the study, the metallurgists try to carry out the knowledge of thermodynamics,
structural, transport and surface properties of the alloy. Theoretical studies of thermo-
dynamic parameters such as free energy of mixing, chemical activities of constituent
elements of alloys, enthalpy and entropy of mixing yield knowledge about interaction,
phase stability, and bonding strength between constituent atoms. Similarly knowledge on
the structural arrangement is gained through qualitative analysis of microscopic function;
concentration fluctuation in long wavelength limit (𝑆CC(0)) and chemical short range
order parameter (𝛼1). The (𝑆CC(0)) denotes the type of atoms’ ordering, whereas 𝛼1

denotes the degree of ordering of the atoms in the binary liquid alloys (Sharma et al.,
2014; Koirala et al., 2016; Mishra et al., 2018). In equiatomic composition, curves of
thermodynamic functions like Gibbs free energy of mixing and concentration fluctuation
in long wavelength limit of certain alloys are symmetric, whereas the remainder have
asymmetric curves. The binary liquid alloys can be categorized into symmetric and
asymmetric alloys based on the symmetry of curves expressing thermodynamic functions.
Asymmetric alloys are known as compound forming alloys, whereas symmetric alloys
are known as regular ones. The, binary liquid alloys such as Ga-In, Mg-Zn, In-Sn,
Bi-Pb etc are symmetric alloys whereas Ag-Al, Bi-Tl, Ga-Bi, Sb-Sn etc fall under the
category of asymmetric alloys (Hultgren et al., 1973; Akinlade et al., 2001; Anusionwu,
2006). The deviation of thermodynamic properties from equiatomic composition is due
to inter component interaction of the alloy. Figures 1 and 2 are the plots of compositional
dependence of the Gibbs free energy of mixing (𝐺M/𝑅𝑇) for In-Tl liquid alloy at 723 K
and Cu-Sn liquid alloy at 1400 K representing respectively symmetric and asymmetric
binary liquid alloys.
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Figure 1: Gibbs free energy of mixing versus concentration of In for In-Tl liquid alloys at 723 K (Hultgren
et al., 1973).
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Figure 2: Gibbs free energy of mixing versus concentration of Cu for Cu-Sn liquid alloys at 1400 K
(Hultgren et al., 1973).

On the other hand, the alloys can be categorized as ordering or segregating depending on
the pairing of atoms of constituent elements. In segregating alloys, like atoms are grouped
together but in ordering alloys, dissimilar atoms are paired together. The deviation
of concentration fluctuation in long wavelength limit (𝑆CC(0)) of binary liquid alloys
with ideal concentration fluctuation in long wavelength limit (𝑆id

CC(0)) can be used to
distinguish ordering and segregating binary liquid alloys. For the given concentration
if 𝑆CC(0) < 𝑆id

CC(0), the alloy is supposed to have compound forming nature. However
𝑆CC(0) approaches to zero if the mixture is entirely composed of complexes. Figure
3 indicates the plot of composition dependent 𝑆𝐶𝐶 (0) of Na-Pb liquid alloy at 700 K
representing the ordering alloy. Similarly if 𝑆CC(0) > 𝑆id

CC(0), the expected nature of
the alloy is segregating. If 𝑆CC(0) is too large in comparison to 𝑆id

CC(0), the segregating
alloys lead to phase separation. Figure 4 shows the plot of composition dependent 𝑆CC(0)
of Ag-Pb liquid alloy at 1273 K indicating segregating alloy. Ag-Pb, Al-Ge, Co-Sn,
Bi-Za etc. are segregating alloys whereas, Na-Pb, Al-Mg, Mg-Ga etc. are ordering alloys
(Hultgren et al., 1973; Anusionwu et al., 2009; Yadav et al., 2016).

The following are some empirical and microscopic parameters used to identify the alloys’
ordering and segregating behavior (Singh & Sommer, 1997).

1. Ordering alloys deviate from Raoult’s law in a negative way, whereas segregating
alloys deviate in a positive way.

2. For ordering alloys, the enthalpy of mixing and excess Gibbs free energy are
negative, but for segregating alloys, these are positive.

3. The concentration fluctuation in long wavelength limit (𝑆CC(0)) is smaller for
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ordering alloys and is greater for segregating alloys than ideal value.

4. The Warren-Cowley short-range parameter (𝛼1) is negative for ordering alloys and
is positive for segregating alloys.

However, some binary alloys exhibit unusual properties like a positive enthalpy of
mixing despite a negative excess Gibbs energy of mixing (Hultgren et al., 1973). As the
composition of constituent elements of the alloys changes, some liquid alloys shift from
segregating to ordering and vice versa (Anusionwu, 2006; Yadav et al., 2016).
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Figure 3: Concentration fluctuation in long wavelength limit versus concentration of Pb for Na-Pb liquid
alloy at 700 K (Hultgren et al., 1973).

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0  0.2  0.4  0.6  0.8  1

S
CC

(0
)

CPb

experimental
ideal

Figure 4: Concentration fluctuation in long wavelength limit versus concentration of Pb for Ag-Pb liquid
alloy at 1200 K (Hultgren et al., 1973).
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The surface tension and viscosity are key thermo-physical parameters examined in
metallurgy to provide data of surface and transport properties of liquid alloy respectively.
They are needed in casting method in order to create various devices with improved
mechanical performance. Similarly, surface segregation, that primarily denotes the
concentration disparity between the surfaces and bulk materials is the most essential
factor to be examined in metallurgical research. The difference in surface energy between
the alloy’s component elements is the major cause of this disparity, in which the element
with higher surface energy has tendency to segregate on the surface (Prasad et al., 1994).

The present research work deals with thermodynamic and structural properties of four
different ( Na-Hg, Pb-Mg, Bi-Tl and Cu-Al) binary liquid alloys of type 𝐴𝜇𝐵𝜈 (where 𝜇
and 𝜈 are small integers) using Quasi-Chemical Approximation (Bhatia & Singh, 1982)
as a function of concentration. The basic tenet behind this model is that a compound
forming A-B alloy is understood as an alloy of pseudo-ternary mixture of A atoms, B
atoms and 𝐴𝜇𝐵𝜈 complexes. The thermodynamic and structural properties under the
study include Gibbs free energy of mixing, chemical activity, enthalpy of mixing, entropy
of mixing, concentration fluctuation in long wavelength limit and Warren-Cowley short
range order parameter. Similarly viscosity and surface tension of the alloys are studied by
Kaptay’s equation (Kaptay, 2003) and improved derivation of Butler equation (Kaptay,
2019).

The numbers denoted by the indices 𝜇 and 𝜈 (𝐴𝜇𝐵𝜈 → 𝜇𝐴 + 𝜈𝐵) correspond to the
number of A and B atoms in the alloy respectively. It is therefore instructive to study the
effect of different pairs of 𝜇 and 𝜈 values on thermodynamic properties of binary liquid
alloys. In the present research, we consider three types of complexes or three pairs of 𝜇
and 𝜈 values as mentioned below:

values of 𝜇 and 𝜈 Types of Complex
𝜇 = 1 and 𝜈 = 2 𝐴𝐵2
𝜇 = 1 and 𝜈 = 3 𝐴𝐵3
𝜇 = 3 and 𝜈 = 2 𝐴3𝐵2

1.2 Overview of Preferred Binary Liquid Alloys

When small composition differences in the alloy (made up of two components 𝐴 and
𝐵) cause a large change in thermodynamic properties, the phase of the alloy is termed
as an intermetallic compound and is often stoichiometric. Such alloy is expressed in
the form of 𝐴𝜇𝐵𝜈. Thus among various binary liquid alloys, the alloys of type 𝐴𝜇𝐵𝜈
are referred to as compound forming alloys as they form compound in solid state at
one or more stoichiometric composition. The intermetallic compounds are known to
possess extraordinary functions and characteristics that are not present in common alloys.
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Intermetallic alloys have a variety of special characteristics that make them interesting
for high-temperature structural applications, including high melting and disordering
temperatures, high stiffness, low diffusivity, etc. (Porter & Easterling, 2009).

This section provides an overview of following four compound-forming binary liquid
alloys which are the research interest in the present thesis.

1.2.1 Na-Hg System

Sodium is one of the most reactive metals. As a liquid, it is substantially more reactive in
air than as a solid. Likewise Mercury is a chemical element and only common metal that
is liquid at room temperature. When mercury alloys with sodium, copper, zinc and tin,
the term amalgam is used. Hence sodium amalgam (Na-Hg) is an alloy of mercury and
sodium.

The high pressure sodium lamp contains Na-Hg alloy, where sodium is used to generate
the right color and mercury to exhibit electrical properties. It is also used as a strong
reducing agent in chemical reactions. Another most significant use of sodium amalgam
is the electrolysis process, which produces alkali and chlorine using liquid mercury as a
cathode.

The phase diagram of Na-Hg (Hultgren et al., 1973; Balej, 1979) indicates that there are
various intermetallic compounds and hence it shows anomalous mixing behavior as a
function of concentration. Morachevskii (2014) also suggested that sodium and mercury
form a congruently melting compound NaHg2 (mp. 626 K). The atomic volume ratio
(𝑉Na/𝑉Hg = 1.6), electronegativity difference (𝐸Na − 𝐸Hg = −1.07) and ionic character
(𝐼𝐶 = 0.2489) are insufficient to explain the anomalous behavior of the alloy.

1.2.2 Pb-Mg System

Lead is a soft and ductile metal. It is commercially used as an alloy with different metals
like magnesium, tin, antimony, calcium, arsenic etc. Similarly magnesium is a chemically
active element that replaces hydrogen in boiling water and can be used in the thermic
reduction of its salts and oxidized forms to produce a wide variety of metals. Alloys
made of magnesium are the lightest structural metals. The primary benefit of magnesium
is its lightness, which makes it appealing for use in a variety of commercial and medical
settings where the demand for lightweight structures is great (Loukil, 2021).

The lead magnesium alloy has a eutectic temperature 248.7 ◦C at 83% of Pb (Nayeb-
Hashemi & Clark, 1985). It shows an asymmetric nature of many thermodynamic
properties. Thus, different experimentalists tried to investigate the different thermody-
namic behavior of the alloys at about melting temperature of the alloy (Okajima & Sakao,
1968; Hultgren et al., 1973).
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The atomic volume ratio (𝑉Pb/𝑉Mg), electronegativity difference (𝐸Pb − 𝐸Mg) and ionic
character of the alloy are 1.3, 1.02 and 0.2290 respectively. The phase diagram of Pb-Mg
alloy shows the existence of PbMg2 as one of the most stable intermetallic complex in
solid state (Hultgren et al., 1973).

1.2.3 Bi-Tl System

Bismuth has a low melting point and is durable and malleable when mixed with other
metals. This property makes the bismuth alloy acceptable for its use as solders as it is
considered a safer alternative to lead solders. Furthermore bismuth is replacing lead in
its alloys in a variety of uses, including pigments for paints, low melting solders, fusible
alloys, fishing sinkers, brass for plumbing, and as constituents in grease for lubrications
(Suganuma, 2001; Plevachuk et al., 2011). On the other hand thallium also instantly
forms alloys with many other metals. It has the most consistent atomic vibration to date.
The use of thallium in atomic clocks was preceded by this feature of the metal. It is
also mostly used in semiconductor industry as well as producing electronic devices and
switches (Bhandari et al., 2021).

The atomic volume ratio (𝑉Bi/𝑉Tl), electronegativity difference (𝑑 = 𝐸Bi − 𝐸Tl) and ionic
character of the alloy are 1.23, 0.4 and 0.0392 respectively. The phase diagram of Bi-Tl
(Okamoto et al., 1990) indicates that Bi and Tl atoms are energetically favoured to form
intermetallic compound BiTl3.

1.2.4 Cu-Al System

Pure copper being extremely good conductor of heat and electricity, is frequently used
for cables and wires, electrical contacts as well as a number of other items that must
carry electrical currents. Likewise because of their superior mechanical properties,
the copper alloys are used in communication and electronic industries, auto mobile
industries, high thermal and electrical performance, fine bending proof performance and
very large corrosion resistance. Pure aluminum is easy to cast, machine and mold and
has excellent corrosion resistance, a low density and strong thermal conductivity. It has
wide application in preparing foil and conductor cables. The aluminium metal is one of
the lightest engineering materials. It is alloyed with other elements to attain the larger
strengths necessary for industrial uses (Verma & Lila, 2021).

Numerous researchers (Kanibolotsky et al., 2002; Curioni et al., 2010; Altıntas et al.,
2015; Rasch et al., 2019) have been interested in the copper-aluminum alloys for some
years as these alloys provide a combination of different properties such as high strength,
hardness, corrosion resistance etc. The atomic volume ratio (𝑉Al/𝑉Cu), electronegativity
difference (𝑑 = 𝐸Al − 𝐸Cu) and ionic character of the alloy are 1.41, −0.29 and 0.0208
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respectively. The alloy shows a number of intermetallic phases viz. CuAl2, Cu3Al2,
Cu9Al4 (Hultgren et al., 1973). The present reserach thesis focuses on the study of
Cu3Al2 as energetically favoured intermetallic compound in the molten state.

1.3 Rationale of the Study

There are countless uses of the alloys, including those in the medical, industrial, military,
and commercial fields. Data regarding various properties of liquid alloy at various
temperatures are not accessible and it is not feasible to do such experimental tests at any
desired temperature because it would be costly and time-consuming. In this situation,
the required data should be predicted or estimated by developing theoretical model that
provides beneficial to comprehend alloying behaviour of liquid alloys.

The study focuses on the completely new type of alloys. From the study of different
properties of alloys, we are able to confirm, whether the alloy is suitable or not for
commercial and engineering use. The uses of the alloys vary depending on the various
properties and can be employed in the appropriate sector.

1.4 Objectives of the Study

In the present work four liquid alloys (Na-Hg, Pb-Mg, Bi-Tl and Cu-Al) of type 𝐴𝜇𝐵𝜈
are selected for the study. The Quasi Chemical Approximation method is applied to
study thermodynamic and structural properties. The transport and surface properties of
these alloys have been investigated in the frame work of Kaptay Model and Modified
form of Butler equation respectively to predict transport and surface properties of the
alloys. The interaction energy parameters required to investigate different properties are
optimized by successive approximation method with the help of experimental values.
The model is further extended to predict these properties of concerned liquid alloys at
different temperatures. In summary, the objectives of this research are pointed as follows:

1.5 General Objective

The general objective of the proposed research work is to study the mixing behavior of
binary liquid alloys of type 𝐴𝜇𝐵𝜈.

1.6 Specific Objectives

To fulfill the general objective of our study, we aim to study

1. the thermodynamic properties of binary liquid alloys,

2. the structural properties of binary liquid alloys,
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3. the transport properties of binary liquid alloys and

4. the surface properties of binary liquid alloys.

1.7 Organization of the Thesis

The thesis has been organized as follows:

CHAPTER 1: INTRODUCTION

This chapter presents introduction to binary liquid alloys and general overview
of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary alloys studied in this work.
Additionally, it includes rationale of the study and research objectives.

CHAPTER 2: LITERATURE REVIEW

In this chapter, we have reviewed some previous literatures related to the
electronic and statistical theories of mixing as well as theoretical models of
viscosity and surface tension of liquid alloys.

CHAPTER 3: MATERIALS AND METHODS

In this chapter, a brief formulation of various thermo-physical properties of
binary liquid alloy have been presented.

CHAPTER 4: RESULTS AND DISCUSSION

In this chapter, the results and discussion of thermodynamic, structural,
transport and surface properties of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary
liquid alloys at their respective melting temperatures are included. Further,
the above mentioned properties of three liquid alloys Pb-Mg, Bi-Tl and
Cu-Al are studied at higher temperatures by extending Quasi-Chemical
Approximation method.

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

In this chapter, we present conclusions of the present work and its possible
extension for further study.

CHAPTER 6: SUMMARY

Here, a brief overview of the whole studies have been presented.

Finally, the references are listed and appendices are given before closing this document.
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CHAPTER 2

2. LITERATURE REVIEW

A detailed grasp of the alloy’s energetics and kinetics is required in order to create
specific alloys with predetermined qualities. As a result, several attempts to promote the
theoretical approach have been launched. The two basic theoretical methodologies that
have been established in this discipline are electronic and statistical theory of mixing.
This part provides a review of the literature on these theoretical methodologies which
sparked our interest in doing this study.

2.1 Review of Electronic Theory of Mixing

Drude-Lorentz (Drude, 1900; Ramaswamy, 1971) offered the first hypothesis to describe
the process of electrical conduction in metals in the beginning of the twentieth century.
According to their hypothesis, a metal is made up of positive metal ions that are fixed
in the lattice whose valence electrons roam around aimlessly in the positive sea, like
that of the gas molecules in a vessel. Electrostatic forces between positively charged
ions and free electrons are supposed to hold the metal together. Based on this theory
Hume-Rothery et al. (1934) presented principles of metal alloying based on size and
electronegativity. The electronic theory of Hard Sphere Model (Percus & Yevick, 1958;
Rushbrooke, 1963; Thiele, 1963) makes a significant contribution to the theoretical study
of binary alloys. Lebowitz (1964) further generalized the Percus-Yevick equation for
radial distribution function to an m-component mixture. According to Faber (1972)
, the Hard Sphere Model can be used to describe the entropies in metals and alloys.
Similarly, Hoshino & Young (1980) obtained the general expression for the partial and
total structure factor of an m-component hard sphere mixture on basis of solution of
Percus-Yevick equation and applied to the Li-Pb alloy. By correlating the electronic
theory of Hard Sphere Model to thermodynamics, many researchers such as Singh &
Choudhary (1981) calculated the heat and entropies of mixing of equiatomic AI-Mg,
Cd-In, Cd-TI, In-Zn, Cd-Zn and Mg-Zn liquid alloys, Schwitzgebel & Langen (1981)
calculated mutual diffusion coefficient of Bi-Sn and Sn-Zn binary alloys, Khanna (1984)
calculated the entropy of mixing of Na-Hg and Sb-Zn alloys, Matsunaga et al. (1999)
made structural study of Na-Pb liquid alloys, Arzpeyma et al. (2013) calculated the
entropy of mixing of Ag-Cu,Ag-Ga, Ag-Pb,Bi-Cd, Bi-In,Bi-Na,.Bi-Zn, Cd-Hg, Cd-Pb,
Cd-Zn, Cu-Fe, Hg-In, Hg-Na, Hg-Zn ,In-Na,In-Sn, In-Sn and K-Pb binary alloys.

The Pseudopotential theory is another significant electronic theory for calculating many
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properties of metals, semiconductors, alloys and other materials. The nucleus as well
as other electrons in the atom exert a force on an electron inside the atom. The major
difficulty in the study of condensed matter and its behavior is determining the forces
experienced by an electron rotating around the nucleus in specific orbits. Bardeen (1937)
was the first to explain the average interaction experienced by an electron using the
concept of self-consistent screening in this competition. Later on, this concept was used
to investigate a variety of solid property (Harrison, 1966; Heine & Weaire, 1966), which
is also known as Pseudopotential theory. It was an important development for the study
of solid state physics.

Based on the pseudopotential theory, Hasegawa & Young (1977) investigated the
solid-liquid co-existence in the Cd-Mg and Na- K System, Dubinin et al. (2007)
calculated few thermodynamic properties of Fe-Co liquid alloy, Vora (2010) calculated
the electrical properties of liquid binary alloys Cu1−𝑋 Ga𝑋 , Malan & Vora (2021) studied
the thermodynamic properties of binary Na-K liquid alloy. Despite the fact that electronic
theories are devoid of prior assumptions, they have certain limitations. The structural
features of binary alloys such as segregation and phase separation are not determined
using the Hard Sphere model. Osman & Singh (1993, 1995) solved this problem in
the hard sphere model by incorporating attractive interaction. Furthermore, Pseudo
potential theory are not used with confidence to alloys whose mixing properties exhibit
aberrant behavior due to intense interplay between dissimilar atoms heading to compound
formation (Hoshino & Young, 1980; Lai et al., 1983; Young, 1992). Because of this
constraint, electrical theories must be improved in order to study different properties of
binary liquid alloys.

2.2 Review of Statistical Approach of Mixing

2.2.1 Review of Thermodynamic and Structural Properties

To get over the difficulties of electronic theory, some theoreticians (Meyer, 1939; Flory,
1942; Hildebrand & Scott, 1950; Guggenheim, 1952; Bhatia & Singh, 1982; Prigogine &
Defay, 1958; Bhatia & Thornton, 1970; Singh & Mishra, 1988; Adhikari et al., 2010;
Koirala et al., 2014; Yadav et al., 2018) shifted their attention and devised statistical
theory based on various assumptions in order to access the energetics of liquid mixtures
and examine the local arrangement of atoms in alloys. Calculating the thermodynamic
properties of a mixture from the forces between the atoms or molecules is the basic
problem in statistical theory of solution. Likewise, getting the microscopic properties of
binary molten alloys from bulk properties is a key emphasis of that theory’s research.

Meyer (1939) found the entropy of mixing of long chain chemical compounds dissolved in
simple solvents, providing a more convincing explanation for the anomalies of long chain
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or polymeric molecules. He then proposed an idealized model for such a solution. Based
on this model, Flory-Huggins (Flory, 1942; Huggins, 1942) carried out a derivation of
the partial molal entropies of dilution in idealized solutions of chain compounds and for
the activities of a high polymer solutions by considering a lattice model for polymers.
This model is applicable to find the thermodynamics of liquid alloys when the constituent
atoms of mixture differ strongly in volume. Similarly, the concept of an ideally associated
solution was developed to characterize the properties of liquid alloys by the researchers
(Hildebrand & Scott, 1950; Guggenheim, 1952; Prigogine & Defay, 1958; Bhatia &
Hargrove, 1974). Though there is no enthalpy change during mixing in the ideal solution
model, the Gibbs free energy of mixing has an entropic contribution since the mixture
has become disordered.

Longuet-Higgins (1951) introduced the Conformal Solution Model, which takes the
energetic effect into account. The molecules in a liquid mixture are supposed to be
organized in a regular lattice, according to this idea. Bhatia & Thornton (1970) defined
partial structure factor in relation to concentration fluctuation in long wavelength limit
which became powerful tool for the qualitative analysis of the local arrangement of atoms
in binary liquid alloys (Prasad & Singh, 1991; Singh et al., 1991; N. Jha & Mishra, 2001;
Anusionwu, 2003; Costa et al., 2014; Koirala et al., 2015; Panthi et al., 2020; Bhandari,
Panthi, Koirala, & Adhikari, 2021). Theoreticians (Bhatia et al., 1973; Alonso & March,
1982) used Conformal Solution Model to analyze and explain concentration fluctuations
in the long wave length limit, where a liquid mixture with particles of nearly equal size
is expected to interact. Parrinello et al. (1974) on the other hand, used this model to
obtain the mathematical expressions for partial structural factors of a binary liquid alloy.
Similarly, Guggenheim’s quasi-chemical theory (Guggenheim, 1952) has been found to
be effective in the investigation of concentration fluctuation in the long wavelength limit
as well as the chemical short range order parameter for binary liquid alloys.

The comprehensive analysis of heat of mixing for certain binary liquid alloys as done by
Kleppa (1958) revealed that valence difference causes the heat of mixing curve to become
more asymmetric. The Zn-Cd curve, he claimed, is essentially symmetric, whereas the
Cd-Bi curve has a lot of asymmetry. Similarly the study of the liquid alloy using neutron
diffraction (Ruppersberg & Egger, 1975; Alblas, 1983; Takeda et al., 1987; Harada et
al., 1988; Reĳers et al., 1989) revealed anomalous behavior in short range order, with
intensities exhibiting a distinct peak before the principal peak of diffraction pattern. The
foregoing explanation, based on experimental evidence, demonstrated that anomalous
features of compound forming liquid alloys occur at or near stoichiometric compositions
in which stable intermetallic compounds exist in solid phase. Thus many theoreticians
added the concept that some of the alloy system has clusters of atoms (complex) in
equilibrium with a ’matrix’ of more randomly arranged constituent atoms (Wilson, 1965;
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Jordan, 1970; Prasad & Singh, 1990). Moreover the thermodynamic data compiled by
Hultgren et al., as well as a number of experimental reports (Predel & Oehme, 1974;
Matsunaga et al., 1983; Yakymovych et al., 2008) show that the properties of mixing
of a large number of liquid binary alloys are asymmetric with concentration, despite
the constituent atoms’ size differences. The enthalpy and the free energy of mixing are
usually large negative values at a concentration or another. Thus, based on the grouping
of constituent element atoms, alloys can be divided into two categories: compound
forming alloys (ordering), in which like atoms tend to be nearest neighbor over unlike
atoms, and segregating alloys, in which unlike atoms tend to be nearest neighbor over
like atoms (Novakovic et al., 2004).

To acquire a better grasp of the degree of ordering in binary liquid alloys, the chemical
short range order parameter (Cowley, 1950; Warren, 1969) was devised that delivers
information of the local arrangement of atoms in the liquid mixture. Bhatia & Singh
(1982) created a model that establishes a quantitative relationship between thermodynamic
parameters and the short range order parameter.

The asymmetry in mixing properties of binary liquid alloys as a function of concentration
cannot be explained by the theories outlined above. Hence the different complex formation
models of binary liquid alloys have been proposed. Jordan (1970) presented the Regular
Associated Solution Model for studying the thermodynamics of melting AB compounds.
He assumed association in the liquid phase with species A, B, and AB present and took
into consideration their interactions. He derived the equations for the thermodynamic and
the liquidus curve in the Zn-Te and Cd-Te binary alloys. Lele & Ramachandrarao (1981)
provided a comprehensive analytical procedure for the treatment of regular associated
solutions. He demonstrated how the interaction energies and equilibrium constant for
the formation of complexes in liquid alloys can be obtained. Using this model, they
were also able to accurately characterize the thermodynamic characteristics of Mg-Sn
and In-Sb liquid alloys. Adhikari et al. (2014) extended this model by presenting the
formulae for concentration fluctuation in long wavelength limit and chemical short range
order parameter and investigated thermodynamic and structural properties of Cd-Na,
Ag-Sb, Cu-Sn, Mg-Tl binary liquid alloys. Similarly Yadav and his coworkers (Yadav et
al., 2015) studied the thermodynamic and structural properties of In-Bi and Tl-Bi binary
liquid alloys by using the Regular Associated Solution model.

Bhatia et al. (1974) derived analytical expressions for the concentration dependence
of free energy of mixing and concentration fluctuation in the long wavelength limit by
assuming the chemical complex (𝐴𝜇𝐵𝜈) in the liquid state using another model called
’Compound Formation Model’. Bhatia & Hargrove (1974) explained the complex nature
of Mg-Bi, Ag-Al and Cu-Sn liquid alloys having small volume difference at about
their melting temperatures in order to understand the mixing nature of binary liquid
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alloys. However the short range order parameter was not taken into account in Bhatia
and Hargrove’s attempt. Bhatia & March (1975) developed a theory of concentration
fluctuation in long wavelength limit for the Na-Cs binary alloy of large volume ratio.

Bhatia & Singh (1984) recast Bhatia and Hargrove’s Compound Formation Model into
quasi-lattice theory utilizing a quasi-lattice picture. The reformulation is based on the
assumption that all atoms in a binary solution are located at lattice sites, each of which
has Z nearest neighbors. It presents an expression for the short range order parameter,
unlike the Bhatia and Hagrove technique. However, this model presupposes that the sizes
of the two types of atoms in the mixture differ by 50 % which is not always the case.
Novakovic et al. (2005) investigated the surface and transport properties of an Au-Sn
liquid alloy using this model. Surface, kinetic, and structural aspects of liquid Al–Ti
alloys were investigated by Novakovic et al. (2012).

Singh & Mishra (1988) proposed another model: the Simple Statistical Model. The model
uses pairwise interaction energies to calculate conditional probabilities for neighboring
atoms’ occupation in binary liquid alloys. This model has been extended to derive
equations for activity, free energy of mixing, concentration fluctuation in the long
wavelength limit, and chemical short range parameters. The concentration dependent
thermodynamic properties for Cu Pb, Na-K, Li-Mg, and Cd-Mg were explained in this
statistical framework by evaluating ordering energy. Singh et al. (1990) extended this
approach to describe the level of hetero-coordination in Cd-based regular binary liquid
alloys such as Cd-Bi, Cd-Mg, and Cd-Ga. Koirala (2016) studied the thermodynamic and
structural properties of four segregating In-Tl, Ag-Cu, Cd-Pd, In-Pb and four ordering
,Bi-In, Cd-Bi, and Ag-Cu, Al-Mg liquid alloys. The model has the drawback of only
being able to study regular alloy.

Bhatia & Singh (1982) enhanced the model called ’ Quasi- Chemical Approximation’ by
incorporating the idea of grand partition function and taking into account the interaction
energy of AA,AB, and BB pairs depending on whether the bond is part of complex
AB or not. The model also assumes that atoms of alloys are located on lattice sites,
each of which has Z nearest neighbors. Their interaction is short range and effective
between nearest neighbors. The atomic partition function of an A atom associated with
the translational degrees of freedom is the same wherever A is located, and that the
partition function for B is the same wherever B is located. Based on this assumption, they
formulated the mathematical expressions for various thermodynamic functions. This
model is preferable to the complex formation model in the sense that it may be utilized to
obtain short range order for compound forming binary liquid alloys.

Based on this model, Singh (1987) studied the concentration fluctuation in long wavelength
limit and short range parameter for Mg-Bi and Ag-Al liquid alloys. Prasad & Singh
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(1990) explained the thermodynamic and structural properties of Au-Zn liquid alloy.
Anusionwu et al. (2009) explained thermodynamics of Al-Ge and Al-Ga liquid alloys.
I. Jha et al. (2016) studied the thermodynamic and structural properties of Tl-Na liquid
alloy. But still there remains lack of thermodynamic study of some compound forming
binary liquid alloys.

2.2.2 Review of Theoretical Model of Viscosity

The Knowledge of atomic transport properties such as viscosity may be utilized to
acquire a better understanding of the structure and binding of binary liquid alloys at
the microscopic level. Temperature and composition dependent viscosity values are
very desirable, however the data for viscosity is confined to a few systems and is still
insufficient to meet the technological needs.

Although various theoreticians (Born & Green, 1947; Rice & Kirkwood, 1959; Rice &
Allnatt, 1961) produced various hypotheses to describe the viscosity of liquid metals, the
theoretical study of viscosity of alloys was discovered later. The first theoretical model
for determining the viscosity of binary liquid alloys using enthalpy of mixing was created
by E.A. Moelwyn-Hughes in 1961 (Hughes, 1961). T. Iida et al. (1976) developed an
equation that connected the viscosity of a binary system to the diameters and masses
of various atoms, as well as the integral molar enthalpy of mixing. Singh & Sommer
(1998) found that positive deviations are expected in compound forming systems and
negative deviations in segregating systems. Seetharaman & Sichen (1994) proposed a
relationship for the viscosity of binary substitutional liquid alloys based on the energy of
mixing in binary metallic melts and the viscosities of the corresponding unary systems.
They determined the viscosities of In-Sn, Ag-Au, Ag-Sn, Ag-Sb, Ag-ln, Bi-Sn, Co-Fe,
and Bi-Cu binary alloys. Kaptay (2003) modified Seetharaman and Sichen’s viscosity
relation in relation to the theoretical link between the alloy’s cohesion energy and the
activation energy of viscous flow.

On the other hand, Hirai (1993) formulated a theoretical model to predict the viscosity
of alloys by examining the impact of composition and temperature on the viscosities
of liquid metals, extending Arrhenius’ formula. Singh & Sommer (2012) reformulated
and extended the Andrade relation for liquid metal viscosity to obtain a relationship
for alloy viscosity in terms of atomic mass, atomic volume, Debye temperature, and
activation energy of liquid metals, as well as heat of mixing and excess volume of mixing
of the liquid alloy. The diffusion coefficient and shear viscosity of Ag-In liquid alloy are
examined using the distribution function approach developed by Bhuiyan et al. (2003) in
which the interionic interaction is modeled using a local pseudopotential.
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2.2.3 Review of Theoretical Model of Surface Properties

In metallurgy and industry, the surface properties (surface tension and surface concentra-
tion) of liquid alloy or liquid metal is considered a prime factor for both processing and
production of new materials because it is associated with surface as well as interface in
the molten metal process. Similarly it helps in monitoring several features of liquid alloys
including mechanical behavior, kinetics of phase transformation and catalytic activity.
Surface tension measurement, like thermodynamic and transport characteristics, is a
critical job in the study of surfaces and interfaces, as well as an essential quantity from
both a physical and technological standpoint. In industrial operations like casting, welding
and solidification, a deeper understanding of the behaviors of surface tension is crucial for
liquid metals with high melting temperatures. As a result, it can be claimed that surface
properties and phenomena are quite important in material design and characterization
(Prasad & Singh, 2000; Anusionwu, 2003; Prasad & Jha, 2005; Novakovic et al., 2008;
Mukai et al., 2008; Koirala, 2018; Mehta et al., 2020; Panthi et al., 2021).

Butler (1932) proposed a model for surface tension based on the idea of a monolayer at the
liquid’s surface existing in equilibrium with the bulk phase. He made the assumption that
the surface of a solution should be treated as a distinct phase from the bulk phase. Hoar
& Melford (1957) modified Butler’s model for non-ideal binary mixture with components
having unequal molar surface areas considering the case of zero surface area of mixing.

Similarly, Guggenheim (1952) proposed a novel Statistical Model on the assumption of a
layered structure near the interface based on the simple zeroth approximation applied to
the Quasi-Lattice Model. The grand partition function of the surface has been solved in
this model (Guggenheim, 1952; Prasad & Singh, 1991).

Speiser et al. (1987) and Yeum et al. (1989) later proposed a model for estimating the
surface tension of binary alloys based on the assumption that the chemical potential
in the bulk phase and the surface phase can be described in the same form. They
demonstrated that their model can provide reasonable estimates without the use of any
adjustable parameters. Mukai and his co-authors (Mukai et al., 2008) proposed another
model to explain surface tension of binary and multicomponent alloys using chemical
thermodynamics, which represents surface tension as a function of thermodynamic
parameters without making any assumptions. For the validity of model, they compared
the surface tension of Fe-Cu and Fe-Si binary alloys with experimental results and found
the good agreement between experimental and theoretical model.

Kaptay (2019) updated Butler’s surface tension equation for binary alloys. According to
him, Butler’s equation has an incorrect definition of partial surface tension of components.
Thus he gave a definition of surface tension as well as information regarding the significant
knowledge gap that is missing in Butler’s expression (Kaptay, 2015, 2019).
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2.2.4 Research Gap

The review of the literature survey reveals that there has been significant interest in
the study of the various thermo-physical properties of compound forming binary liquid
alloys for many years. Hence several theoretical efforts so far have been put forward by
many researchers in the field of metallurgical science to comprehend the energetic of
liquid alloys. One important effort is the development of Quasi-Chemical Approximation
model (Bhatia & Singh, 1982) because the model incorporates the idea of grand partition
function to deal the properties of complex binary liquid alloys and paves way in the
desired direction by making the link between microscopic and macroscopic properties.
However, study of some compound forming binary liquid alloys by Quasi-Chemical
Approximation is still lacking. On the other hand, most of the theoretical models have
been used to study different properties at about melting temperatures of the binary alloys.
The alloys have wide application at higher temperature than their melting temperatures
such as in casting of the alloys. But the focus of alloy research has not exceeded the
melting temperature of the alloy.

In this thesis, the thermodynamic and microscopic structural characteristics of compound
forming binary liquid alloys are explored theoretically by using Quasi-Chemical Approx-
imation. The importance of interaction energy parameters is given more attention during
the research. For the detailed thermophysical research of binary liquid alloys, the Kaptay
equation (Kaptay, 2003) and new improved derivation of Butler equation (Kaptay, 2019)
are used for evaluating viscosity and surface properties. Similarly, the Quasi-Chemical
Approximation model has been extended to predict the thermo-physical properties of
some compound forming liquid alloys at higher temperatures.
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CHAPTER 3

3. MATERIALS AND METHODS

The research is based on theoretical work and hence the study is carried out using
theoretical model. In this chapter we shall discuss theoretical backgrounds of models
used for the study of binary liquid alloys.

When two metals 𝐴 and 𝐵 are combined to form alloys, some of the alloys exhibit
rapid changes in free energy of mixing for minor compositional variations and form
intermetallic compounds at one or more stoichiometric compositions. Hence, phases of
the alloys in this case is referred to as an intermetallic compound and generally expressed
as 𝐴𝜇𝐵𝜈. In this regard, four types of alloys viz. Na-Hg, Pb-Mg, Bi-Tl and Cu-Al have
been selected as study materials by assuming NaHg2, PbMg2, BiTl3 and Cu3Al2 as their
most stable intermetallic compounds respectively. Similarly, the software ’Microsoft
Office Excel 2013’ and ’Octave’ have been used for handling the problems easily.

3.1 Quasi - Chemical Approximation for Thermodynamic Functions

In order to investigate thermodynamic properties by Quasi-Chemical Approximation, it
is essential to optimize interaction energy parameters as well as temperature derivative
interaction energy parameters of the concerned alloys. The interaction energy parameters
of each of the alloys are optimized by the method successive approximation with the
help of corresponding experimental values of free energy of mixing of the alloys and
then used in the mathematical formulation of Gibbs free energy of mixing as derived in
Subsection 3.1.1 to deal the property. Similarly, the temperature derivative interaction
energy parameters are also optimized with the help of experimental enthalpy of mixing of
the alloys and used in the equation of enthalpy of mixing as derived in Subsection 3.1.2.

3.1.1 Excess Gibbs Free Energy and Gibbs Free Energy of Mixing

Let us consider a bulk of binary alloy of 𝑁𝐴 and 𝑁𝐵 atoms of elements 𝐴 and 𝐵

respectively. Let total number of atoms be 𝑁 . Then,

𝑁𝐴 + 𝑁𝐵 = 𝑁 (3.1)

The grand partition function of bulk material is

Ξ𝑏 = 𝑞
𝑁𝐴

𝐴
(𝑇)𝑞𝑁𝐵

𝐵
(𝑇) exp[(𝜇𝐴𝑁𝐴 + 𝜇𝐵𝑁𝐵 − 𝐸)]/𝑘B𝑇 (3.2)

19



where 𝑞𝑁𝑖

𝑖
(𝑇) and 𝜇𝑖 be partition functions of atoms (𝑖 = 𝐴 or 𝐵) with inner and

translational degrees of freedom and chemical potential of atoms respectively. 𝐸 is
cofigurational energy of the atoms.

Now, to define the configurational energy ‘𝐸’ explicitly we assume that the entire set
of lattice sites is present in a tiny cluster of a few lattice sites, say in domain 1 and
remaining lattice sites in domain 2. Using prefixes 1 and 2 to distinguish the quantities
corresponding to the tiny cluster and the reminder, we get:

𝑁𝐴 = 𝑁1𝐴 + 𝑁2𝐴 (3.3)

𝑁𝐵 = 𝑁1𝐵 + 𝑁2𝐵 (3.4)

𝐸 = 𝐸1 + 𝐸2 + 𝐸12 (3.5)

where 𝐸𝑖 (𝑖 = 1, 2) are the configurational energies of domain 𝑖 and 𝐸12 takes into account
the interaction between the atoms of domain 1 and 2. Thus the grand partition function
can be written as the product of the partition functions of first and second domains i.e.

Ξ = Ξ
′

1Ξ2 (3.6)

where a prime onΞ1 denotes that the interaction of domain 1 with domain 2 is incorporated
in it.

The partition function Ξ
′

1 can be written as:

Ξ
′

1 =
∑︁
𝐸1

𝜁
𝑁1𝐴
𝐴

𝜁
𝑁1𝐵
𝐵

exp[−(𝐸1 + 𝐸12)/𝑘B𝑇] (3.7)

where

𝜁𝐴 = 𝑞𝐴 (𝑇) exp(𝜇𝐴/𝑘B𝑇), 𝜁𝐵 = 𝑞𝐵 (𝑇) exp(𝜇𝐵/𝑘B𝑇) (3.8)

and similar expression exits for Ξ2.

Here, 𝐸12/𝑘B𝑇 is the average energy of interaction through which atoms of domain 1
interact with the rest of domain 2. By the simple approximation (Fowler & Guggenheim,
1939),

exp
(
−𝐸12
𝑘B𝑇

)
≈ 𝜙𝜈𝐴

𝐴
𝜙
𝜈𝐵
𝐵

(3.9)

where 𝜙𝐴 and 𝜙𝐵 are constants. 𝜈𝐴 denotes the number of lattice sites in domain 2 that
are closest neighbor of the 𝐴 atoms in the cluster and similarly for 𝜈𝐵. Now, Equation
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(3.7) becomes

Ξ
′

1 =
∑︁
𝐸1

𝜁
𝑁1𝐴
𝐴

𝜁
𝑁1𝐵
𝐵

𝜙
𝜈𝐴
𝐴
𝜙
𝜈𝐵
𝐵

exp[−(𝐸1)/𝑘B𝑇] (3.10)

The average values of 𝐴 and 𝐵 atoms in the cluster are given as:

⟨𝑁1𝐴⟩ = 𝜁𝐴
𝜕 lnΞ′

1
𝜕𝜁𝐴

, ⟨𝑁1𝐵⟩ = 𝜁𝐵
𝜕 lnΞ′

1
𝜕𝜁𝐵

(3.11)

Dividing second by first, we get,

⟨𝑁1𝐵⟩
⟨𝑁1𝐴⟩

=
1 − 𝐶
𝐶

=
𝐶𝐵

𝐶𝐴
=
𝜁𝐵

𝜁𝐴

𝜕 lnΞ′
1

𝜕𝜁𝐵

𝜕 lnΞ′
1

𝜕𝜁𝐴

(3.12)

where 𝐶 and (1−𝐶) represent the average concentrations of 𝐴 and 𝐵 atoms in the cluster
respectively and are assumed to be equivalent to the concentrations of 𝐴 and 𝐵 atoms in
the alloys. As a result, (1 − 𝐶)/𝐶 (or (𝐶𝐵)/𝐶𝐴)) is independent of the size of cluster.
Hence, cluster of different sites may be utilized to assess Equation (3.12).

First we consider one lattice site which can be occupied by either an 𝐴 atom or a 𝐵 atom.
In this case there are no 𝐴𝐴, 𝐴𝐵 or 𝐵𝐵 bonds and hence 𝐸1 = 0. Similarly, 𝜈𝐴 and 𝜈𝐵
in Equation (3.9) is coordination number (𝑍) of the lattice site. Now, Equation (3.10)
reduces to

Ξ
′ (1)
1 = 𝜁𝐴𝜙

𝑍
𝐴 + 𝜁𝐵𝜙

𝑍
𝐵 (3.13)

Here, superscript (1) is added to indicate that this is the expression for Ξ′

1 for the cluster
of one atom.

For a cluster of two lattice sites, the cluster can have either two 𝐴 atoms or two 𝐵 atoms
or an 𝐴 and a 𝐵 atom. The table below shows all conceivable atom configurations on
sites inside a cluster (Singh, 1987) .

Table 1: Possible configurations of A and B atoms in the cluster with two lattice sites

Site 1 Site 2 𝜈𝐴 𝜈𝐵 𝐸1

A A 2(𝑍 − 1) 0 𝜖𝐴𝐴

B B 0 2(𝑍 − 1) 𝜖𝐵𝐵

A B 𝑍 − 1 𝑍 − 1 𝜖𝐴𝐵

B A 𝑍 − 1 𝑍 − 1 𝜖𝐴𝐵
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Now, for the cluster of two lattice sites, Equation (3.10) becomes

Ξ
′ (2)
1 = 𝜁2

𝐴𝜙
2(𝑍−1)
𝐴

𝑒−𝜖𝐴𝐴/𝑘B𝑇 + 𝜁2
𝐵𝜙

2(𝑍−1)
𝐵

𝑒−𝜖𝐵𝐵/𝑘B𝑇 + 2𝜁𝐴𝜁𝐵 (𝜙𝐴𝜙𝐵)𝑍−1𝑒−𝜖𝐴𝐵/𝑘B𝑇 (3.14)

While deriving Equation (3.14), we didn’t consider the probability of formation of
complex or compound alloys of type 𝐴𝜇𝐵𝜈. Actually a binary alloy is a mixture of
three types of constituents; 𝐴 atoms, 𝐵 atoms and complexes of type 𝐴𝜇𝐵𝜈. Let 𝜖𝑖 𝑗
(𝑖, 𝑗 = 𝐴, 𝐵) denotes the energy of ĳ bond if the ĳ bond is free bond and let 𝜖𝑖 𝑗 + Δ𝜖𝑖 𝑗

denote its energy if the ĳ bond is one of the bonds in the complex. Further, let 𝑝𝑖 𝑗 signify
the probability that an 𝑖 𝑗 bond is a member of the complex. If the cluster contains two 𝐴
atoms, the energy is given by

𝐸1 = (1 − 𝑝𝐴𝐴)𝜖𝐴𝐴 + 𝑝𝐴𝐴 (𝜖𝐴𝐴 + Δ𝜖𝐴𝐴) = 𝜖𝐴𝐴 + 𝑝𝐴𝐴Δ𝜖𝐴𝐴 (3.15)

If the cluster contains two B atoms, the energy is given by

𝐸1 = 𝜖𝐵𝐵 + 𝑝𝐵𝐵Δ𝜖𝐵𝐵 (3.16)

and if the cluster contains two 𝐴 and 𝐵 atoms, the energy is

𝐸1 = 𝑝𝐴𝐵 (𝜖𝐴𝐵 + Δ𝜖𝐴𝐵) (3.17)

Now, Equation (3.14) can be rewritten as:

Ξ
′ (2)
1 = 𝜁2

𝐴𝜙
2(𝑍−1)
𝐴

𝜚𝐴𝐴 + 𝜁2
𝐵𝜙

2(𝑍−1)
𝐵

𝜚𝐵𝐵 + 2𝜁𝐴𝜁𝐵 (𝜙𝐴𝜙𝐵)𝑍−1𝜚𝐴𝐵 (3.18)

where

𝜚𝑖 𝑗 = exp
(
−
𝜖𝑖 𝑗 + 𝑝𝑖 𝑗Δ𝜖𝑖 𝑗

𝑘B𝑇

)
(3.19)

The bond in the cluster being a part of complex 𝐴𝜇𝐵𝜈 allows 𝑝𝑖 𝑗 to take following relation
(Bhatia & Singh, 1982).

𝑝𝐴𝐵 = 𝐶𝜇−1(1 − 𝐶)𝜈−1 [2 − 𝐶𝜇−1(1 − 𝐶)𝜈−1] (3.20)

By the same method, it is possible to obtain

𝑝𝐴𝐴 = 𝐶𝜇−2(1 − 𝐶)𝜈 [2 − 𝐶𝜇−2(1 − 𝐶)𝜈], 𝜇 ≥ 2 (3.21)

𝑝𝐵𝐵 = 𝐶𝜇 (1 − 𝐶)𝜈−2 [2 − 𝐶𝜇 (1 − 𝐶)𝜈−2], 𝜈 ≥ 2 (3.22)

For 𝜇 = 1, 𝑝𝐴𝐴 = 0 and for 𝜈 = 1, 𝑝𝐵𝐵 = 0, since Equations (3.21) and (3.22) are used
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only for 𝜇 ≥ 2 and 𝜈 ≥ 2 respectively.

Now, from Equations (3.12) and (3.18), we get

1 − 𝐶
𝐶

=
𝜁𝐵

𝜁𝐴

𝜁𝐵𝜙
2(𝑍−1)
𝐵

𝜚𝐵𝐵 + 𝜁𝐴 (𝜙𝐴𝜙𝐵)𝑍−1𝜚𝐴𝐵

𝜁𝐴𝜙
2(𝑍−1)
𝐴

𝜚𝐴𝐴 + 𝜁𝐵 (𝜙𝐴𝜙𝐵)𝑍−1𝜚𝐴𝐵
(3.23)

From the Equations (3.12) and (3.13), we get

1 − 𝐶
𝐶

=
𝜁𝐵

𝜁𝐴

[
𝜙𝐵

𝜙𝐴

]𝑍
(3.24)

From Equations (3.23) and (3.14), we get

𝜏2 +
(
1 − 2𝐶
𝜆𝐶

)
− 1 − 𝐶

𝐶
= 0 (3.25)

where

𝜏 =

(
𝜙𝐵

𝜙𝐴

) (
𝜚𝐴𝐴

𝜚𝐵𝐵

)1/2
(3.26)

𝜆 =
(𝜚𝐴𝐴𝜚𝐵𝐵)1/2

𝜚𝐴𝐵
(3.27)

By solving Equation (3.25), we get

𝜏 =
𝛽 − 1 + 2𝐶

2𝜆𝐶
(3.28)

with

𝛽 = [1 + 4𝐶 (1 − 𝐶) (𝜆2 − 1)]1/2 (3.29)

Following Equations (3.27) and (3.28), we get

𝜏 =

[
1 − 𝐶
𝐶

𝛽 − 1 + 2𝐶
𝛽 + 1 − 2𝐶

]1/2
(3.30)

From Equations (3.24) and (3.26),

𝜁𝐴

𝜁𝐵
=

𝐶

1 − 𝐶 𝜏
𝑍

(
𝜚𝐵𝐵

𝜚𝐴𝐴

)𝑍/2
(3.31)

From Equations (3.19) and (3.27),

𝜆2 = exp
(

2𝜔
𝑍𝑘B𝑇

)
exp

2𝑝𝐴𝐵Δ𝜖𝐴𝐵 − 𝑝𝐴𝐴Δ𝜖𝐴𝐴 − 𝑝𝐵𝐵Δ𝜖𝐵𝐵
𝑘B𝑇

(3.32)
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where

𝜔 = 𝑍

(
𝜖𝐴𝐵 −

𝜖𝐴𝐴 + 𝜖𝐵𝐵
2

)
(3.33)

is known as interchange energy that is needed to convert an 𝐴𝐴 pair and a 𝐵𝐵 pair into
two 𝐴𝐵 pairs.

The activity coefficients 𝛾𝐴 and 𝛾𝐵 of two species are given as:

𝜇𝐴 − 𝜇0
𝐴 = 𝑘B𝑇 ln(𝐶𝛾𝐴) (3.34)

𝜇𝐵 − 𝜇0
𝐵 = 𝑘B𝑇 ln[(1 − 𝐶)𝛾𝐵] (3.35)

where 𝜇0
𝑖

is the chemical potential of pure component.

Solving Equations (3.19), (3.26), (3.31), (3.34) and (3.35), we get

ln 𝛾 = 𝑍 ln 𝜏 + 𝑍

2𝑘B𝑇
(𝑝𝐴𝐴Δ𝜖𝐴𝐴 − 𝑝𝐵𝐵Δ𝜖𝐵𝐵) + 𝜑 (3.36)

where 𝛾 is ratio of activity coefficients of two components 𝐴 and 𝐵. 𝜑 is constant and
independent on concentration.

Here, 𝜔 and Δ𝜖𝑖 𝑗 are sufficiently smaller and hence 𝜆2 in Equation (3.32) can be expressed
in the linear terms of these parameters as:

𝜆2 = 1 + 1
𝑍𝑘B𝑇

(2𝜔 + 2𝑝𝐴𝐵Δ𝜔𝐴𝐵 − 𝑝𝐴𝐴Δ𝜔𝐴𝐴 − 𝑝𝐴𝐵Δ𝜔𝐵𝐵) (3.37)

where Δ𝜔𝑖 𝑗 = 𝑍Δ𝜖𝑖 𝑗 and is called interaction energy parameter. Let us write above
Equation (3.37) as:

𝜆2 = 1 + 𝑌 (3.38)

where

𝑌 =

(
1

𝑍𝑘B𝑇

)
[2𝜔 + 2𝑝𝐴𝐵Δ𝜔𝐴𝐵 − 𝑝𝐴𝐴Δ𝜔𝐴𝐴 − 𝑝𝐵𝐵Δ𝜔𝐵𝐵]

Using Equation (3.38), Equation (3.29) can be written as:

𝛽 = [1 + 4𝐶 (1 − 𝐶)𝑌 ]1/2 ≈ 1 + 2𝐶 (1 − 𝐶)𝑌 (3.39)

𝛽 = 1 + 2𝐶 (1 − 𝐶)
𝑍𝑘𝐵𝑇

(2𝜔 + 2𝑝𝐴𝐵Δ𝜔𝐴𝐵 − 𝑝𝐴𝐴Δ𝜔𝐴𝐴 − 𝑝𝐵𝐵Δ𝜔𝐵𝐵) (3.40)
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Now, Equation(3.30) becomes

ln 𝜏 =
1
2

ln[𝑌 − 2𝐶𝑌 − 𝐶𝑌2 + 𝐶2𝑌2 + 1] (3.41)

As the values of 𝜔/(𝑘B𝑇) and Δ𝜔𝑖 𝑗/(𝑘B𝑇) are smaller than unity (Guggenheim, 1952;
Bhatia & Singh, 1982) , we can easily conclude that 𝑌 ≤ 1. As a result, the power of 𝑌
can be neglected. Thus,

ln 𝜏 = ln
[
1 + 1

2
𝑌 (1 − 2𝐶)

]
(3.42)

Using the relation ln(1 + 𝑥) = 𝑥 − 𝑥2

2 + 𝑥3

3 . . . and neglecting the higher order terms, we
get

ln 𝜏 =
[
1
2
𝑌 (1 − 2𝐶)

]
Using Equation (3.42), Equation (3.36) can be written as:

ln 𝛾 = 𝑍
1
2
𝑌 (1 − 2𝐶) + 𝑍

2𝑘B𝑇
(𝑝𝐴𝐴Δ𝜖𝐴𝐴 − 𝑝𝐵𝐵Δ𝜖𝐵𝐵) + 𝜑 (3.43)

Substituting the value of 𝑌 and simplifying, we get

ln 𝛾 =
1
𝑘B𝑇

[(1 − 2𝐶) (𝜔 + 𝑝𝐴𝐵Δ𝜔𝐴𝐵) + 𝐶𝑝𝐴𝐴Δ𝜔𝐴𝐴 − (1 − 𝐶)𝑝𝐵𝐵Δ𝜔𝐵𝐵] +𝜑 (3.44)

The excess free energy of mixing (Bhatia & Singh, 1982) can be written as:

𝐺Xs
M

𝑁𝑘B𝑇
=

∫ 𝐶

0
ln 𝛾 𝑑𝐶 (3.45)

Since 𝐺Xs
M is zero at 𝐶 = 0 and 1. Thus the value of 𝜑 can be obtained by setting∫ 1

0 ln 𝛾𝑑𝐶 = 0. Hence,

∫ 1

0

1
𝑘B𝑇

[(1 − 2𝐶) (𝜔 + 𝑝𝐴𝐵Δ𝜔𝐴𝐵) + 𝐶𝑝𝐴𝐴Δ𝜔𝐴𝐴 − (1 − 𝐶)𝑝𝐵𝐵Δ𝜔𝐵𝐵 + 𝜑] 𝑑𝐶 = 0

(3.46)

Now, simplying Equation (3.46) after substituting the values of 𝑝𝑖 𝑗 from Equations (3.20)
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to (3.22), the value of 𝜑 can be obtained as:

𝜑 =
Δ𝜔𝐴𝐵

𝑘B𝑇
[2𝛽(𝜇 + 1, 𝜈)] − 2𝛽(𝜇, 𝜈 + 1) + 𝛽(2𝜇 − 1, 2𝜈) − 𝛽(2𝜇, 2𝜈 − 1)]

+ Δ𝜔𝐴𝐴

𝑘B𝑇
[𝛽(2𝜇 − 2, 2𝜈 + 1) − 2𝛽(𝜇, 𝜈 + 1)]

+ Δ𝜔𝐵𝐵

𝑘B𝑇
[2𝛽(𝜇 + 1, 𝜈)) − 𝛽(2𝜇 + 1, 2𝜈 − 2)]

(3.47)

where 𝛽(𝑚, 𝑛) is the beta function related to the gamma function as usual. Now, for one
mole of substance the 𝐺Xs

M can be written in simplified form as:

𝐺Xs
M = 𝑅𝑇

[
𝛹

𝜔

𝑘B𝑇
+𝛹𝐴𝐵

Δ𝜔𝐴𝐵

𝑘B𝑇
+𝛹𝐴𝐴

Δ𝜔𝐴𝐴

𝑘B𝑇
+𝛹𝐵𝐵

Δ𝜔𝐵𝐵

𝑘B𝑇

]
(3.48)

where𝛹 = 𝐶 (1 − 𝐶) and𝛹𝑖 𝑗 are simple polynomial in 𝐶 which can be written explicitly
for given value of 𝜇 and 𝜈.

For 𝜇 = 1 and 𝜈 = 2,

𝛹𝐴𝐵 =
1
6
𝐶 + 𝐶2 − 5

3
𝐶3 + 1

2
𝐶4

𝛹𝐴𝐴 = 0

𝛹𝐵𝐵 = −1
4
𝐶 + 1

2
𝐶2 − 1

4
𝐶4

(3.49)

For 𝜇 = 1 and 𝜈 = 3,

𝛹𝐴𝐵 =
1
5
𝐶 + 2

3
𝐶2 − 𝐶4 − 1

5
𝐶5 + 1

3
𝐶6

𝛹𝐴𝐴 = 0

𝛹𝐵𝐵 = − 3
20
𝐶 + 2

3
𝐶3 − 3

4
𝐶4 + 2

5
𝐶5 − 1

6
𝐶6

(3.50)

For 𝜇 = 3 and 𝜈 = 2,

𝛹𝐴𝐵 =
13
420

𝐶 + 2
3
𝐶3 − 3

2
𝐶4 + 3

5
𝐶5 + 2

3
𝐶6 − 5

7
𝐶7 + 1

4
𝐶8

𝛹𝐴𝐴 = − 53
840

𝐶 + 2
3
𝐶3 − 5

4
𝐶4 + 6

5
𝐶5 − 𝐶6 + 4

7
𝐶7 − 1

8
𝐶8

𝛹𝐵𝐵 =
23
280

𝐶 − 1
2
𝐶4 + 2

5
𝐶5 + 1

7
𝐶7 − 1

8
𝐶8

(3.51)

The Gibbs free energy of mixing can be obtained as:

𝐺M = 𝐺Xs
M + 𝐺 id

M (3.52)
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where

𝐺 id
M = 𝑅𝑇 [𝐶 ln𝐶 + (1 − 𝐶) ln(1 − 𝐶)] (3.53)

is ideal Gibbs free enery of mixing.

Using Equations (3.48) and (3.53), one can readily obtain

𝐺M = 𝑅𝑇

[
𝛹

𝜔

𝑘B𝑇
+𝛹𝐴𝐵

Δ𝜔𝐴𝐵

𝑘B𝑇
+𝛹𝐴𝐴

Δ𝜔𝐴𝐴

𝑘B𝑇
+𝛹𝐵𝐵

Δ𝜔𝐵𝐵

𝑘B𝑇
+ 𝐶 ln𝐶 + (1 − 𝐶) ln (1 − 𝐶)

]
(3.54)

The Equation (3.54) is used to compute the free energy of mixing of compound forming
binary liquid alloys. Before using that the interaction energy parameters (𝜔,Δ𝜔𝑖, 𝑗 ) are
optimized with the help of experimental free energy of mixing.

If there are no complexes in the alloy, the expression for 𝐺M can be expressed as:

𝐺M = 𝑅𝑇

[
𝛹

𝜔

𝑘B𝑇
+ 𝐶 ln𝐶 + (1 − 𝐶) ln(1 − 𝐶)

]
(3.55)

3.1.2 Enthalpy of Mixing

As two or more substances are mixed to form a solution, there is breaking of the atomic
bonds in the reactants and rearrangement and formation of new bonds to make the
products. Energy is involved in the breaking or forming of chemical bonds in a system,
which can be either absorbed or evolved from the system. Thus, the generation or
absorption of heat occurs when two substances are mixed to produce a solution. The
total amount of heat evolved or absorbed during mixing process at constant pressure is
known as heat of mixing or enthalpy of mixing. In the case of ideal mixing, the heat of
mixing is zero where as it is positive or negative in non-ideal solution depending upon
the interaction of constituent particles. The magnitude of enthalpy of mixing of a system
is therefore a measure of its deviation from ideal behavior; the closer the enthalpy of
mixing to zero, the more ideal the mixture’s behavior becomes. Mixing is endothermic
when the heat of mixing is positive, and exothermic when the heat of mixing is negative.
Thus the heat of mixing of binary liquid alloy is a significant thermodynamic function
that reveals the nature and strength of bonding of the liquid alloy (Pelton & Blander,
1986; Yang et al., 2009; Dębski et al., 2014).

The enthalpy of mixing of binary liquid alloys can be expressed in terms of free energy
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of mixing by standard thermodynamic relation as

𝐻M = 𝐺M − 𝑇
(
𝜕𝐺M
𝜕𝑇

)
𝑃

or,

𝐻M
𝑅𝑇

=
𝐺M
𝑅𝑇

− 1
𝑅

(
𝜕𝐺M
𝜕𝑇

)
𝑃

(3.56)

Substituting the value of 𝐺M from Equation (3.54) to Equation (3.56), we get

𝐻M
𝑅𝑇

=𝛹

[
𝜔

𝑘B𝑇
− 1
𝑘 B

𝜕𝜔

𝜕𝑇

]
+𝛹𝐴𝐵

[
Δ𝜔𝐴𝐵

𝑘B𝑇
− 1
𝑘 B

𝜕 (Δ𝜔𝐴𝐵)
𝜕𝑇

]
+𝛹𝐴𝐴

[
Δ𝜔𝐴𝐴

𝑘B𝑇
− 1
𝑘 B

𝜕 (Δ𝜔𝐴𝐴)
𝜕𝑇

]
+𝛹𝐵𝐵

[
Δ𝜔𝐵𝐵

𝑘B𝑇
− 1
𝑘 B

𝜕 (Δ𝜔𝐵𝐵)
𝜕𝑇

] (3.57)

3.1.3 Activity

The deviation of an alloy from ideal behavior in terms of constituent atoms can be
explained by activity. The varied thermodynamic and structural features may also
be represented and discussed using activity as a foundation. It is the fundamental
thermodynamic function that may be acquired from experiments such as electromotive
force, vapour pressure, chemical equilibria etc. (Okajima & Sakao, 1968; Tripathi &
Chandrasekharaiah, 1983; Zajaczkowski & Botor, 1995).

Since the integral value can be divided in to partial values, the Gibbs free energy of
mixing of an alloy can be expressed in terms of partial Gibbs energies 𝐺𝐴 and 𝐺𝐵 of
components as:

𝐺M = 𝐶𝐴𝐺𝐴 + 𝐶𝐵𝐺𝐵 = (1 − 𝐶𝐵)𝐺𝐴 + 𝐶𝐵𝐺𝐵 (3.58)

where 𝐶𝐴 = 𝐶 is concentration of first element 𝐴 and 𝐶𝐵 = 1 − 𝐶 is concentration of
second element 𝐵 of binary liquid alloy. Differentiating with respect to 𝐶𝐵

𝜕𝐺M
𝜕𝐶𝐵

= 𝐺𝐵 − 𝐺𝐴 + 𝐶𝐴
𝜕𝐺𝐴

𝜕𝐶𝐵
+ 𝐶𝐵

𝜕𝐺𝐵

𝜕𝐶𝐵
(3.59)

From Gibbs-Duhem relation, (Darken, 1950), 𝐶𝐴𝜕𝐺𝐴 + 𝐶𝐵𝜕𝐺𝐵 = 0. Therefore,

𝐺𝐵 = 𝐺M + 𝜕𝐺M
𝜕𝐶𝐵

(1 − 𝐶𝐵) (3.60)
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In general,

𝐺𝑖 = 𝐺M + 𝜕𝐺M
𝜕𝐶𝑖

(1 − 𝐶𝑖) (3.61)

The partial free energy is related to the activity of component of a binary liquid alloy
as (Singh & Sommer, 1997):

𝐺𝑖 = 𝑅𝑇 ln 𝑎𝑖 (3.62)

where 𝑎𝑖 is activity of 𝑖th component of the alloy. From Equations (3.61) and (3.62), we
get

𝑅𝑇 ln 𝑎𝑖 = 𝐺M + 𝜕𝐺M
𝜕𝐶𝑖

(1 − 𝐶𝑖) (3.63)

Substituting the values of 𝐺M from Equation (3.54) in Equation (3.61), the activities of
components 𝐴 and 𝐵 of the alloy are found as:

ln 𝑎𝐴 =
𝐺M
𝑅𝑇

+ 1 − 𝐶𝐴
𝑘B𝑇

[
(1 − 2𝐶𝐴)𝜔 + Δ𝜔𝐴𝐵𝛹

′

𝐴𝐵 + Δ𝜔𝐴𝐴𝛹
′

𝐴𝐴 + Δ𝜔𝐵𝐵𝛹
′
𝐵𝐵 + ln

𝐶𝐴

𝐶𝐵

]
(3.64)

ln 𝑎𝐴 =
𝐺M
𝑅𝑇

− 𝐶𝐴

𝑘B𝑇

[
(1 − 2𝐶𝐴)𝜔 + Δ𝜔𝐴𝐵𝛹

′

𝐴𝐵 + Δ𝜔𝐴𝐴𝛹
′

𝐴𝐴 + Δ𝜔𝐵𝐵𝛹
′
𝐵𝐵 + ln

𝐶𝐴

𝐶𝐵

]
(3.65)

where𝛹 ′
𝑖 𝑗

is first concentration derivative of𝛹𝑖 𝑗 .

3.1.4 Entropy of Mixing

The knowledge of entropy of mixing of liquid alloy is considered a major factor required
to specify the equilibrium state of system. The entropy of mixing or the increase in
uncertainty about the positions of molecules when they are intermingled, is valuable
because it offers information about structural changes that occur as a result of mixing.
Basically, it reflects the energy transfer between the atoms in the melt. The value of
entropy of mixing of an alloy at given temperature can be used to examine the deviation
in the nature of mixing of an alloy from regular behavior (Tanaka et al., 1990; Bhuiyan
et al., 2009). Thus, measuring the entropy of mixing quantitatively is crucial for a
comprehensive understanding of mixing of metals in binary liquid alloys.

In order to derive the relation of entropy of mixing 𝑆M, let us start from following standard
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thermodynamic relation.

𝑆M = −
(
𝜕𝐺M
𝜕𝑇

)
𝑃

(3.66)

Substituting the value of 𝐺M from Equation (3.54) to Equation (3.66), we get

𝑆M = − 𝑅
[
𝛹

1
𝑘B

𝜕𝜔

𝜕𝑇
+𝛹𝐴𝐵

1
𝑘B

𝜕Δ𝜔𝐴𝐵

𝜕𝑇
+𝛹𝐴𝐴

1
𝑘B

𝜕Δ𝜔𝐴𝐴

𝜕𝑇

+𝛹𝐵𝐵
1
𝑘B

𝜕Δ𝜔𝐵𝐵

𝜕𝑇
− 𝐶 ln𝐶 − (1 − 𝐶) ln(1 − 𝐶)

] (3.67)

3.1.5 Concentration Fluctuation in Long Wavelength Limit

The structure factor is critical in studying the structure of a crystal since it is the sole
factor that provides information about atomic locations. The structure factor of a basis is
given as: (Kittel, 1966),

𝑆 =
∑︁
𝑗

𝑓 𝑗 exp(−𝑖 ®𝐺. ®𝑟 𝑗 ) (3.68)

where 𝑓 𝑗 is atomic scattering factor of 𝑗 th atom, G is reciprocal lattice vector and 𝑟 𝑗 is
position of the 𝑗 th atom.

Bhatia & Thornton (1970) showed that the structure factor for a binary alloy may be
represented in 𝑞 space in terms of three partial structure factors 𝑆𝑁𝑁 (𝑞), 𝑆CC(𝑞) and
𝑆𝑁𝐶 (𝑞) using the weak scattering approximation and the Van Hove (1954)) correlation-
function approach.

𝑆𝑁𝑁 (𝑞) = 1 + 𝜌0

∫
(𝑔𝑁𝑁 (𝑟) − 1) exp(−𝑖 ®𝑞.®𝑟) ®𝑑𝑟 (3.69)

𝑆CC(𝑞) = 𝐶𝐴𝐶𝐵 + 𝜌0

∫
𝑔CC(𝑟) exp(−𝑖 ®𝑞.®𝑟) ®𝑑𝑟 (3.70)

𝑆𝑁𝐶 (𝑞) = 1 + 𝜌0

∫
𝑔𝑁𝐶 (𝑟) exp(−𝑖 ®𝑞.®𝑟) ®𝑑𝑟 (3.71)

where 𝑔𝑁𝑁 (𝑟), 𝑔CC(𝑟) and 𝑔𝑁𝐶 (𝑟) are radial distribution function and 𝜌0 is number
density of particles.

At 𝑞 → 0, the structure factor 𝑆𝑁𝑁 (0) represents the mean square fluctuation in the particle
number where as, 𝑆CC(0) represents the mean square fluctuation in the concentration.
Similarly, 𝑆𝑁𝐶 (0) stands for the correlation between these two fluctuations. The partial
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structure factors at this condition can be expressed as:

𝑆𝑁𝑁 (0) = ⟨(Δ𝑁)2⟩/𝑁 (3.72)

𝑆CC(0) = 𝑁 ⟨(Δ𝐶𝐴)2⟩ (3.73)

𝑆𝑁𝐶 (0) = 𝑁 ⟨(Δ𝑁Δ𝐶𝐴)2⟩ (3.74)

where (Δ𝑁)2 is the mean square fluctuation in the number of particles in the given
element of volume 𝑉 , (Δ𝐶𝐴)2 is the mean square fluctuation in the concentration and
< Δ𝑁Δ𝐶𝐴 > is correlation between the two fluctuations. Δ𝑁 and Δ𝐶𝐴 are expressed as
(Bhatia & Thornton, 1970):

Δ𝑁 = Δ𝑁𝐴 + Δ𝑁𝐵 (3.75)

𝑁Δ𝐶𝐴 = 𝐶𝐵Δ𝑁𝐴 − 𝐶𝐴Δ𝑁𝐵 (3.76)

Here, Δ𝑁𝐴 and Δ𝑁𝐵 represent the instantaneous deviation from mean number of atoms
𝑁𝐴 and 𝑁𝐵 respectively. The mean square fluctuation in the concentration (Δ𝐶𝐴)2 in
binary mixture can be expressed as the second concentration derivative of Gibbs free
energy (Bhatia & Thornton, 1970; March & Tosi, 1976) as:

⟨(Δ𝐶𝐴)2⟩ = 1
𝑁

[
𝑁𝑘B𝑇

𝜕2𝐺M/𝜕𝐶2
𝐴

]
𝑇,𝑃,𝑁

(3.77)

From Equations (3.73) and (3.78), the concentration fluctuation in long wavelength limit
(𝑆CC(0)) is expressed by following expression

𝑆CC(0) =
[

𝑁𝑘B𝑇

𝜕2𝐺M/𝜕𝐶2
𝐴

]
𝑇,𝑃,𝑁

(3.78)

The concentration fluctuation in long wavelength limit is also related to the observed
activities of components of binary alloys (Singh & Mishra, 1988) as given below.

𝑆CC(0) = 𝐶𝐵𝑎𝐴

[(
𝜕𝑎𝐴

𝜕𝐶𝐴

)
𝑇,𝑃,𝑁

]−1

= 𝐶𝐴𝑎𝐵

[(
𝜕𝑎𝐵

𝜕𝐶𝐵

)
𝑇,𝑃,𝑁

]−1

(3.79)

Substituting the value of 𝐺M from Equation (3.54) to Equation (3.78), the expression for
the concentration fluctuation in long wavelength limit can be expressed as below,

𝑆CC(0) =
𝐶 (1 − 𝐶)

1 + 𝐶 (1 − 𝐶)
(
−2 𝜔

𝑘B𝑇
+𝛹 ′′

𝐴𝐵

Δ𝜔𝐴𝐵

𝑘B𝑇
+𝛹 ′′

𝐴𝐴

Δ𝜔𝐴𝐴

𝑘B𝑇
+𝛹 ′′

𝐵𝐵
Δ𝜔𝐵𝐵

𝑘B𝑇

) (3.80)

where𝛹 ′′
𝑖 𝑗

are second concentration derivatives of𝛹𝑖 𝑗 .
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If there is no interaction between the constituent particles or for the ideal case, Equa-
tion (3.80) can be written as:

𝑆id
CC(0) = 𝐶 (1 − 𝐶) (3.81)

For the theoretical study of local arrangement of constituent particles in the binary
liquid alloy, the 𝑆id

CC(0) is considered as reference value. For given temperature and
pressure, if the value of 𝑆CC(0) is less than 𝑆id

CC(0), there is pairing of unlike atoms
(heterocoordinating) in the alloys and if the value of 𝑆id

CC(0) is greater than 𝑆CC(0), there
is pairing of like atoms together (homocoordinating). The heterocoordinating condition
of the alloy is called ordering whereas the homocoordinating condition of the alloy is
called segregating.

3.1.6 Chemical Short Range Order Parameter

Chemical Short range order parameter or the Warren-Cowley short range order parameter
(Cowley, 1950; Warren, 1969) is important for gaining a better understanding of the
degree of ordering in binary liquid alloys as it quantifies the degree of chemical ordering
of binary liquid alloy and refers to the regular and predictable arrangement of atoms over
a short distance, often on the order of few nearest neighbor spacing.

The conditional probability of finding A atoms as nearest neighbour of a B atom is given
as (Cowley, 1950; Warren, 1969):

𝑝𝐴/𝐵 = 𝐶𝐴 (1 − 𝛼1) or 𝛼1 = 1 −
𝑝𝐴/𝐵
𝐶𝐴

(3.82)

When 𝑝𝐴/𝐵 = 1, 𝛼1 =
−(1−𝐶𝐴)
𝐶𝐴

= −𝐶𝐵

𝐶𝐴
and when 𝑝𝐴/𝐵 = 0, 𝛼1 = 1.

Maximum probability occurs at equiatomic composition where the value of 𝛼1 is −1.
Thus the minimum and maximum values of 𝛼1 are respectively −1 and +1. Hence it
can be concluded that the negative value of 𝛼1 gives the information of ordering nature
of an alloy and it is complete for 𝛼1 = −1. Similarly, the positive value of 𝛼1 indicates
segregating nature which is complete for 𝛼1 = −1. If 𝛼1 = 0, then there is complete
randomness of arrangement of the atoms in the alloy.

By taking probabilistic approach, the values of 𝛼1 are found to be in the range

− 𝐶𝐴

1 − 𝐶𝐴
≤ 𝛼1 ≤ 1 𝐶𝐴 ≤ 1

2
(3.83)

− 1 − 𝐶𝐴
𝐶𝐴

≤ 𝛼1 ≤ 1 𝐶𝐴 ≥ 1
2

(3.84)

If 𝑋𝑖 𝑗 is the generalized probability that one lattice site of nearest neighbour pair is

32



occupied by an 𝑖 atom and other by a 𝑗 atom, then from Equation (3.18) (Bhatia & Singh,
1982; Singh, 1987),

𝑋𝐴𝐵 =
2𝜁𝐴𝜁𝐵 (𝜙𝐴𝜙𝐵) (𝑍−1) 𝜚𝐴𝐵

Ξ
′2
1

(3.85)

𝑋𝐴𝐴 =
2𝜁2

𝐴
𝜙

2(𝑍−1)
𝐴

𝜚𝐴𝐴

Ξ
′2
1

(3.86)

𝑋𝐵𝐵 =
𝜁2
𝐵
𝜙

2(𝑍−1)
𝐴

𝜚𝐵𝐵

Ξ
′2
1

(3.87)

From Equations (3.27), (3.85), (3.86) and (3.87),

𝜆2 =
𝑋𝐴𝐴𝑋𝐵𝐵

𝑋2
𝐴𝐵

(3.88)

From the normalization condition,

𝑋𝐴𝐴 + 𝑋𝐵𝐵 + 𝑋𝐴𝐵 + 𝑋𝐵𝐴 = 1 (3.89)

Solving Equations (3.23), (3.85),(3.86) and (3.87) we get

𝑋𝐴𝐵 = 𝐶 − 𝑋𝐴𝐴 = (1 − 𝐶) − 𝑋𝐵𝐵 (3.90)

Similarly, by solving Equations (3.88) and (3.90), we get

𝑋𝐴𝐵 =
2𝐶 (1 − 𝐶)
𝛽 + 1

(3.91)

The relation between generalized probability and conditional probability is given as
(Bhatia & Singh, 1982):

𝑋𝐴𝐵 = (1 − 𝐶)𝑝𝐴/𝐵 or 𝑋𝐴𝐵 = 𝐶 (1 − 𝐶) (1 − 𝛼1) (3.92)

From the Equations (3.91) and (3.92),

𝛼1 =
𝛽 − 1
𝛽 + 1

(3.93)

The relation between 𝑆CC(0) and 𝛼1 is obtained by taking the second derivative of Gibbs
free energy with respect to concentration using Equation (3.78) and then using Equations
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(3.40) and (3.93) as given below (Singh, 1987):

𝑆CC(0) = 𝐶 (1 − 𝐶) (1 + 𝛼1) [1 − (𝑍 − 1)𝛼1]−1

𝛼1 =
𝑆 − 1

𝑆(𝑍 − 1) + 1
(3.94)

where

𝑆 =
𝑆CC(0)
𝑆id

CC(0)
(3.95)

3.2 Transport Property

According to Seetharaman & Sichen (1994), viscous flow in liquids may be thought of
as a thermally activated process in which an atom in metallic melts must overcome an
energy barrier in order to migrate to a nearby unoccupied site. Based on this assumption
they developed an equation of viscosity of alloy as:

𝜂 =
ℎ𝑁A𝐷

𝑀
exp

Δ𝐺∗

𝑅𝑇
(3.96)

where

ℎ = Plancks constant

𝑁A = Avogadro number

𝐷 = density of the alloy

𝑀 = molecular weight of the alloy

Δ𝐺∗ = Gibbs activation energy of viscous flow

In the case of binary liquid alloys the molecular weight and density of the alloy can be
expressed as:

𝑀 = 𝐶𝐴𝑀𝐴 + 𝐶𝐵𝑀𝐵 (3.97)

𝐷 = 𝐶𝐴𝐷𝐴 + 𝐶𝐵𝐷𝐵 (3.98)

where 𝑀𝑖 and 𝐷𝑖 are the molecular weight and the density of components of the alloy
respectively. Similarly, Gibbs activation energy of viscous flow (Δ𝐺∗) due to mutual
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interaction between different components is expressed as:

Δ𝐺∗ = 𝐶𝐴Δ𝐺
∗
𝐴 + 𝐶𝐵Δ𝐺

∗
𝐵 + 𝐺M + 3𝑅𝑇𝐶𝐴𝐶𝐵

= 𝐶𝐴Δ𝐺
∗
𝐴 + 𝐶𝐵Δ𝐺

∗
𝐵 + 𝐻M − 𝑇𝑆Xs

M

+ 𝑅𝑇 (𝐶𝐴 ln𝐶𝐴 + 𝐶𝐵 ln𝐶𝐵) + 3𝑅𝑇𝐶𝐴𝐶𝐵 (3.99)

where 𝑆Xs
M is excess entropy of mixing.

Kaptay (2003) pointed certain limitations and hence suggested to improve following
points.

1. The ratio 𝑀/𝐷 should be replaced by molar volume 𝑉 , as this quantity varies
linearly with mole fractions. The molar volume of the binary liquid alloys can be
expressed as below:

𝑉 = 𝐶𝐴𝑉𝐴 + 𝐶𝐵𝑉𝐵 + Δ𝑉Xs (3.100)

where 𝑉𝑖 is the molar volume of pure metal at given temperature and Δ𝑉Xs is the
excess molar volume upon alloy formation.

2. The major thermodynamic property that determines the activation of energy of the
alloy is enthalpy of mixing. Thus third, fourth and fifth terms in Equation (3.99)
can be excluded.

3. The enthalpy of mixing expresses the change in the cohesion energy upon alloying
and when it is negative, the atoms in the alloy are bonded to each other and hence
viscous flow is expected to be higher than in an ideal solution and vice versa. Thus
this term should be written with a negative sign. In such situation, Equation (3.99)
can be written as:

𝜂 =
ℎ𝑁A

𝐶𝐴𝑉𝐴 + 𝐶𝐵𝑉𝐵 + Δ𝑉Xs exp
(
𝐶𝐴Δ𝐺

∗
𝐴
+ 𝐶𝐵Δ𝐺∗

𝐵
− 𝐻M

𝑅𝑇

)
(3.101)

But during the viscous flow, only tiny part of cohesive energy (𝛼) is broken at each
step. It is computed by taking the average ratio of activation energy of viscous
flow to the cohesion energy and hence the value of 𝛼 is 0.155 ± 0.015 (Kaptay,
2003; Kaptay et al., 2003). Now, the equation of viscosity of binary alloy takes the
following form:

𝜂 =
ℎ𝑁A

𝐶𝐴𝑉𝐴 + 𝐶𝐵𝑉𝐵 + Δ𝑉Xs exp
(
𝐶𝐴Δ𝐺

∗
𝐴
+ 𝐶𝐵Δ𝐺∗

𝐵
− 𝛼𝐻M

𝑅𝑇

)
(3.102)
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The Gibbs activation energy of viscous flow of 𝑖th component can be expressed as:

Δ𝐺𝑖
∗ = 𝑅𝑇 ln

(
𝜂𝑖𝑉𝑖

ℎ𝑁A

)
(3.103)

where 𝜂𝑖 is the viscosity of 𝑖th component of the alloy and the variation of viscosity
with temperature for metals is given as (Brandes & Brook, 2013):

𝜂𝑖 = 𝜂0 exp
∋
𝑅𝑇

(3.104)

where 𝜂0 and ∋ are constants with units of viscosity and energy per mole respectively.

3.3 Surface Properties

The surface properties of binary liquid alloys, such as surface tension and surface
concentration insight the information on several important properties such as mechanical
behavior, kinetics of phase transformation and so on. Butler’s equation, as improved by
Kaptay (2019), has been used to calculate the surface tension and surface concentration
of binary liquid alloys.

In the Butler’s equation of surface tension (Butler, 1932), the partial surface tension of
components is added without being clearly specified (Kaptay, 2015; Korozs & Kaptay,
2017; Kaptay, 2019). As a result, it necessitates the refinement of Butler’s surface tension
equation in order to illustrate the formal thermodynamic relationship between the partial
surface tension of different components of solution and the surface tension of the same
solution. The mathematical working expression for improved Butler’s equation is shown
below.

Consider a system with two bulk phases: a liquid phase (L) and an equilibrium vapour
phase (V), separated by a planar surface (S). The system contains various parts that are
collectively referred to as ‘𝑖’ throughout both phases. The three terms given below define
the chemical potential of the bulk liquid phase.

𝜇𝑖,b = 𝜇0
𝑖,b + 𝑅𝑇 ln𝐶𝑖,b + Δ𝐺Xs

𝑖,b (3.105)

where, 𝜇0
𝑖,b is the bulk chemical potential of pure liquid, Δ𝐺Xs

𝑖,b is the excess partial molar
Gibbs energy of component i in the bulk liquid phase.

The following fundamental Gibbs equation is valid for planar surfaces (Gibbs, 1928).

𝑑𝐺s =
∑︁

𝜇𝑖,s𝑑𝑛𝑖,s + 𝜎𝑑𝐴 (3.106)

where𝐺s is the Gibbs energy of the surface region. 𝜇𝑖,s and 𝑛𝑖,s are the chemical potential
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and amount of 𝑖th component in the surface region, 𝐴 is the surface area between the two
bulk phases. For the surface region , the Gibbs energy is

𝐺s = 𝐺 − 𝐺b (3.107)

where 𝐺 and 𝐺b are Gibbs energies of the system and bulk phases respectively. Similarly
total amount of matter in the surface region is

𝑛𝑖,s = 𝑛𝑖 − 𝑛𝑖,b (3.108)

According to Gibbs (1928), the surface tension of solution is

𝜎 =

(
𝜕𝐺s
𝜕𝐴

)
𝑇,𝑃,𝑛𝑖.s

(3.109)

The chemical potential of the 𝑖th component in the surface region can be defined from
Equation (3.106) as follows.

𝜇𝑖,s =

(
𝜕𝐺s
𝜕𝑛𝑖,s

)
𝑇,𝑃,𝑛 𝑗≠𝑖,𝑠

− 𝑆𝑖𝜎 (3.110)

where 𝑆𝑖 is partial molar surface area of 𝑖th component in the liquid mixture. It is
expressed as:

𝑆𝑖 =

(
𝜕𝐴

𝜕𝑛𝑖,s

)
𝑇,𝑃,𝑛 𝑗≠𝑖,𝑠

(3.111)

In the Equation (3.110), the term 𝜕𝐺s
𝜕𝑛𝑖,s

is reduced chemical potential of 𝑖𝑡ℎ component in
the surface means chemical potential without the term 𝑆𝑖𝜎. Let us represent it by 𝜇∗

𝑖,s.
Thus, Equation (3.110) can be rewritten as:

𝜇𝑖,s = 𝜇
∗
𝑖,s − 𝑆𝑖𝜎 or 𝜎 =

𝜇∗
𝑖,s − 𝜇𝑖,s
𝑆𝑖

(3.112)

The reduced chemical potential 𝜇∗
𝑖,s can be expressed similar to Equation (3.105) as:

𝜇∗𝑖,s = 𝜇
0∗
𝑖,s + 𝑅𝑇 ln𝐶𝑖,s + Δ𝐺Xs

𝑖,s (3.113)

At equilibrium condition, the chemical potential of same component is same in all phases.
Thus,

𝜇𝑖 = 𝜇𝑖,b = 𝜇𝑖,s (3.114)
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Solving Equations (3.105), (3.112), (3.113) and (3.114), the surface tension can be
expressed as:

𝜎 =
𝜇0∗
𝑖,s − 𝜇0

𝑖,s

𝑆𝑖
+ 𝑅𝑇
𝑆𝑖

ln
𝐶𝑖,s

𝐶𝑖,b
+
𝐺Xs
𝑖,s − Δ𝐺Xs

𝑖,b

𝑆𝑖
(3.115)

If we substitute 𝐶𝑖,b = 𝐶𝑖,s = 1 in Equation (3.115) then the surface tension of pure 𝑖th

component (𝜎0
𝑖
) becomes:

𝜎0
𝑖 =

𝜇0∗
𝑖,s − 𝜇0

𝑖,s

𝑆0
𝑖

(3.116)

where 𝑆0
𝑖

is the molar surface area of pure 𝑖th component when the whole system is made
up of only one component. Now, from Equations (3.115) and (3.116) we get

𝜎 = 𝜎0
𝑖

𝑆0
𝑖

𝑆𝑖
+ 𝑅𝑇
𝑆𝑖

ln
𝐶𝑖,s

𝐶𝑖,b
+
Δ𝐺Xs

𝑖,s − Δ𝐺Xs
𝑖,b

𝑆𝑖
(3.117)

For a liquid metal, the molar surface area can be expressed as (Kaptay, 2008, 2015, 2018):

𝑆0
𝑖 = 𝑓 (𝑉0

𝑖 )2/3(𝑁av)2/3 (3.118)

where, 𝑉0
𝑖

is the molar volume of pure component and 𝑓 is geometrical constant. The
geometrical constant is given as:

𝑓 =

(
3 𝑓V
4

)2/3
𝜋1/3

𝑓S
(3.119)

where 𝑓V and 𝑓S respectively are volume and surface packing fraction. For liquid metal,
the values of 𝑓V and 𝑓S are 0.66 and 0.906 respectively (Kaptay, 2008). In the case of
binary liquid alloys, Equation (3.117) can be rewritten as:

𝜎 = 𝜎0
𝐴

𝑆0
𝐴

𝑆𝐴
+ 𝑅𝑇
𝑆𝐴

ln
𝐶𝐴,s

𝐶𝐴,b
+
Δ𝐺Xs

𝐴,s − Δ𝐺Xs
𝐴,b

𝑆𝐴

= 𝜎0
𝐵

𝑆0
𝐵

𝑆𝐵
+ 𝑅𝑇
𝑆𝐵

ln
𝐶𝐵,s

𝐶𝐵,b
+
Δ𝐺Xs

𝐵,s − Δ𝐺Xs
𝐵,b

𝑆𝐵
(3.120)

The bulk partial excess free energy of components (Δ𝐺Xs
𝑖,b) of the liquid alloy required to

compute surface properties of the alloy at different temperatures can be determined by
using activity of each component by following relation.

Δ𝐺Xs
𝑖,b = 𝑅𝑇 ln

(
𝑎𝑖

𝐶𝑖

)
(3.121)
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, we describe our study and offer the key findings. As we are dealing with
properties of four different types of binary alloys of type 𝐴𝜇𝐵𝜈, the results and discussion
of each problem are separately presented sectionally for simplicity as follows:

4.2 Free Energy of Mixing of Binary Liquid Alloys

We have derived the mathematical framework for the Quasi-Chemical Approximation in
the previous chapter to analyze the thermodynamic characteristics of binary liquid alloys.
We also came up with an equation for the free energy of mixing. Before employing the
expression to compute free energy of mixing as a function of concentration for preferred
binary liquid alloys, we explain the impact of interaction energy parameters on the free
energy of mixing.

4.2.1 Significance of Energy Parameters on the Free Energy of Mixing

The compound forming tendency in the binary liquid alloys is caused by the existence
of chemical short range order where unlike atom interaction between the components
of alloys is preferred than that of like atoms. In such circumstances, the interaction
energies between such atomic pairs are lower than the others and hence these atomic
pair configurations are more energetically favorable. The expression for free energy
of mixing given in the Equation (3.54) demonstrates that it is also a function of both
temperature and interaction energy parameters. If temperature is kept constant, the
interaction energy parameters (𝜔 and Δ𝜔𝑖 𝑗 ) are taken to be the fundamental inputs for the
estimation of various thermodynamic properties of the alloys under the Quasi-Chemical
Approximation. The interpretation about the impact of these parameters on the free
energy of mixing is associated with initial process of assessing them using modelling
equations as mentioned in the previous chapter. It is found that if a complex is to be
formed, 𝜔 has negative value. The parameters 𝜔 and Δ𝜔𝑖 𝑗 have been calculated by the
successive approximation and using the experimental values as free parameters. In the
course of our calculation, it is found that Δ𝜔𝑖 𝑗 have minor influence in most of the cases
as compared to the parameter 𝜔.

In the case of compound forming binary liquid alloys, the value of free energy (𝐺M) is

39



positive with positive value of 𝜔 and negative with negative value of 𝜔 when Δ𝜔𝑖 𝑗 are
kept zero. As we increase the negative value of𝜔, the negative value of𝐺M also increases.
Similarly negative value of Δ𝜔𝑖 𝑗 gives negative value of 𝐺𝑀 and vice versa.The values
Δ𝜔𝑖 𝑗 may vary the magnitude and sign of 𝜔 (Prasad et al., 1998). However, during
fitting such interaction parameters in the the preferred compound forming binary liquid
alloys, the value of 𝜔 is always negative but Δ𝜔𝑖 𝑗 may take any value indicating that it
has less significant effect than that of 𝜔. If 𝜔 is more negative then Δ𝜔𝑖 𝑗 may take the
positive value for negative value of 𝐺M . Thus, the sign and magnitude of 𝜔 may be used
to understand the fundamental idea of attractive or repulsive interactions between the
atoms of the components of the alloy in the melt. Its negative value indicates that the
respective species are attracted to one another, whilst its positive value indicates that they
are repelled by each other.

4.2.2 Results for Na-Hg, Pb-Mg, Bi-Tl and Cu-Al Liquid Alloys

In this section, we evaluate the interaction energy parameters and present the findings
of the free energy of mixing as a function of concentration for Na-Hg, Pb-Mg, Bi-Tl
and Cu-Al binary liquid alloys. Similarly for the validity of modelled equation we
compare computed results with experimental results (Hultgren et al.,1973) at about
melting temperatures of the alloys.

4.2.2.1 Gibbs Free Energy of Mixing of Na-Hg Liquid Alloy at 673 K

The phase diagram of Na-Hg liquid alloy (Hultgren et al., 1973; Morachevskii,2014)
indicates that the NaHg2 is one of the stable intermetallic complex in the solid state.
Hence by assuming NaHg2 complex, the values of interaction energy parameters are
evaluated by successive approximation method with the help of experimental values of
Gibbs free energy of mixing (Hultgren et al., 1973) at 673 K in the concentration range
𝐶Na = 0.1 to 𝐶Na = 0.9. The results of the calculation show that the interaction energy
parameters of Na-Hg liquid alloy at aforementioned temperature are (Panthi, Bhandari, &
Koirala, 2021)

𝜔

𝑘B𝑇
= −10.524 ,

Δ𝜔𝐴𝐵

𝑘B𝑇
= 2.714 and

Δ𝜔𝐵𝐵

𝑘B𝑇
= 9.987

Now using such interaction energy parameters and values of𝛹𝑖 𝑗 for 𝜇 = 1 and 𝜈 = 2 from
Equation (3.49) to Equation (3.54), the free energy of mixing (𝐺M/(𝑅𝑇)) of the alloy is
computed. The free energy of mixing thus computed and experimental values are listed in
Table 2 and plotted against concentration of sodium (𝐶Na) as shown in the Figure 5 . The
minimal value of the free energy of mixing (= −3.102) found at 𝐶Na = 0.4 (at the vicinity
of compound forming concentration 𝐶𝐶 = 𝜇/(𝜇 + 𝜈) = 1/(1 + 2) = 0.33 of Na) shows
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that the alloy is asymmetric about the equi-atomic composition 𝐶Na = 0.5. The computed
values and experimental values exhibit good agreement between them. The negative
value of 𝜔/(𝑘B𝑇) reveals that Na and Hg are attracted to each other and hence form
complex in the liquid mixture. Thus it can be understood from the theoretical calculations
of the free energy of mixing that the alloy Na-Hg in the liquid state is interacting and
hence shows tendency of compound formation.

Table 2: Free energy of mixing for liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na Free energy of mixing (𝐺M/𝑅𝑇)
𝐶Na Theoretical Experimental*
0.1 −1.404 −1.354
0.2 −2.323 −2.292
0.3 −2.872 −2.872
0.4 −3.102 −3.126
0.5 −3.056 −3.084
0.6 −2.775 −2.776
0.7 −2.300 −2.275
0.8 −1.670 −1.650
0.9 −0.914 −0.914

*Hultgren et al. (1973)
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Figure 5: Free energy of mixing versus concentration of Na for Na-Hg liquid alloy at 673 K.

4.2.2.2 Gibbs Free Energy of Mixing of Pb-Mg Liquid Alloy at 973 K

The phase diagram ( Hultgren et al., 1973) shows that PbMg2 is one of the most stable
intermetallic complexes in solid state. As a result, using this complex as a foundation,
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we estimated the interaction parameters and were able to compute the composition
dependent free energy of mixing based on the Quasi-Chemical Approximation. By using
experimental values of the Gibbs free energy of mixing (Hultgren et al., 1973) at 973 K in
the concentration range 𝐶Pb = 0.1 to 𝐶Pb = 0.9, the values of the interaction parameters
are assessed. The approximate values of the energy parameters are

𝜔

𝑘B𝑇
= −5.779 ,

Δ𝜔𝐴𝐵

𝑘B𝑇
= 2.808 and

Δ𝜔𝐵𝐵

𝑘B𝑇
= 4.984

Table 3: Free energy of mixing for liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb Free energy of mixing (𝐺M/𝑅𝑇)
𝐶Pb Theoretical Experimental*
0.1 −0.875 −0.882
0.2 −1.406 −1.419
0.3 −1.706 −1.723
0.4 −1.819 −1.830
0.5 −1.777 −1.784
0.6 −1.609 −1.610
0.7 −1.339 −1.344
0.8 −0.987 −0.986
0.9 −0.560 −0.558

*Hultgren et al. (1973)
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Figure 6: Free energy of mixing versus concentration of Pb for Pb-Mg liquid alloy at 973 K.

After finding such interaction parameters and following same procedure as mentioned in
Subsection 4.2.2.1,the free energy of mixing 𝐺M/𝑅𝑇 of Pb-Mg liquid alloy at 973 K is
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computed. The computed and experimental values of free energy of mixing are shown
in Table 3. The plots of the theoretical and experimental values of 𝐺M/𝑅𝑇 versus
concentration of lead (𝐶Pb) are shown in Figure 6. Both the computed and experimental
values of free energy of mixing are in good agreement.The theoretical value of free energy
of mixing is minimum −1.819 at 𝐶Pb = 0.4 which is nearly same with experimental value
−1.830. From these negative values of free energy of mixing, it can be said that the alloy
system is weakly interacting.

4.2.2.3 Gibbs Free Energy of Mixing of Bi-Tl Liquid Alloy at 750 K

The phase diagram of Bi-Tl alloy (Okamoto and Massalski ,1990) indicates that the BiTl3
is one of the stable intermetallic complex in the solid state. Hence by assuming this
complex, the values of interaction parameters are evaluated by successive approximation
method with the help of experimental values of Gibbs free energy of mixing (Hultgren
et al., 1973) at 750 K in the concentration range 𝐶Tl = 0.1 to 𝐶Tl = 0.9. The results
of the calculation show that the interaction energy parameters of Bi-Tl liquid alloy at
aforementioned temperature are

𝜔

𝑘B𝑇
= −1.084 ,

Δ𝜔𝐴𝐵

𝑘B𝑇
= −3.660 and

Δ𝜔𝐵𝐵

𝑘B𝑇
= 1.493

The value of 𝐺M/𝑅𝑇 for the Bi-Tl liquid alloy at 750 K is now calculated from Equation
(3.54) using these interaction energy parameters and the values of𝛹𝑖 𝑗 for 𝜇 = 1 and 𝜈 = 3
as determined by Equation (3.50). The theoretically computed and experimental values
of 𝐺M/𝑅𝑇 are shown in Table 4 and the plots of the theoretical and experimental values
of 𝐺M/𝑅𝑇 versus concentration of Tl are shown in Figure 7.

Table 4: Free energy of mixing for liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

Concentration of Tl Free energy of mixing (𝐺M/𝑅𝑇)
𝐶Tl Theoretical Experimental*
0.1 −0.519 −0.486
0.2 −0.872 −0.844
0.3 −1.141 −1.126
0.4 −1.335 −1.331
0.5 −1.445 −1.445
0.6 −1.455 −1.455
0.7 −1.343 −1.343
0.8 −1.087 −1.086
0.9 −0.665 −0.657

*Hultgren et al. (1973)

The theoretical values of 𝐺M/𝑅𝑇 are in good agreement with experimental values
(Hultgren et al., 1973) within whole range of concentration of Tl. The minimum value
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of 𝐺M/𝑅𝑇 for Bi-Tl is −1.445 at 𝐶Tl = 0.6 which is exactly same with experimental
value. The less negative value of 𝐺M/𝑅𝑇 suggests that the alloy is weakly interacting,
nevertheless it shows complex nature. As the alloy exhibits asymmetry at an equiatomic
concentration of 𝐶Tl = 0.5, it is categorized as an irregular alloy.

-2.0

-1.5

-1.0

-0.5

0.0

0.0 0.2 0.4 0.6 0.8 1.0

G
M
/R
T

CTl

theoretical
experimental

Figure 7: Free energy of mixing versus concentration of Tl for Bi-Tl liquid alloy at 750 K.

4.2.2.4 Gibbs Free Energy of Mixing of Cu-Al Liquid Alloy at 1373 K

According to the phase diagram Hultgren et al. (1973), Cu3Al2 is one of the most
stable intermetallic complexes in the solid state. As a result, using this complex as a
foundation, the interaction parameters are estimated in order to compute the composition
dependent free energy of mixing based on the Quasi-Chemical Approximation. For this
the values of the interaction energy parameters are so evaluated at 1373 K that they offer
reasonable agreement with experimental results. The estimated values of interaction
energy parameters are given below:

𝜔

𝑘B𝑇
= −4.710 ,

Δ𝜔𝐴𝐵

𝑘B𝑇
= 26.942,

Δ𝜔𝐴𝐴

𝑘B𝑇
= −61.061 and

Δ𝜔𝐵𝐵

𝑘B𝑇
= −37.995

For the phase Cu3Al2, 𝜇 = 3 and 𝜈 = 2. So values of𝛹𝑖 𝑗 are taken from Equation (3.51)
and the values of 𝐺M/𝑅𝑇 are computed using Equation (3.54) with the help of above
mentioned interaction energy parameters.

The computed and experimental values of 𝐺M/𝑅𝑇 are shown in Table 5. The plots of the
theoretical and experimental values versus concentration of Cu are shown in Figure 8.

From the figure, it is observed that the computed and experimental values of 𝐺M/𝑅𝑇 are
in good agreement. The theoretical value of free energy 𝐺M/𝑅𝑇 of mixing is minimum
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i.e. −1.943 at 0.6 concentration of Cu. The negative value of 𝜔/𝑘B𝑇 and the theoretical
free energy of mixing indicate that at liquid state the alloy Cu-Al shows the compound
forming tendency but moderately interacting i.e. the tendency of compound formation is
not so strong. The alloy is classified as an irregular alloy since it shows asymmetry at
𝐶Cu = 0.5 equiatomic concentration.

Table 5: Free energy of mixing for liquid Cu-Al alloy at 1373 K for different concentrations of copper.

Concentration of Cu Free energy of mixing (𝐺M/𝑅𝑇)
𝐶Cu Theoretical Experimental*
0.1 −0.610 −0.632
0.2 −1.054 −1.088
0.3 −1.430 −1.450
0.4 −1.729 −1.723
0.5 −1.915 −1.895
0.6 −1.943 −1.939
0.7 −1.781 −1.798
0.8 −1.418 −1.439
0.9 −0.855 −0.865

*Hultgren et al. (1973)
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Figure 8: Free energy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.3 Enthalpy of Mixing of Binary Liquid Alloys

Enthalpy of mixing, which provides information on the kind and extent of bonding
between the constituent atoms of liquid alloys, has been identified as one of the important
thermodynamic features. Breaking of chemical bonds often occurs when two substances
are mixed to produce a solution. Heat can either be absorbed by or evolved from a system
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while breaking or forming chemical bonds. Thus the evolution or absorption of heat
typically occurs when two substances are mixed to form a solution which is known as
enthalpy of mixing or heat of formation. The interatomic attractions between the atoms
of constituent elements are generally considered as the main contributors to the enthalpy
of mixing. The enthalpy of mixing directly leads to the nature of binding in liquid
solutions. In an ideal solution, where atoms are randomly mixed at all temperatures, the
enthalpy of mixing is zero; however, in a non-ideal solution, it is an extra molar amount
that may be either positive or negative depending on how the atoms of the elements of
mixture interact. As a result, the magnitude of a system’s enthalpy of mixing serves as a
measure of how far away from ideal behavior it deviates; the closer to zero the enthalpy
of solution is, the more ideal the behavior of the solution is. Mixing is endothermic when
the enthalpy of mixing is positive and it is exothermic when the enthalpy of mixing is
negative.

The type of interaction among the constituent species of the alloys may be incorporated
into the theoretical knowledge of the enthalpy of mixing as a function of concentration.
Hence as discussed in Chapter 2, large number of theoreticians have long been interested
in the study of the enthalpy of mixing metal alloys and considerable effort has gone into
developing a theoretical approach to calculate the enthalpy of mixing of binary liquid
alloys. In the present work, we have used Quasi-Chemical Approximation (Bhatia &
Singh, 1982) to compute the concentration dependent enthalpy of mixing of four different
binary liquid alloys.

4.3.1 Results for Na-Hg, Pb-Mg, Bi-Tl and Cu-Al Liquid Alloys

In Chapter 3, the formula for the enthalpy of mixing binary liquid alloys has been
developed. It is obvious from Equation (3.57) that the interaction energy parameters and
temperature derivative interaction energy parameters are the fundamental inputs for the
computation of the enthalpy of mixing in Quasi-Chemical Approximation. In order to
preserve consistency, the interaction energy parameter values have been kept the same as
before but the approach of successive approximation on the basis of experimental values
of enthalpy of mixing (Hultgren et al., 1973) has been used to estimate the temperature
derivative interaction energy parameters until the best fit values are found. The computed
values of enthalpy of mixing are compared with experimental results in order to find the
level of consistency.

4.3.1.1 Enthalpy of Mixing of Na-Hg Liquid Alloy at 673 K

For Na-Hg liquid alloy, the best fit values of temperature derivative interaction energy
parameters for computing enthalpy of mixing at 673 K as determined by successive
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approximation method are found as follows (Panthi, Bhandari, & Koirala, 2021):

1
𝑘B

𝜕𝜔

𝜕𝑇
= −2.097,

1
𝑘B

𝜕Δ𝜔𝐴𝐵

𝜕𝑇
= 8.971 and

1
𝑘B

𝜕Δ𝜔𝐵𝐵

𝜕𝑇
= −19.105

Now using such parameters, the theoretically computed values of enthalpy of mixing and
experimental values (Hultgren et al., 1973) are given in Table 6 and the plot of computed
along with observed enthalpy of mixing of the alloy as a function of concentration is
shown in Figure 9.

Table 6: Enthalpy of mixing for liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na Enthalpy of mixing(𝐻M/𝑅𝑇)
𝐶Na Theoretical Experimental*
0.1 −1.498 −1.361
0.2 −2.613 −2.571
0.3 −3.321 −3.372
0.4 −3.621 −3.674
0.5 −3.539 −3.544
0.6 −3.123 −3.064
0.8 −1.617 −1.610
0.9 −0.751 −0.829

*Hultgren et al. (1973)
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Figure 9: Enthalpy of mixing versus concentration of Na for Na-Hg liquid alloy at 673 K.

Theoretical and experimental calculations of the enthalpy of mixing of the liquid Na-Hg
alloy are reasonably consistent. The values are lowest at 𝐶Na = 0.4 for both theoretical
and experimental data. The theoretical value of 𝐻M at this concentration is −3.621𝑅𝑇 ,
while the corresponding experimental value is −3.674𝑅𝑇 . According to the low negative
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value −3.674, the alloy system is interacting. Thus, the proposed theoretical model has
provided a good explanation for the enthalpy of mixing of the concerned alloy.

4.3.1.2 Enthalpy of Mixing of Pb-Mg Liquid Alloy at 973 K

The quasi-chemical temperature derivative interaction parameters for the Pb-Mg alloy in
the molten state at temperature 973 K have been found to be

1
𝑘B

𝜕𝜔

𝜕𝑇
= −2.345 ,

1
𝑘B

𝜕Δ𝜔𝐴𝐵

𝜕𝑇
= 3.819 and

1
𝑘B

𝜕Δ𝜔𝐵𝐵

𝜕𝑇
= −4.691

The Table 7 provides the calculated and actual values of the enthalpy of mixing for molten
Pb-Mg alloy at 973 K. As shown in Figure 10, we have plotted the computed values of
enthalpy of mixing as a function of concentration of lead along with the experimental
values.

Table 7: Enthalpy of mixing for liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb Enthalpy of mixing(𝐻M/𝑅𝑇)
𝐶Pb Theoretical Experimental*
0.1 −0.528 −0.489
0.2 −0.905 −0.912
0.3 −1.131 −1.184
0.4 −1.214 −1.241
0.5 −1.168 −1.161
0.6 −1.014 −0.987
0.7 −0.781 −0.760
0.8 −0.505 −0.513
0.9 −0.228 −0.256

*Hultgren et al. (1973)
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Figure 10: Enthalpy of mixing versus concentration of Pb for Pb-Mg liquid alloy at 973 K.

For Pb-Mg alloys, the theoretically calculated enthalpy of mixing are nearly in agreement
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with the observed values (Hultgren et al., 1973). According to the results of the current
investigation, the alloy’s estimated values for enthalpy of mixing are negative within entire
concentration range of lead. Our theoretical calculation shows that the minimum value of
𝐻M is −1.214𝑅𝑇 at𝐶Pb = 0.4 while the equivalent experimental value is −1.241𝑅𝑇 . The
Pb-Mg alloy appears to be weakly interacting based on the minimum value of enthalpy
of mixing.

4.3.1.3 Enthalpy of Mixing of Bi-Tl Liquid Alloy at 750 K

The best fit values of temperature derivative interaction energy parameters for com-
puting enthalpy of mixing of Bi-Tl liquid alloy at 750 K as determined by successive
approximation method are found as follows;

1
𝑘B

𝜕𝜔

𝑘B𝑇
= 0.489 ,

1
𝑘B

𝜕Δ𝜔𝐴𝐵

𝜕𝑇
= −0.985 and

1
𝑘B

𝜕Δ𝜔𝐵𝐵

𝜕𝑇
= 2.488

The computed and experimental values of 𝐻M/𝑅𝑇 at 750 K are listed in Table 8.
Similarly, the plot of theoretical along with experimental values of 𝐻M/𝑅𝑇 as a function
of concentration of Tl in the concentration range𝐶Tl = 0.1 to 0.9 is shown in the Figure 11.

From the figure it is observed that the theoretical results are in reasonable agreement
with experimental values. It is also found that the enthalpy of mixing of Bi-Tl liquid
alloy at temperature 750 K is negative or exothermic in the whole concentration range
of thallium .The negative value of enthalpy of mixing indicates that there is release of
energy during mixing and the alloy shows ordering or compound forming nature.

Table 8: Enthalpy of mixing for liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

Concentration of Tl Enthalpy of mixing(𝐻M/𝑅𝑇)
𝐶Tl Theoretical Experimental*
0.1 −0.182 −0.183
0.2 −0.343 −0.343
0.3 −0.485 −0.470
0.4 −0.602 −0.576
0.5 −0.685 −0.685
0.6 −0.717 −0.733
0.7 −0.680 −0.693
0.8 −0.557 −0.557
0.9 −0.332 −0.321

*Hultgren et al. (1973)
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Figure 11: Enthalpy of mixing versus concentration of Tl for Bi-Tl liquid alloy at 750 K.

4.3.1.4 Enthalpy of Mixing of Cu-Al Liquid Alloy at 1373 K

For the Cu-Al liquid alloy, the best fit values of temperature derivative interaction energy
parameters at 973 K are found to be

1
𝑘B

𝜕𝜔

𝜕𝑇
= −3.221 ,

1
𝑘B

𝜕𝜔𝐴𝐵

𝜕𝑇
= 26.850

1
𝑘B

𝜕Δ𝜔𝐴𝐴

𝜕𝑇
= −53.466 and

1
𝑘B

𝜕Δ𝜔𝐵𝐵

𝜕𝑇
= −37.402

Table 9: Enthalpy of mixing for liquid Cu-Al alloy at 1350 K for different concentrations of copper.

Concentration of Cu Enthalpy of mixing(𝐻M/𝑅𝑇)
𝐶Cu Theoretical Experimental*
0.1 −0.095 −0.100
0.2 −0.179 −0.187
0.3 −0.257 −0.257
0.4 −0.328 −0.315
0.5 −0.379 −0.374
0.6 −0.401 −0.401
0.7 −0.379 −0.379
0.8 −0.304 −0.304
0.9 −0.175 −0.175

*Hultgren et al. (1973)

Using these parameters in Equation (3.57), the computed and experimental values of
enthalpy of mixing of the alloy at all concentration of Cu are displayed in the Table
9. The plot of theoretical along with experimental values of 𝐻M/𝑅𝑇 as a function
of concentration is shown in the Figure 12. The calculated and the observed results
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for the enthalpy of mixing of the alloy are in agreement. It is observed that both the
theoretical and experimental values of enthalpy of mixing are negative within entire
concentration of Cu. The theoretical and experimental values both reach their minimum
at𝐶Cu = 0.6 indicating weakly interacting system. It is also noted that the Quasi-Chemical
Approximation model accurately reproduces the concentration-dependent asymmetry
found in the experiment.
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Figure 12: Enthalpy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.4 Activity of Binary Liquid Alloys

The concentration of a substance in a solution or mixture may not be an accurate indicator
of its chemical effectiveness. Hence the concept of activity is established and used instead
of the concentration in calculations. The activity is a measure of effective concentration
or the measure of how much a solution deviates from the ideal solution. A more precise
way to describe how all of the particles behave in mixture is through activity. Therefore
the activity is regarded as another crucial thermodynamic property of the alloy. The
use of activity allows scientists to explain various discrepancies between ideal solutions
and real solutions. According to Porter & Easterling (2009), it informs the tendency of
constituents of the mixture whether they are willing to leave the mixture or not. The
atoms have a high tendency to leave the mixture when activity is high, and the opposite
is also true. The attractive or repulsive nature of components of the alloys can be linked
with activity of each component of an ideal solution. The activity of each component of
ideal solution is equal to its mole fraction (or concentration). When activity is less than
ideal, the attracting force predominates. Similarly, when activity is greater than ideal, the
repulsive force predominates.

Although the activities are thermodynamic functions of state, it is believed that their
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magnitudes are influenced by interactions between the system’s constituent particles,
which in turn affect bond energies and the spatial configurations that the particles assume
(Azakami & Yazawa, 1976).

4.4.1 Results for Na-Hg, Pb-Mg,Bi-Tl and Cu-Al Binary Liquid Alloys

In this section, we present the methods to estimate the activities and results so obtained
together with a discussion for four distinct liquid alloys: Na-Hg, Pb-Mg,Bi-Tl and Cu-Al
on the basis of Quasi-Chemical Approximation.

4.4.1.1 Activities of Na (aNa) and Hg (aHg) for Na-Hg Liquid Alloy at 673 K

Following the Equations (3.64) and (3.65), we have calculated the activities of Na and
Hg in Na-Hg liquid alloy. We have used same values of interaction energy parameters
as mentioned in Subsection 4.2.2.1 to calculate the activities of both the components.
The calculated values of activities of Na and Hg are furnished in Table 10 along with
experimental values (Hultgren et al., 1973). The calculated activities of Na and Hg along
with their experimental values are plotted against concentration of Na as depicted in
Figure 13.

Table 10: Activities of Na (𝑎Na) and Hg (𝑎Hg) for liquid Na-Hg alloy at 673 K for different concentrations
of sodium.

Concentration of Na Activity of Na (aNa) Activity of Hg (aHg)
𝐶Na Theoretical Experimental* Theoretical Experimental*
0.1 0.000 0.000 0.757 0.791
0.2 0.000 0.000 0.417 0.458
0.3 0.004 0.003 0.178 0.195
0.4 0.027 0.024 0.063 0.066
0.5 0.110 0.112 0.020 0.019
0.6 0.290 0.335 0.006 0.005
0.7 0.536 0.565 0.002 0.002
0.8 0.759 0.749 0.001 0.001
0.9 0.904 0.888 0.000 0.000

*Hultgren et al. (1973)

From the figure, it is observed that there is good agreement between the computed and
observed values of activities of both species Na and Hg of the concerned system at 673
K. The interaction of two lines doesn’t have any physical significance. It just informs
that the two components of the alloy have same value of activity at certain concentration.
The activities of both components are quite small in comparision to their respective
concentrations. This result is the indication of metallurgical stability of the alloy.
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Figure 13: Activities of Na (aNa) and Hg (aHg) for Na-Hg liquid alloy at 673 K.

4.4.1.2 Activities of Pb (𝑎Pb) and Mg (𝑎Mg) for Pb-Mg Liquid Alloy at 973 K

We have computed the activities of Pb and Mg for Pb-Mg liquid alloy using Equations
(3.64) and (3.65). The interaction energy parameters are the primary component used for
the computation of activity. We have used same values of interaction energy parameters
for the evaluation of activity as given in Subsection 4.2.2.2. The calculated along with
experimental (Hultgren et al., 1973) values of activities of each components of the alloy at
973 K are shown in Table 11. Similarly, the plot of computed and experimental activities
Pb (𝑎Pb) and Ag (𝑎Mg) against concentration of Pb is shown in the Figure 14.

The Figure 14 shows that theoretical and experimental values of activity of Pb and
Mg in liquid Pb-Mg alloy are in excellent agreement to each other. The activities of
both components have smaller value at their lower concentration and both increase with
increase in their concentration. This result gives the idea that the PbMg2 is one of the
stable intermetallic phases of the alloy.
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Table 11: Activities of Pb (𝑎Pb) and Mg (𝑎Mg) for liquid Pb-Mg alloy at 973 K for different concentrations
of lead.

Concentration of Pb Activity of Pb (aPb) Activity of Mg (aMg)
CPb Theoretical Experimental* Theoretical Experimental*
0.1 0.001 0.001 0.813 0.812
0.2 0.009 0.009 0.553 0.550
0.3 0.045 0.044 0.331 0.326
0.4 0.135 0.137 0.183 0.179
0.5 0.292 0.299 0.098 0.094
0.6 0.487 0.501 0.053 0.050
0.7 0.672 0.680 0.029 0.028
0.8 0.812 0.819 0.017 0.016
0.9 0.911 0.913 0.009 0.009

*Hultgren et al. (1973)
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Figure 14: Activities of Pb (𝑎Pb) and Mg (𝑎Mg) for Pb-Mg liquid alloy at 973 K.

4.4.1.3 Activities of Bi (aBi) and Tl (aTl) for Bi-Tl Liquid Alloy at 750 K

We have determined the activities of Bi and Tl for a Bi-Tl liquid alloy using Equations
(3.64) and (3.65). The interaction energy parameters are the primary components used for
the computation of activity. We have used same values of interaction energy parameters
for the evaluation of activity as given in Subsection 4.2.2.3 The calculated along with
experimental (Hultgren et al., 1973) values of activities of each components of the alloy at
750 K are listed in Table 12. Similarly, the plot of computed and experimental activities
Bi (𝑎Bi) and Tl (𝑎Tl) against concentration of Tl is shown in the Figure 15.

From the Figure 15, it is observed that the theoretical and experimental values of
activities of Bi and Tl agree throughout the entire concentration of Tl. The activities
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Table 12: Activities of Bi (𝑎Bi) and Tl (𝑎Tl) for liquid Bi-Tl alloy at 750 K for different concentrations of
thallium.

Concentration of Tl Activity of Tl (aTl) Activity of Bi (aBi)
𝐶Tl Theoretical Experimental* Theoretical Experimental*
0.1 0.016 0.018 0.892 0.911
0.2 0.036 0.034 0.774 0.811
0.3 0.063 0.058 0.641 0.677
0.4 0.104 0.100 0.487 0.505
0.5 0.172 0.170 0.323 0.326
0.6 0.283 0.283 0.175 0.175
0.7 0.448 0.447 0.074 0.075
0.8 0.658 0.669 0.023 0.022
0.9 0.862 0.870 0.005 0.005

*Hultgren et al. (1973)

of both components have smaller value at their lower concentration and both increase
with increase in their concentration. This result depicts that BiTl3 is one of the stable
intermetallic phases of the alloy.
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Figure 15: Activities of Bi (𝑎Bi) and Tl (𝑎Tl) for Bi-Tl liquid alloy at 750 K.

4.4.1.4 Activities of Cu (aCu) and Al (aAl) for Cu-Al Liquid Alloy at 1373 K

The activities of Cu and Al for Cu-Al liquid alloy are determined using Equations (3.64)
and (3.65). The same values of interaction energy parameters as mentioned in Subsection
4.2.2.4 are used for the evaluation of activity. The calculated along with experimental
(Hultgren et al., 1973) values of activities of each components of the alloy at 1373 K are
listed in Table 13 and the plot of computed and experimental activities Cu (𝑎Cu) and Al
(𝑎Al) against concentration of Cu is shown in the Figure 16.
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Table 13: Activities of Cu (aCu) and Al (aAl) for liquid Cu-Al alloy at 1373 K for different concentrations
of copper.

Concentration of Tl Activity of Cu (𝑎Cu) Activity of Al (𝑎Al)
𝐶Cu Theoretical Experimental* Theoretical Experimental*
0.1 0.007 0.005 0.886 0.889
0.2 0.013 0.013 0.787 0.759
0.3 0.022 0.025 0.669 0.609
0.4 0.040 0.046 0.482 0.441
0.5 0.083 0.085 0.260 0.266
0.6 0.185 0.166 0.098 0.116
0.7 0.370 0.352 0.027 0.028
0.8 0.610 0.600 0.006 0.006
0.9 0.832 0.839 0.001 0.001

*Hultgren et al. (1973)

From the figure it is observed that the computed and experimental results somehow agree
to each other except slight discrepancy of activity of Al at 0.1 to 0.3 concentration of Cu.
The activities of both components have very small value at their lower concentrations
indicating stability of liquid alloy.
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Figure 16: Activities of Cu (𝑎Cu) and Al (𝑎Al) for Cu-Al liquid alloy at 1373 K.

4.5 Entropy of Binary Liquid Alloys

Understanding the mixing behavior of binary liquid alloys requires an understanding of an
essential thermodynamic function called entropy of mixing. It offers deep understanding
of the direction of spontaneous change for many common processes and also defines
the equilibrium state of a system. When the energy is at its lowest and the entropy
is at its highest, a system is said to have reached equilibrium state. It is thought that
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information regarding the structural arrangement of the atoms in binary liquid alloys can
be found in the entropy of mixing. The value of the entropy of mixing of an alloy at a
given temperature can be used to examine the deviation in the nature of mixing of the
alloy from the regular behavior (Sommer et al., 2001). In this work we have employed
Quasi-Chemical Approximation for the theoretical study of entropy of mixing of some
binary liquid alloys.

4.5.1 Results for Na-Hg, Pb-Mg, Bi-Tl and Cu-Al Binary Liquid Alloys

In this section, we present the methods to calculate the entropy of mixing for four
distinct liquid alloys; Na-Hg, Pb-Mg, Bi-Tl and Cu-Al on the basis of Quasi-Chemical
Approximation. The results so obtained together with a discussion and the calculated
results are compared with experimental results.

4.5.1.1 Entropy of Mixing of Na-Hg Binary Liquid Alloy at 673 K

We have employed Equation (3.67) to compute the entropy of mixing of Na-Hg binary
liquid alloy at 673 K as a function of concentration. NaHg2 is most stable intermetallic
compound of sodium mercury alloy. Hence the values of𝛹𝑖 𝑗 are used from Equation
(3.49). We used the same interaction parameter values from Subsections 4.2.2.2 and
4.3.1.2 as primary input parameters.

Table 14: Entropy of mixing for liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na Entropy of mixing(𝑆M/𝑅)
𝐶Na Theoretical Experimental*
0.1 −0.093 −0.007
0.2 −0.290 −0.279
0.3 −0.449 −0.500
0.4 −0.519 −0.548
0.5 −0.483 −0.459
0.6 −0.348 −0.289
0.7 −0.149 −0.098
0.8 0.053 0.040
0.9 0.164 0.086

*Hultgren et al. (1973)

Table 14 displays the calculated and actual values of entropy of mixing for liquid Na-Hg
alloy at 673 K. Figure 17 displays the plot of the calculated values of mixing entropy
as a function of concentration in the concentration range 𝐶Na = 0.1 to 0.9 together with
the experimental values. There is a slight departure of computed result than that of
experimental result as shown in the Figure 17. In the both experimental and theoretical
results, the entropy of mixing (𝑆M/𝑅) are negative at 𝐶Na < 0.8 concentration of Na
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but behind this concentration, it is positive. The decrease in microstate promoting the
formation of complex is indicated by the negative entropy.
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Figure 17: Entropy of mixing versus concentration of Na for Na-Hg liquid alloy at 673 K.

4.5.1.2 Entropy of Mixing of Pb-Mg Binary Liquid Alloy at 973 K

Table 15: Entropy of mixing for liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb Entropy of mixing(𝑆M/𝑅)
𝐶Pb Theoretical Experimental*

0.1 0.325 0.394
0.2 0.472 0.506
0.3 0.548 0.539
0.4 0.583 0.589
0.5 0.595 0.624
0.6 0.586 0.623
0.7 0.553 0.583
0.8 0.479 0.473
0.9 0.330 0.302

*Hultgren et al. (1973)

To determine the entropy mixing of a binary Pb-Mg liquid alloy as a function of
concentration at 973 K, the Equation (3.67) is employed. Since PbMg2 is most stable
intermetallic compound of lead magnesium alloy, the values of𝛹𝑖 𝑗 are used from Equation
(3.49). We used the same interaction parameter values from Subsection 4.2.2.2 and
4.3.1.2 as basic input parameters.
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Figure 18: Entropy of mixing versus concentration of Pb for Pb-Mg liquid alloy at 973 K.

Table 15 depicts the calculated and actual values of entropy of mixing for liquid Pb-Mg
alloy at 973 K. Figure 18 displays the plot of the calculated values of mixing entropy as a
function of concentration in the concentration range 𝐶Pb = 0.1 to 0.9 together with the
experimental values (Hultgren et al., 1973). There is small departure in the theoretical
results from the corresponding experimental results . Both experimental and theoretical
values are positive throughout the entire concentration of Pb.

4.5.1.3 Entropy of Mixing of Bi-Tl Binary Liquid Alloy at 750 K

As we have already discussed in Subsection 4.2.2.3 that the complex BiTl3 is one of
the most stable state of Bi-Tl alloy. So the values of𝛹𝑖 𝑗 has been used as mentioned
in Equation (3.50) and the entropy of mixing of Bi-Tl binary liquid alloy as a function
of concentration has been computed using Equation (3.67). The fundamental input
parameters for the computation of entropy of mixing are temperature derivative interaction
energy parameters. We utilized the same interaction parameter values that were used
in Subsection 4.3.1.3 for the calculation of entropy of mixing. The computed and
experimental values of entropy of mixing for Bi-Tl alloy in liquid state at 750 K are
presented in Table 16. The plot of computed values of entropy of mixing as a function of
concentration in the concentration range 𝐶Tl = 0.1 to 0.9 along with the experimental
values is shown in Figure 19.

The computed values of entropy of mixing (𝑆M/𝑅) as a function of concentration are
good agreement with the experimental results. Thus we can conclude that the alloy is
disorder at all composition however degree of disorder is more at CTl = 0.5. Similarly the
entropy of mixing (𝑆M/𝑅) for Bi-Tl alloy in liquid state is symmetric around equi-atomic
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Table 16: Entropy of mixing for liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

Concentration of Tl Entropy of mixing(𝑆M/𝑅)
𝐶Tl Theoretical Experimental*
0.1 0.337 0.304
0.2 0.529 0.501
0.3 0.657 0.656
0.4 0.733 0.754
0.5 0.760 0.760
0.6 0.738 0.721
0.7 0.662 0.649
0.8 0.530 0.529
0.9 0.333 0.336

*Hultgren et al. (1973)

composition which has been successfully explained on the basis of Quasi-chemical
Approximation.
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Figure 19: Entropy of mixing versus concentration of Tl for Bi-Tl liquid alloy at 750 K.

4.5.1.4 Entropy of Mixing of Cu-Al Binary Liquid Alloy at 1373 K

CuAl3 is one of the stable intermetallic compounds of Cu-Al binary alloy. Thus the
values of𝛹𝑖 𝑗 have been used from Equation (3.51) in order to determine the entropy of
mixing of Cu-Al binary liquid alloy at 1373 K as a function of concentration by using
Equation (3.67). As basic input parameters, we utilized the same interaction parameter
values that were used in Subsection 4.3.1.4.

The computed and experimental values of entropy of mixing for Cu-Al alloy in liquid
state at 1373 K are presented in Table 17. The plot of computed values of entropy of

60



Table 17: Entropy of mixing for liquid Cu-Al alloy at 1373 K for different concentrations of copper.

Concentration of Cu Entropy of mixing(𝑆M/𝑅)
𝐶Cu Theoretical Experimental*
0.1 0.516 0.532
0.2 0.875 0.901
0.3 1.172 1.193
0.4 1.402 1.408
0.5 1.535 1.521
0.6 1.542 1.538
0.7 1.402 1.420
0.8 1.114 1.135
0.9 0.680 0.690

*Hultgren et al. (1973)

mixing as a function of concentration in the concentration range 𝐶Cu = 0.1 to 0.9 along
with the experimental values is shown in Figure 20.

From the Figure 20, it can be observed that both experimental and theoretical results are
agree and positive in the whole concentration range of copper. The rise in disorder or
randomness of mixing event is indicated by the positive entropy of mixing.
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Figure 20: Entropy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.6 Concentration Fluctuation in Long Wavelength Limit and Chemical Short
Range Order Parameter

The liquid states are known as disordered states and hence the basic feature of liquid is
that it exhibits short range order in contrast to the long-range periodicity of solid crystals.
From the understanding of the bulk characteristics, a great deal of interest has been
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exhibited in determining the microscopic properties of binary molten alloys. The work
of Bhatia and Thornton (Bhatia & Thornton, 1970) of compound forming molten alloys
has shown the path in the desired direction. The key microscopic function developed by
Bhatia and Thornton to visualize and understand the nature of microscopic structure in
molten binary alloys are the concentration fluctuation in long wave length limit (𝑆CC(0))
and chemical short range order parameter (𝛼1).

4.6.1 Results for Na-Hg, Pb-Mg, Bi-Tl and Cu-Al Binary Liquid Alloys

In the present section, we intend to apply the Quasi-Chemical Approximation for the study
of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary alloys and analyze their microscopic ordering.
For this we compare theoretical as well as experimental concentration fluctuation in
long wavelength limit 𝑆CC(0) with ideal concentration fluctuation in long wavelength
limit (𝑆id

CC (0)) since visualizing the type of atomic interactions in the mixture depends
on the departure of 𝑆CC(0) from the ideal value (Singh & Sommer, 1998). The ideal
concentration fluctuation in long wavelength limit is obtained using Equation (3.81) for
all the alloys. Similarly, the degree of ordering or segregating of the alloys is quantified
by chemical short range order parameter (𝛼1) with the help of Equation (3.94).

4.6.1.1 𝑆CC(0) and 𝛼1 for Na-Hg Liquid Alloy at 673 K

Equation (3.80) has been used to calculate theoretical values of 𝑆CC(0) for Na-Hg liquid
alloy at 673 K as a function of concentration . Interaction energy parameters, which
have previously been computed in Subsection 4.2.2.1, make up the fundamental input
parameters. Equation (3.49) is used to get the values of second derivative terms with
respect to concentration. The experimental values of 𝑆CC(0) have been obtained by
applying Equation (3.79), which uses the observed activities of sodium and mercury
(Hultgren et al., 1973). The values of the chemical short range order parameter (𝛼1)
have been calculated using the theoretical values of 𝑆CC(0)) in Equation (3.94). During
the calculation, the value of coordination number (Z) is taken as 10 . Table 18 lists the
calculated values for 𝑆CC(0) together with the corresponding experimental and ideal
values and chemical short range order parameter (𝛼1) . Similar to this, Figures 21 and 22
respectively illustrate the plots of 𝑆CC(0) and 𝛼1 as a function of concentration. From
the Figure 21, It is clear that both theoretical and experimental values of 𝑆CC(0) are
smaller than ideal values and there is agreement between the two sets of the values at all
concentrations. The figure depicts that the concerned Na-Hg liquid alloy shows ordering
nature at its melting temperature. Figure 22 suggests that the theoretical values of 𝛼1 are
negative at all concentrations, supporting the notion of the liquid alloy as described by
𝑆CC(0). We may also infer that the alloy is compound forming with preferable alliance
between Na and Hg in the liquid state at 673 K.
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Table 18: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na 𝑆CC(0) 𝛼1

CNa Theoretical Experimental* Ideal
0.1 0.022 0.013 0.090 -0.233
0.2 0.027 0.018 0.160 −0.331
0.3 0.031 0.037 0.210 −0.370
0.4 0.036 0.033 0.240 −0.375
0.5 0.043 0.037 0.250 −0.355
0.6 0.051 0.053 0.240 −0.311
0.7 0.064 0.083 0.210 −0.247
0.8 0.082 0.072 0.160 −0.165
0.9 0.083 0.073 0.090 −0.075

*Hultgren et al. (1973)
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Figure 21: Concentration fluctuation in long wavelength limit versus concentration of Na for Na-Hg liquid
alloy at 673 K.
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Figure 22: Chemical short range order parameter versus concentration of versus concentration of Na for
Na-Hg liquid alloy at 673 K.

4.6.1.2 𝑆CC(0) and 𝛼1 for Pb-Mg Liquid Alloy at 973 K

For the theoretical calculation of the concentration fluctuation in long wavelength limit
(𝑆CC(0)) for the Pb-Mg binary liquid alloy at 973 K, Equation (3.80) has been utilized.
We have used the same interaction energy parameter values that were used to get the
free energy of mixing in Subsection 4.2.2.2 in order to preserve consistency. Equation
(3.79) is used to calculate the experimental 𝑆CC(0) from the experimental activities of
components Pb (aPb) and Mg (aMg). Equation (3.49) provides the values of second
derivative terms with regard to concentration. The value of the chemical short range
order parameter (𝛼1) as a function of concentration is determined by Equation (3.94).

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 0.2 0.4 0.6 0.8 1.0

S
CC
(0
)

CPb

theoretical
experimental

ideal

Figure 23: Concentration fluctuation in long wavelength limit versus concentration of Pb for Pb-Mg liquid
alloy at 973 K.
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Table 19: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb 𝑆CC(0) 𝛼1

CPb Theoretical Experimental* Ideal
0.1 0.032 0.043 0.090 −0.152
0.2 0.043 0.049 0.160 −0.214
0.3 0.053 0.052 0.210 −0.229
0.4 0.065 0.064 0.240 −0.214
0.5 0.079 0.079 0.250 −0.177
0.6 0.099 0.102 0.240 −0.125
0.7 0.124 0.129 0.210 −0.065
0.8 0.142 0.141 0.160 −0.012
0.9 0.106 0.113 0.090 0.016

*Hultgren et al. (1973)

The calculated values for 𝑆CC(0) together with the corresponding experimental and ideal
values as well as values of chemical short range order parameter (𝛼1) are shown in the
Table 19. Figures 23 and 24 respectively illustrate the plots of 𝑆CC(0) and (𝛼1) against
concentration of Pb for Pb-Mg liquid alloy at 973 K.

The Figure 23 demonstrates that the calculated values of 𝑆CC(0) are less than ideal at
about 0.8 concentration of Pb and are higher beyond 0.8 concentration, indicating that
the alloy is ordering in nature up to about 0.8 concentration of Pb and segregating above
this concentration at its melting temperature. The computed values of 𝑆CC(0) are in
good agreement with the experimental and theoretical values of 𝑆CC(0) within entire
concentration. The theoretical value of 𝛼1 shown in Figure 24 is negative at around 0.8
concentrations of Pb and then positive above that level, validating the idea of the liquid
alloy as stated by 𝑆CC(0).

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0  0.2  0.4  0.6  0.8  1

α 1

CPb

Figure 24: Chemical short range order parameter versus concentration of Pb for Pb-Mg liquid alloy at 973
K.
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4.6.1.3 𝑆CC(0) and 𝛼1 for Bi-Tl Liquid Alloy at 750 K

We have used Equation (3.80) for the theoretical calculation of concentration fluctuation
in long wavelength limit (𝑆CC(0)) for Bi-Tl binary liquid alloy at 750 K. In order to
maintain consistency, we have utilized the same interaction energy parameters as used
to calculate the free energy of mixing in Subsection 4.2.2.3. As mentioned above, the
experimental 𝑆CC(0) is derived from the experimental activities of components Bi(aBi)
and Tl(aTl) (Hultgren et al., 1973) throughout the entire concentration using Equation
(3.79). The values of second derivative terms with respect to concentration are obtained
from Equation (3.50). Equation (3.94) is used to calculate the value of the chemical short
range order parameter 𝛼1 as a function of concentration.

Table 20: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

Concentration of Tl 𝑆CC(0) 𝛼1

CTl Theoretical Experimental* Ideal
0.1 0.079 0.085 0.090 −0.014
0.2 0.124 0.144 0.160 −0.028
0.3 0.135 0.128 0.210 −0.053
0.4 0.120 0.111 0.240 −0.091
0.5 0.100 0.095 0.250 −0.131
0.6 0.082 0.082 0.240 −0.161
0.7 0.070 0.070 0.210 −0.167
0.8 0.060 0.058 0.160 −0.142
0.9 0.048 0.051 0.090 −0.079

*Hultgren et al. (1973)

The theoretically computed values of 𝑆CC(0) along with the corresponding experimental
and ideal values and 𝛼1 are given in Table 20. The plots of 𝑆CC(0) and 𝛼1 against
concentration of Tl are shown in the Figures 25 and 26 respectively.

From the Figure 25, it is observed that there is departure of theoretical values of 𝑆CC(0)
from experimental values. However, both theoretical and computed values of 𝑆CC(0) lie
below ideal value. Since compound forming tendency appears at about 0.75 concentration
of Tl or 0.25 concentration of Bi, the 𝑆CC(0) is markedly depressed near that concentration
of Tl.

Similarly, more negative value of 𝛼1 at about 0.75 concentration of Tl insights that the
ordering nature of the alloy is maximum near the stoichiometric concentration.
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Figure 25: Concentration fluctuation in long wavelength limit versus concentration of Bi for Bi-Tl liquid
alloy at 750 K.
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Figure 26: Chemical short range order parameter versus concentration of Bi for Bi-Tl liquid alloy at 750 K.

4.6.1.4 𝑆CC(0) and 𝛼1 for Cu-Al Liquid Alloy at 1373 K

Theoretical values of 𝑆CC(0) for Cu-Al liquid alloy at 1373 K have been computed as a
function of concentration from Equation (3.80). The basic input parameters are interaction
energy parameters which have already been estimated in Subsection 4.2.2.4. The values
of second derivative terms with respect to concentration are obtained following similar
procedure from Equation (3.51) as mentioned above . Utilizing the measured activities
of copper and aluminum (Hultgren et al., 1973) in Equation (3.79), the experimental
values of 𝑆CC(0) have been derived. With the help of the theoretical values of 𝑆CC(0) in
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Equation (3.94), the values of the chemical short range order parameter (𝛼1) have been
computed.

The computed values of 𝑆CC(0) along with the corresponding experimental and ideal
values and 𝛼1 are given in Table 21. Similarly, the plots of 𝑆CC(0) and 𝛼1 against
concentration of Cu are shown in the Figures 27 and 26 respectively.

Table 21: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Cu-Al alloy at 1373 K for different concentrations of copper.

Concentration of Cu 𝑆CC(0) 𝛼1

CCu Theoretical Experimental* Ideal
0.1 0.082 0.068 0.090 −0.010
0.2 0.159 0.109 0.160 −0.001
0.3 0.135 0.108 0.210 −0.053
0.4 0.088 0.101 0.240 −0.147
0.5 0.063 0.081 0.250 −0.229
0.6 0.052 0.050 0.240 −0.265
0.7 0.050 0.045 0.210 −0.245
0.8 0.051 0.047 0.160 −0.177
0.9 0.041 0.040 0.090 −0.106

*Hultgren et al. (1973)

Figure 27 shows that the theoretical and experimental values of 𝑆CC(0) go below the ideal
value of 𝑆CC(0) throughout the concentration of the alloy as well as displays shallow
minimum in the concentration range at which intermetallic phases occur. This result
depicts that the alloy is completely ordering in nature at 1373 K and the mixing of the
dissimilar atoms of the preferred alloy takes place in the initial melt.

Similarly, Figure 28 indicates that the computed values of chemical short range order
parameter ( 𝛼1) are negative within entire concentrations. The value being more negative
at about compound forming concentration, allows us to claim that the degree of ordering
is maximum at that concentration.
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Figure 27: Concentration fluctuation in long wavelength limit versus concentration of Cu for Cu-Al liquid
alloy at 1373 K.
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Figure 28: Chemical short range order parameter versus concentration of Cu for Cu-Al liquid alloy at
1373 K.

4.7 Transport Property

Although there are theoretically quite a few different transport properties, three are by far
the most significant from a practical and scientific standpoint which correspond to the
transfer of momentum, energy, and matter respectively from one region of a material to
another under the influence of composition, temperature or velocity gradients. These are
important for the most efficient engineering design of many processes in the chemical,
oil and biotechnological industries.
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Among the three, the transport of the momentum of the fluid is incorporated by the
property called viscosity. It is characterized as a form of internal friction brought on
by the layers of the liquid and is mainly related to fluids in metallurgy. Every ordinary
fluid has viscosity. It displays the microscopic interactions between the molecules of
the material. It is a significant factor in deciding the forces that must be overcome when
fluids are utilized in lubrication and transported in pipelines. Thus it is a measure of the
amount of energy that is irreversibly lost when a fluid is forced to flow through a physical
configuration that involves boundaries that are not moving at the same velocity (Hendriks
et al., 2010; Gąsior, 2014; Delsante et al., 2019) . In the present work, we have used
Kaptay’s model (Kaptay, 2003) to compute the concentration dependent viscosity of four
different binary liquid alloys.

4.7.1 Results for Na-Hg , Pb-Mg. Bi-Tl and Cu-Al Binary Liquid Alloys

In this section, we present the methods to estimate the viscosity and results so obtained
together with a discussion for four distinct liquid alloys: Na-Hg, Pb-Mg, Bi-Tl and Cu-Al
on the basis of Kaptay’s model. The ratio of atomic mass to density is used to calculate
the molar volume of the pure component. The densities and the viscosities required for
each component are taken from Table 22.

Table 22: Densities and Viscosities of pure metals of the alloys (Brandes & Brook, 2013).

Metals
Melting Density Viscosity
temperature (kg m−3) (N s m−2)
𝑇0 (K)

Aluminum (Al) 933 2385 − 0.28 × (𝑇 − 𝑇0) 1.49 × 10−4 exp(16.50 × 103/𝑅𝑇)
Bismuth (Bi) 544 10068 − 1.33 × (𝑇 − 𝑇0) 4.46 × 10−4 exp (6.45 × 103/𝑅𝑇)
Copper (Cu) 1356 8000 − 0.80 × (𝑇 − 𝑇0) 3.01 × 10−4exp(30.50 × 103/𝑅𝑇)
Lead (Pb) 600 10678 − 1.32 × (𝑇 − 𝑇0) 4.64 × 10−4 exp(8.61 × 103/𝑅𝑇)
Magnesium (Mg) 924 1590 − 0.27 × (𝑇 − 𝑇0) 2.45 × 10−5exp (30.50 × 103/𝑅𝑇)
Mercury (Hg) 234.1 13691 − 2.44 × (𝑇 − 𝑇0) 5.57 × 10−4exp(2.51 × 103/𝑅𝑇)
Sodium (Na) 369.5 927 − 0.24 × (𝑇 − 𝑇0) 1.53 × 10−4 exp(5.24 × 103/𝑅𝑇)
Thallium (Tl) 575 11280 − 1.43 × (𝑇 − 𝑇0) 2.98 × 10−4exp(10.50 × 103/𝑅𝑇)

Now, Equation (3.102) is used to calculate the viscosities of liquid alloys using the
aforementioned input parameters at their corresponding melting temperatures. The
computed viscosities of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary liquid alloys are
respectively given in Tables 23, 24, 25 and 26. Similarly, the corresponding natures of
the viscosities are shown in Figures 29, 30, 31 and 32 respectively. Due to scarcity of
experimental data of the alloys, the computed values are not compared with experimental
results. However in order to gain the knowledge of interacting tendency of the components
of the alloys, the computed viscosities are compared with ideal viscosity (i.e. 𝜂ideal =

𝜂𝐴𝐶𝐴 + 𝜂𝐵𝐶𝐵).

Figure 29 gives the information that the viscosity of Na-Hg varies nonlinearly with
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Table 23: Viscosity for liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na Viscosity(𝜂)
(mN s m−2)

CNa Theoretical Ideal
0.1 1.000 0.823
0.2 1.085 0.775
0.3 1.110 0.727
0.4 1.070 0.679
0.5 0.974 0.630
0.6 0.844 0.582
0.7 0.705 0.534
0.8 0.576 0.486
0.9 0.469 0.437

increase in the concentration of Na and shows maximum positive deviation from the
ideal viscosity at about compound forming concentration of the alloy. As expected,
with addition of Na component having smaller value of viscosity at 673 K (Brandes &
Brook, 2013), the viscosity of the alloy is observed finally to decrease towards Na rich
end. Similarly, the viscosities of other three liquid alloys, Pb-Mg, Bi-Tl and Cu-Al vary
nonlinearly with increase in the concentration of Pb, Tl and Cu respectively as shown in
the Figures 30, 31 and 32.

Table 24: Viscosity for liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb Viscosity(𝜂)
(mN s m−2)

𝐶Pb Theoretical Ideal
0.1 1.248 1.091
0.2 1.319 1.119
0.3 1.365 1.147
0.4 1.386 1.175
0.5 1.385 1.204
0.6 1.369 1.232
0.7 1.344 1.260
0.8 1.321 1.288
0.9 1.309 1.316

Figure 31 shows that the viscosity of Bi-Tl increases with increase in the concentration
of Tl and looks deviated more at its compound forming concentration. Similarly, Figure
32 indicates the increasing tendency of viscosity with increase in concentration of Cu in
the case of Cu-Al liquid alloy but it is negatively deviated than that of ideal viscosity.
The trend of this curve resembles similarity to the experimentally determined viscosity
at 1345 K by Trybula et al. (2018) to 0.5 concentration of Cu. The viscosities of
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Na-Hg,Pb-Mg and Bi-Tl alloys show maxima on the viscosity plots in the region close to
the stoichiometric compositions of intermetallic compounds. Such anomalies give the
information of strong interaction between unlike atoms of these alloys. Thus we conclude
that for compound forming liquid alloys, non linear behaviour of viscosity has been noted
and usually maxima on the viscosity curves of the compound forming systems frequently
lie close to the stoichiometric compositions of their intermetallic compounds.

Table 25: Viscosity for liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

Concentration of Tl Viscosity(𝜂)
(mN s m−2)

𝐶Tl Theoretical Ideal
0.1 1.319 1.287
0.2 1.386 1.323
0.3 1.452 1.358
0.4 1.515 1.394
0.5 1.573 1.429
0.6 1.621 1.465
0.7 1.653 1.500
0.8 1.664 1.536
0.9 1.649 1.571

Table 26: Viscosity for liquid Cu-Al alloy at 1373 K for different concentrations of copper.

Concentration of Cu Viscosity(𝜂)
(mN s m−2)

𝐶Cu Theoretical Ideal
0.1 0.775 1.005
0.2 0.947 1.377
0.3 1.156 1.749
0.4 1.410 2.121
0.5 1.724 2.493
0.6 2.099 2.865
0.7 2.542 3.237
0.8 3.059 3.609
0.9 3.658 3.981
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Figure 29: Viscosity versus concentration of Na for Na-Hg liquid alloy at 673 K.
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Figure 30: Viscosity versus concentration of Pb for Pb-Mg liquid alloy at 973 K.
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Figure 31: Viscosity versus concentration of Bi for Bi-Tl liquid alloy at 750 K.
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Figure 32: Viscosity versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.8 Surface Property

The liquid phase is characterized by free deformable surfaces. The surface atoms
of liquids are loosely bonded and hence have a higher energy in comparison to the
corresponding bulk atoms. This is the physical cause of surface tension. The concept of
surface tension is derived from the tendency of system to reduce its free energy. The
fundamental factors affecting surface tension are the forces of attraction between the
particles and also upon the gas, solid, or liquid in contact with it.

In the present work, we have used Butler equation as improved by Kaptay (2019) to
compute the concentration dependent surface segregation and surface tension of four
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different binary liquid alloys.

4.8.1 Results for Na-Hg, Pb-Mg, Bi-Tl and Cu-Al Binary Liquid Alloys

In this section, we present the methods to estimate the surface tension and surface
concentration and results so obtained together with a discussion for four distinct liquid
alloys: Na-Hg, Pb-Mg, Bi-Tl and Cu-Al on the basis of improved Butler’s equation. It
is important to have accurate reference data on the surface tension of pure metals of
the alloys in order to determine the surface tension of molten metallic alloys. At any
temperature (T), they can be taken as given in the Table 27.

Table 27: Surface tensions of pure metals of the alloys (Brandes & Brook, 2013)

Metals
Melting temperature Surface tension

𝑇0 (K) (Nm−1)
Aluminum(Al) 933 0.914 − 0.35 × 10−3 (T-T0)
Bismuth(Bi) 544 0.361 − 0.10 × 10−3 (T-T0)
Copper (Cu) 1356 1.285 − 0.13 × 10−3 (T-T0)
Lead(Pb) 600 0.468 − 0.13 × 10−3 (T-T0)
Magnesium(Mg) 924 0.559 − 0.35 × 10−3 (T-T0)
Mercury(Hg) 234.1 0.498 − 0.20 × 10−3 (T-T0)
Sodium(Na) 369.5 0.195 − 0.09 × 10−3 (T-T0)
Thallium(Tl) 575 0.464 − 0.08 × 10−3 (T-T0)

The partial molar surface area of each component is calculated using Equation (3.118) and
surface molar excess partial energy(Δ𝐺Xs

𝑖,b) of 𝑖th component required for the calculation
is obtained from observed bulk excess bulk molar partial energy (Δ𝐺Xs

𝑖,b) using following
relation:

Δ𝐺Xs
𝑖,s = 𝛽Δ𝐺Xs

𝑖,b (4.1)

where 𝛽 is the ratio of surface molar excess partial energy to the bulk molar excess partial
energy is also termed as adjustable parameter. Its value is taken to be 0.83 (Tanaka et al.,
1996). Due to a lower value of the coordination number in the surface layer compared to
the bulk phase, it is believed that the partial excess free energy of the 𝑖th component in
the surface layer is lower than that in the bulk phase (Trybula et al., 2014).

The bulk composition is typically known. However, it is uncertain what makes up the
surface. Therefore, it is necessary to find the surface concentration with the help of
bulk concentrations. Here, it could be appropriate to point out that 𝐶s

𝐴
+ 𝐶s

𝐵
= 1 and

𝐶b
𝐴
+ 𝐶b

𝐵
= 1.

For the calculation of surface properties,densities and partial excess free energies of
the component of pure metals at the temperature of investigations are also required.The
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density which is used to calculate molar volume of metals are obtained as given by
Brandes & Brook (2013).

The middle and right sides of Equation (3.120) are solved with the aid of the aforemen-
tioned estimated input parameters to obtain the surface concentration of the components
of the alloys at working temperature for whole bulk concentration range. Following the
finding of such surface concentrations as well as bulk concentrations of components
of the alloys, the composition dependent surface tension of the corresponding alloy is
estimated. However, the computed values cannot be compared with experimental results
due to the dearth of experimental data for the alloys.

The computed surface concentrations of components and surface tensions of Na-Hg,
Pb-Mg, Bi-Tl and Cu-Al binary liquid alloys along with their ideal mixing are displayed
in the following Tables 28,29, 30 and 31 respectively. Accordingly, the corresponding
plots are shown in the figures as given below.

Table 28: Surface concentrations of Na and Hg and surface tension for liquid Na-Hg alloy at 673 K for
different concentrations of sodium.

Concentration Surface concentration Surface concentration Surface tension
of Na (𝐶Na) of Na (𝐶𝑆Na) of Hg (𝐶𝑆Hg) 𝜎(Nm−1)

0.1 0.376 0.624 0.377
0.2 0.669 0.331 0.334
0.3 0.832 0.169 0.294
0.4 0.913 0.087 0.259
0.5 0.954 0.046 0.232
0.6 0.975 0.025 0.211
0.7 0.986 0.014 0.195
0.8 0.993 0.007 0.184
0.9 0.997 0.003 0.175
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Figure 33: Surface segregation of Na and Hg versus concentration of Na For Na-Hg liquid alloy at 673 K.
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Figure 33 is the plot of surface segregation (or concentration) of Na and Hg with respect
to the bulk concentration of Na for Na-Hg liquid alloy at 673 K. The figure elucidates
that the surface concentration of Hg is lower than the corresponding ideal value, that
of Na is higher than the ideal value. The intersecting point of two curves at certain
bulk concentration of Na indicates the equal amount of surface segregation of both the
components. The figure also depicts that mostly the Hg atoms remain in the bulk of
the liquid mixture and Na atoms segregate to the surface. Since the size of Na atom is
more than Hg atom, the Na atom has more surface energy. This causes the Na atoms to
remain on the surface. Similarly, as shown in Figure 34, the surface tension of the alloy
decreases with increase in concentration of Na.
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Figure 34: surface tension versus concentration of Na For Na-Hg liquid alloy at 673 K.

Table 29: Surface concentrations of Pb and Mg and surface tension for liquid Pb-Mg alloy at 973 K for
different concentrations of lead.

Concentration Surface concentration Surface concentration Surface tension
of Pb (𝐶Pb) of Pb (𝐶𝑆Pb) of Mg (𝐶𝑆Mg) 𝜎(Nm−1)

0.1 0.119 0.881 0.541
0.2 0.294 0.706 0.533
0.3 0.479 0.521 0.518
0.4 0.637 0.363 0.500
0.5 0.754 0.246 0.481
0.6 0.837 0.163 0.464
0.7 0.895 0.105 0.450
0.8 0.937 0.063 0.438
0.9 0.971 0.029 0.428

Figure 35 shows that above 0.3 bulk concentration of Pb, the surface concentration of
Pb exceeds that of Mg. Accordingly the Mg atoms segregate on the surface of liquid
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mixture below 0.3 bulk concentration of Pb at 973 K. Pb and Mg have higher and lower
surface concentrations respectively than their corresponding ideal values. The surface
tension of the Pb-Mg alloy gradually reduces with increase in the bulk concentration of
Pb as shown in Figure 36.
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Figure 35: Surface segregation of Pb and Mg versus concentration of Pb For Pb-Mg liquid alloy at 973 K.
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Figure 36: Surface tension versus concentration of Pb For Pb-Mg liquid alloy at 973 K.

Figure 37 shows that the surface segregation of Tl is less than ideal value but that of Bi
is more than the ideal value within entire concentration of Tl. Thus, theoretically it is
observed that the Bi atoms have tendency to remain on the surface of the alloy. Similarly,
it is observed from the Figure 38 that the surface tension of the system increases with
increase in the bulk concentration of Tl.
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Table 30: Surface concentrations of Bi and Tl and surface tension for liquid Bi-Tl alloy at 750 K for
different concentrations of thallium.

Concentration Surface concentration Surface concentration Surface tension
of Tl (𝐶Tl) of Tl (𝐶𝑆Tl) of Bi (𝐶𝑆Bi) 𝜎(Nm−1)

0.1 0.032 0.968 0.370
0.2 0.071 0.929 0.378
0.3 0.119 0.881 0.386
0.4 0.181 0.819 0.395
0.5 0.264 0.736 0.406
0.6 0.377 0.623 0.417
0.7 0.522 0.478 0.429
0.8 0.690 0.310 0.439
0.9 0.856 0.144 0.446
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Figure 37: Surface segregation of Bi and Tl versus concentration of Bi For Bi-Tl liquid alloy at 750 K.

Figure 39 shows the variation of surface segregation of Cu and Al with respect to the
bulk concentration of Cu for Cu-Al liquid alloy at 1373 K. It shows that the aluminum
atoms have high tendency to remain on the surface where as copper atoms remain on the
bulk at almost all concentration of Cu. Figure 40 is the plot of surface tension of Cu-Al
against the concentration of Cu. It indicates that the surface tension of the alloy increases
with increase in bulk concentration of Cu.

From all of the four alloys , it is observed that the components having lower surface
tension segregate on the surface of their corresponding alloys.
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Figure 38: Surface tension versus concentration of Tl For Bi-Tl liquid alloy at 750 K.

Table 31: Surface concentrations of Cu and Al and surface tension for liquid Cu-Al alloy at 1373 K for
different concentrations of copper.

Concentration Surface concentration Surface concentration Surface tension
of Cu (𝐶Cu) of Cu (𝐶𝑆Cu) of Al (𝐶𝑆Al) 𝜎(Nm−1)

0.1 0.013 0.987 0.783
0.2 0.028 0.972 0.808
0.3 0.046 0.954 0.838
0.4 0.074 0.926 0.876
0.5 0.119 0.881 0.927
0.6 0.196 0.804 0.993
0.7 0.318 0.682 1.067
0.8 0.492 0.508 1.143
0.9 0.719 0.281 1.216
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Figure 39: Surface segregation of Cu and al versus concentration of Cu For Cu-Al liquid alloy at 1373 K.
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Figure 40: Surface tension versus concentration of Cu For Cu-Al liquid alloy at 1373 K.

4.9 Examination of Behavior of Binary Liquid Alloys at Various Temperatures

Understanding the nature of thermophysical functions above and below the melting point
is crucial to comprehend the energetics of liquid alloys. The phase separation or complex
formation of the alloy is particularly important when extrapolating thermodynamic data
from one given region of temperature to another as these are important parameters for
anomalies behavior. In many situations, it becomes challenging to make very accurate
experimental observations over a broad temperature range. Therefore, conducting such
research inside a theoretical framework is extremely interesting.

This section deals with the extension made in the Quasi-Chemical Approximation to
predict the thermodynamic, structural, transport and surface properties of preferred binary
liquid alloys at temperatures above their melting points. Such predictions have been made
by developing theoretical modelling equation in the frame work of the Quasi-Chemical
Approximation. We have also presented the findings and discussions related to the
properties of liquid alloys at various temperatures.

4.9.1 Theoretical Modelling Equation

The main assumption for the theoretical modeling equation is that the mole fraction and
the temperature derivative interaction energy parameters remain constant with change in
temperature of the liquid alloys. The equation has been used to compute the interaction
energy parameters of the alloys at various temperatures, which have then been used to
compute various properties. The interaction energy parameters can be linked to the
temperature derivative terms of the interaction energy parameters using the formula
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below:

𝑑 [𝜔𝑖 𝑗 (𝑇)] =
𝜕𝜔𝑖 𝑗 (𝑇)
𝜕𝑇

𝑑𝑇, 𝑖 ≠ 𝑗

𝜔𝑖 𝑗 (𝑇𝐾) = 𝜔𝑖 𝑗 (𝑇0) +
𝜕𝜔𝑖 𝑗

𝜕𝑇
(𝑇𝐾 − 𝑇0)

(4.2)

Here, 𝑇0 denotes the melting point of the concerned liquid alloy under and 𝑇𝐾 denotes
the temperature of interest for determining the various properties of the liquid alloy.

Thus, by using Equation (4.2), the interaction energy parameters of the alloys for different
temperatures are determined but the temperature derivative terms of interaction energy
parameters are kept constant.

4.9.2 Free Energy of Mixing at Different Temperatures

This section covers the study of composition dependent free energy of mixing of Pb-
Mg, Bi-Tl and Cu-Al liquid alloys at different temperatures. In order to calculate and
predict the free energy of mixing of the alloys under the Quasi-Chemical treatment at
different temperatures, it is necessary to determine the interaction energy parameters
and their temperature derivatives at the concerned temperatures of the alloys. For small
change in temperature the temperature derivatives of interaction energy parameters are
considered constant. The interaction parameters at high temperatures are obtained under
the assumption that the parameters are linearly dependent on temperature and independent
on the concentration of each component of the alloy with the help of Equation 4.2. The
temperature of study for Pb-Mg liquid alloy are 973 K, 1073 K, 1173 K and 1273K,
for Bi-Tl liquid alloys are 750 K, 850 K, 950 K, and 1050 K and for Cu-Al liquid alloy
are 137 3K, 1573 K, 1773 K and 1973 K. The temperatures 973 K, 750 K and 1373
K are assumed as melting temperatures of the Pb-Mg, Bi-Tl and Cu-Al liquid alloys
respectively.

The interaction energy parameters for different alloys at concerned temperatures thus
found are shown respectively in the Tables 32, 33 and 34 for Pb-Mg, Bi-Tl and Cu-Al
binary liquid alloys respectively.

Table 32: Interaction energy parameters for Pb-Mg liquid alloy at different temperatures.

Temperature (K) 𝜔/𝑘B𝑇 Δ𝜔𝐴𝐵/𝑘B𝑇 Δ𝜔𝐵𝐵/𝑘B𝑇

973 -5.779 2.808 4.984
1073 -5.459 2.902 4.082
1173 -5.194 2.980 3.334
1273 -4.970 3.046 2.704

Using such parameters of different alloys at concerned temperatures in the Equation
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Table 33: Interaction energy parameters for Bi-Tl liquid alloy at different temperatures.

Temperature (K) 𝜔/𝑘B𝑇 Δ𝜔𝐴𝐵/𝑘B𝑇 Δ𝜔𝐵𝐵/𝑘B𝑇

750 -1.084 -3.660 1.493
850 -0.899 3.345 1.493
950 -0.753 -3.097 1.703
1050 -0.634 -2.896 1.777

Table 34: : Interaction energy parameters for Cu-Al liquid alloy at different temperatures.

Temperature(K) 𝜔/𝑘B𝑇 Δ𝜔𝐴𝐵/𝑘B𝑇 Δ𝜔𝐴𝐴/𝑘B𝑇 Δ𝜔𝐴𝐴/𝑘B𝑇

1373 -4.710 26.942 -61.061 -37.995
1573 -4.521 26.931 -60.095 -37.919
1773 -4.374 26.922 -59.347 -37.861
1973 -4.257 26.914 -58.751 -37.836

(3.54), the free energy of mixings (𝐺M/𝑅𝑇) of the liquid alloys are computed as shown
in the Tables 35, 36 and 37. The plots of the free energy of mixing for the Pb-Mg, Bi-Tl
and Cu-Al liquid alloys as a function of concentration at elevated temperatures are shown
respectively in the Figures 41, 42 and 43.

Table 35: Free energy of mixing for liquid Pb-Mg alloy at different temperatures for different concentrations
of lead.

Concentration of Pb Free energy of Mixing(𝐺M/𝑅𝑇)
𝐶Pb 973 K 1073 K 1173 K 1273 K
0.1 −0.875 −0.825 −0.785 −0.750
0.2 −1.406 −1.321 −1.252 −1.193
0.3 −1.706 −1.601 −1.513 −1.439
0.4 −1.819 −1.706 −1.612 −1.533
0.5 −1.777 −1.668 −1.578 −1.502
0.6 −1.609 −1.515 −1.436 −1.370
0.7 −1.339 −1.267 −1.206 −1.155
0.8 −0.987 −0.940 −0.901 −0.868
0.9 −0.560 −0.539 −0.522 −0.507
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Figure 41: Free energy of mixing for Pb-Mg liquid alloy at different temperatures.

Table 36: Free energy of mixing for liquid Bi-Tl alloy at different temperatures for different concentrations
of thallium.

Concentration of Tl Free energy of mixing(𝐺M/𝑅𝑇)
𝐶Tl 750 K 850 K 950 K 1050 K
0.1 −0.519 −0.498 −0.481 −0.467
0.2 −0.872 −0.832 −0.800 −0.774
0.3 −1.141 −1.084 −1.039 −1.003
0.4 −1.335 −1.264 −1.209 −1.163
0.5 −1.445 −1.365 −1.301 −1.250
0.6 −1.455 −1.370 −1.304 −1.250
0.7 −1.343 −1.263 −1.199 −1.148
0.8 −1.087 −1.022 −0.970 −0.928
0.9 −0.665 −0.626 −0.595 −0.570
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Figure 42: Free energy of mixing for Bi-Tl liquid alloy at different temperatures.

Table 37: Free energy of mixing for liquid Cu-Al alloy at different temperatures for different concentrations
of copper.

Concentration of Cu Free energy of mixing (𝐺M/𝑅𝑇)
𝐶Cu 1373 K 1573 K 1773 K 1973 K
0.1 −0.610 −0.598 −0.589 −0.582
0.2 −1.054 −1.031 −1.014 −1.000
0.3 −1.430 −1.397 −1.371 −1.352
0.4 −1.729 −1.687 −1.655 −1.630
0.5 −1.915 −1.866 −1.829 −1.800
0.6 −1.943 −1.892 −1.852 −1.821
0.7 −1.781 −1.733 −1.695 −1.666
0.8 −1.418 −1.380 −1.350 −1.326
0.9 −0.855 −0.833 −0.816 −0.802

Theoretical research demonstrates that as temperature increases above the melting point
of the liquid alloys, the values of free energy of mixing 𝐺M/𝑅𝑇 for the alloy become less
negative. The rate of decrease in the free energy of mixing is small in Cu-Al alloy in
comparison to other two liquid alloys. However the results of free energies of mixing of
the alloys suggest that when temperatures rise, the bonding strength between the atoms of
the alloy systems weakens. As a result, the alloys are less interacting and the tendencies
towards the complex formation decrease.
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Figure 43: Free energy of mixing for Cu-Al liquid alloy at different temperatures.

4.9.3 Enthalpy of Mixing at Different Temperatures

In this section, we study and predict the enthalpy of mixing of liquid alloys of Pb-Mg,
Bi-Tl, and Cu-Al at various temperatures. On the floor of present theoretical modelling,
the values of the interaction energy parameters and their temperature derivatives are
necessary for the study of the alloys at different temperatures. The interaction energy
parameters are used as obtained in the Section 4.9.2. However, the temperature derivatives
of such parameters are employed as determined at their melting temperatures because
they are considered to be constant for small changes in temperature.

Now, the enthalpy of mixing (𝐻𝑀/𝑅𝑇) of liquid alloys at various temperatures are
determined using such parameters as illustrated in Tables 38, 39 and 40. Similarly, the
plots of enthalpy of mixing for the Pb-Mg, Bi-Tl and Cu-Al liquid alloys as a function of
concentration at elevated temperatures are shown respectively in the Figures 44, 45 and
46.
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Table 38: Enthalpy of mixing for liquid Pb-Mg alloy at different temperatures for different concentrations
of lead.

Concentration of Pb Enthalpy of mixing(𝐻𝑀/𝑅𝑇)
𝐶Pb 973 K 1073 K 1173 K 1273 K
0.1 −0.528 −0.479 −0.438 −0.404
0.2 −0.905 −0.821 −0.751 −0.692
0.3 −1.131 −1.026 −0.938 −0.865
0.4 −1.214 −1.101 −1.007 −0.928
0.5 −1.168 −1.059 −0.969 −0.892
0.6 −1.014 −0.920 −0.841 −0.775
0.7 −0.781 −0.709 −0.648 −0.597
0.8 −0.505 −0.458 −0.419 −0.386
0.9 −0.228 −0.207 −0.189 −0.175
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Figure 44: Enthalpy of mixing for Pb-Mg liquid alloy at different temperatures.

Table 39: Enthalpy of mixing for liquid Bi-Tl alloy at different temperatures for different concentrations of
thallium.

Concentration of Tl Enthalpy of mixing(𝐻𝑀/𝑅𝑇)
𝐶Tl 750 K 850 K 950 K 1050 K
0.1 −0.182 −0.161 −0.144 −0.130
0.2 −0.343 −0.303 −0.271 −0.245
0.3 −0.485 −0.428 −0.383 −0.346
0.4 −0.602 −0.531 −0.475 −0.430
0.5 −0.685 −0.604 −0.541 −0.489
0.6 −0.717 −0.633 −0.566 −0.512
0.7 −0.680 −0.600 −0.537 −0.486
0.8 −0.557 −0.491 −0.440 −0.398
0.9 −0.332 −0.293 −0.262 −0.237
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Figure 45: Enthalpy of mixing for Bi-Tl liquid alloy at different temperatures.

Table 40: Enthalpy of mixing for liquid Cu-Al alloy at different temperatures for different concentrations
of copper.

Concentration of Cu Enthalpy of mixing(𝐻𝑀/𝑅𝑇)
𝐶Cu 1373 K 1573 K 1773 K 1973 K
0.1 −0.095 −0.083 −0.073 −0.066
0.2 −0.179 −0.156 −0.138 −0.125
0.3 −0.257 −0.225 −0.199 −0.180
0.4 −0.328 −0.286 −0.254 −0.228
0.5 −0.379 −0.331 −0.294 −0.265
0.6 −0.401 −0.350 −0.310 −0.279
0.7 −0.379 −0.330 −0.293 −0.264
0.9 −0.175 −0.153 −0.136 −0.122

The study of enthalpy of mixing of the preferred alloys are negative at their elevated
temperatures. This demonstrates that mixing of the alloys are exothermic. The values of
enthalpy of mixing (𝐻𝑀/𝑅𝑇) for all the alloys are found to decrease when temperature
rises above the melting point of the liquid alloys. These findings imply that, as predicted
by the results of free energy mixing, the bonding strength between the atoms of the
complex atoms reduces with increase in temperature causing the declination of complex
formation of the alloys.
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Figure 46: Enthalpy of mixing for Cu-Al liquid alloy at different temperatures.

4.9.4 Activities of the Components of the Alloys at Different Temperatures

This section deals with the theoretical study of composition dependent activities of the
constituents of each Pb-Mg, Bi-Tl and Cu-Al liquid alloys at various temperatures. The
basic inputs for theoretical calculation of activity of the component atoms of the alloys
are interaction energy parameters. The values of such parameters required for the study
at various temperatures on the ground of the current theoretical modeling are taken from
Section 4.9.2 that were used for the computation of free energy of mixing. Using such
parameters in the Equations (3.64) and (3.65), the activities of each components of the
liquid alloys at different temperatures are computed as shown in the Tables 41, 42 and 43
and their plots at elevated temperatures are shown respectively in the Figures 47, 48 and
49.

Table 41: Activities of Pb (aPb) and Mg (aMg) for liquid Pb-Mg alloy at different temperatures for different
concentrations of lead.

Con. of Activity of Pb (𝑎Pb) Activity of Mg (𝑎Mg)
Pb(𝐶Pb) 973 K 1073 K 1173 K 1273 K 973 K 1073 K 1173 K 1273 K

0.1 0.001 0.002 0.002 0.003 0.813 0.819 0.824 0.828
0.2 0.009 0.013 0.017 0.021 0.553 0.569 0.582 0.594
0.3 0.045 0.055 0.065 0.075 0.331 0.353 0.372 0.388
0.4 0.135 0.153 0.169 0.184 0.183 0.204 0.223 0.241
0.5 0.292 0.310 0.326 0.340 0.098 0.115 0.131 0.146
0.6 0.487 0.497 0.506 0.513 0.053 0.065 0.077 0.088
0.7 0.672 0.672 0.672 0.672 0.029 0.037 0.045 0.054
0.8 0.812 0.812 0.813 0.815 0.017 0.021 0.027 0.032
0.9 0.911 0.908 0.906 0.904 0.009 0.011 0.013 0.016
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Figure 47: Activities of Pb (aPb) and Mg(aMg) for Pb-Mg liquid alloy at different temperatures.

Table 42: Activities of Bi (aBi) and Tl (aTl) for liquid Bi-Tl alloy at different temperatures for different
concentrations of thallium.

Conc. of Activity of Tl (𝑎𝑇𝑙) Activity of Bi (𝑎𝐵𝑖)
Tl(𝐶Tl) 750 K 850 K 950 K 1053 K 750 K 850 K 950 K 1050 K

0.1 0.016 0.019 0.022 0.025 0.892 0.893 0.894 0.895
0.2 0.036 0.043 0.049 0.056 0.774 0.777 0.780 0.782
0.3 0.063 0.074 0.085 0.094 0.641 0.647 0.653 0.657
0.4 0.104 0.120 0.135 0.148 0.487 0.498 0.507 0.515
0.5 0.172 0.193 0.212 0.228 0.323 0.338 0.350 0.360
0.6 0.283 0.308 0.329 0.347 0.175 0.191 0.204 0.215
0.7 0.448 0.473 0.493 0.510 0.074 0.085 0.096 0.105
0.8 0.658 0.675 0.688 0.699 0.023 0.029 0.035 0.040
0.9 0.862 0.867 0.871 0.875 0.005 0.007 0.009 0.011
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Figure 48: Activities of Bi(aBi) and Tl(aTl) for Bi-Tl liquid alloy at different temperatures.

From above theoretical study, we have observed that in the strongly interacting system,
the absolute values of activities of the components remain small for considerable range
of concentration and hence magnitude of activities in interacting systems are smaller
than that in the less interacting systems. As the components of the alloys interact less
with increasing temperature, the activities of components gradually rise for the alloy
system. The rise in activities of Cu and Al seems to be very small than the activities of
the components of other two liquid alloys. Thus from the point of view of activity, we
can predict that the alloys are shifted from more interacting to less interacting with rise in
their temperatures and the tendency of complex formation is maximum for all the alloys
at their respective melting temperatures.

Table 43: Activities of Cu (aCu) and Al (aAl) for liquid Cu-Al alloy at different temperatures for different
concentrations of copper.

Conc.of Activity of Cu (𝑎Cu) Activity of Al (𝑎Al)
Cu(𝐶Cu) 1373 K 1573 K 1773 K 1973 K 1373 K 1573 K 1773 K 1973 K

0.1 0.007 0.007 0.008 0.009 0.886 0.887 0.888 0.888
0.2 0.013 0.015 0.016 0.017 0.787 0.788 0.790 0.791
0.3 0.022 0.024 0.026 0.028 0.669 0.671 0.673 0.675
0.4 0.040 0.043 0.046 0.049 0.482 0.487 0.491 0.493
0.5 0.083 0.090 0.095 0.099 0.260 0.267 0.271 0.275
0.6 0.185 0.194 0.202 0.209 0.098 0.103 0.107 0.110
0.7 0.370 0.382 0.391 0.398 0.027 0.029 0.032 0.033
0.8 0.610 0.618 0.624 0.629 0.006 0.007 0.008 0.008
0.9 0.832 0.835 0.836 0.838 0.001 0.001 0.001 0.002
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Figure 49: Activities of Cu (aCu) and Al (aAl) for Cu-Al liquid alloy at different temperatures.

4.9.5 Structural Properties of the Alloys at Different Temperatures

The importance of microscopic functions, concentration fluctuation in the long wavelength
limit 𝑆CC(0) and chemical short range order parameter (𝛼1) for the structural study of
binary liquid alloys has already been discussed in previous chapters. This section
focuses on the theoretical analysis and prediction of the structural properties 𝑆CC(0)
and 𝛼1 for Pb-Mg, Bi-Tl, and Cu–Al liquid alloys at various concerned temperatures.
Interaction energy parameters are also the fundamental inputs for theoretical calculations
of concentration fluctuation in the long wavelength limit and chemical short range order
parameter of the alloys. The values of these parameters, which were used to calculate
the free energy of mixing, were obtained from Section 4.9.2 in order to conduct the
investigation at various temperatures. The concentration fluctuation in long wavelength
limit at various temperatures thus determined using such parameters are illustrated in
Tables 41, 42 and 43 for Pb-Mg, Bi-Tl and Cu-Al liquid alloys . Similarly, the computed
values of chemical short range order parameter for these alloys are respectively given
in tables 44, 45 and 46. The Figures 50, 51 and 52 illustrate the plots of concentration
fluctuation in long wavelength limit for preferred alloys at different temperatures .

92



Table 44: Concentration fluctuation in long wavelength limit for liquid Pb-Mg alloy at different temperatures
for different concentrations of lead.

Concentration of Pb Concentration fluctuation in
𝐶 Pb long wavelength limit(𝑆CC(0))

973 K 1073 K 1173 K 1273 K
0.1 0.032 0.034 0.036 0.037
0.2 0.043 0.047 0.049 0.052
0.3 0.053 0.058 0.062 0.065
0.4 0.065 0.070 0.076 0.081
0.5 0.079 0.086 0.093 0.100
0.6 0.099 0.106 0.114 0.121
0.7 0.124 0.128 0.134 0.140
0.8 0.142 0.143 0.144 0.145
0.9 0.106 0.100 0.097 0.094

Table 45: Concentration fluctuation in long wavelength limit for liquid Bi-Tl alloy at different temperatures
for different concentrations of thallium.

Concentration of Tl Concentration fluctuation in
𝐶Tl long wavelength limit (𝑆CC(0))

750 K 850 K 950 K 1050 K
0.1 0.079 0.080 0.081 0.082
0.2 0.124 0.128 0.131 0.133
0.3 0.135 0.140 0.144 0.148
0.4 0.120 0.126 0.132 0.136
0.5 0.100 0.106 0.112 0.117
0.6 0.082 0.088 0.094 0.098
0.7 0.070 0.075 0.080 0.084
0.8 0.060 0.065 0.069 0.073
0.9 0.048 0.051 0.055 0.057

Table 46: Concentration fluctuation in long wavelength limit for liquid Cu-Al alloy at different temperatures
for different concentrations of copper.

Concentration of Cu Concentration fluctuation in
𝐶 Cu long wavelength limit (𝑆CC(0))

1373 K 1573 K 1773 K 1973 K
0.1 0.082 0.083 0.083 0.084
0.2 0.159 0.162 0.163 0.164
0.3 0.135 0.137 0.139 0.140
0.4 0.088 0.090 0.092 0.093
0.5 0.063 0.065 0.066 0.067
0.6 0.052 0.054 0.055 0.056
0.7 0.050 0.051 0.053 0.054
0.8 0.051 0.053 0.054 0.056
0.9 0.041 0.042 0.043 0.044

93



0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 0.2 0.4 0.6 0.8 1.0

S
CC

(0
)

CPb

973 K
1073 K
1173 K
1273 K

ideal

Figure 50: Concentration fluctuation in long wavelength limit for Pb-Mg liquid alloy at different
temperatures.
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Figure 51: Concentration fluctuation in long wavelength limit for Bi-Tl liquid alloy at different temperatures.
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Figure 52: Concentration fluctuation in long wavelength limit for Cu-Al liquid alloy at different
temperatures.

From the computed results, we have observed that 𝑆CC(0) mainly depends on the
interaction energy parameter(𝜔). But as value of interaction energy parameters vary, the
values of 𝑆CC(0) obviously vary. It is observed that as (𝜔) becomes less negative, the
values of 𝑆CC(0) increase showing the decreasing tendency of ordering nature of the
alloys. Thus all the preferred liquid alloys show the decreasing tendency of the ordering
nature with increase in temperatures. However behind 0.8 concentration of Pb , the
segregating tendency of the alloy of Pb-Mg has decreased with increase in temperatures.

The values of chemical short range order parameter for these alloys computed at concerned
temperatures of the alloys are given in Tables 47, 48 and 49 and their respective plots are
given in Figures 53, 54 and 55.

It is observed that the 𝛼1 is sensitive to 𝑆CC(0) and coordination number (Z). The value
of 𝛼1 goes towards less negative with increase in temperature which is the indication of
decreasing tendency of ordering nature of the alloys as predicted by 𝑆CC(0). But behind
0.8 concentration of lead for Pb-Mg liquid alloy,the value of 𝛼1 goes towards less positive
predicting the trend of segregating to ordering transformation.
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Table 47: Chemical short range parameter for Pb-Mg liquid alloy at different temperatures for different
concentrations of lead.

Concentration of Pb Chemical short range order parameter(𝛼1)
𝐶Pb 973 K 1073 K 1173 K 1273 K
0.1 −0.152 −0.139 −0.131 −0.124
0.2 −0.214 −0.196 −0.183 −0.173
0.3 −0.229 −0.209 −0.194 −0.181
0.4 −0.214 −0.194 −0.178 −0.164
0.5 −0.177 −0.159 −0.144 −0.131
0.6 −0.125 −0.112 −0.100 −0.090
0.7 −0.065 −0.060 −0.053 −0.048
0.8 −0.012 −0.014 −0.014 −0.014
0.9 0.016 0.010 0.007 0.004

Table 48: Chemical short range parameter for Bi-Tl liquid alloy at different temperatures for different
concentrations of thallium.

Concentration of Tl Chemical short range order parameter(𝛼1)
𝐶Tl 750 K 850 K 950 K 1050 K
0.1 −0.014 −0.012 −0.011 −0.009
0.2 −0.028 −0.025 −0.022 −0.020
0.3 −0.053 −0.048 −0.044 −0.040
0.4 −0.091 −0.082 −0.076 −0.071
0.5 −0.131 −0.120 −0.110 −0.103
0.6 −0.161 −0.147 −0.135 −0.126
0.7 −0.167 −0.152 −0.140 −0.130
0.8 −0.142 −0.127 −0.116 −0.106
0.9 −0.079 −0.072 −0.061 −0.055

Table 49: Chemical short range parameter for Cu-Al liquid alloy at different temperatures for different
concentrations of copper.

Concentration of Cu Chemical short range order parameter(𝛼1)
𝐶Cu 1373 K 1573 K 1773 K 1973 K
0.1 −0.010 −0.009 −0.008 −0.007
0.2 −0.001 0.001 0.002 0.002
0.3 −0.053 −0.051 −0.049 −0.048
0.4 −0.147 −0.143 −0.140 −0.137
0.5 −0.229 −0.223 −0.218 −0.215
0.6 −0.265 −0.258 −0.252 −0.248
0.7 −0.245 −0.237 −0.230 −0.225
0.8 −0.177 −0.169 −0.163 −0.158
0.9 −0.106 −0.102 −0.099 −0.096
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Figure 53: Chemical short range order parameter for Pb-Mg liquid alloy at different temperatures.
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Figure 54: Chemical short range order parameter for Bi-Tl liquid alloy at different temperatures.
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Figure 55: Chemical short range order parameter for Cu-Al liquid alloy at different temperatures.

4.9.6 Viscosity

It was already covered in Chapter 1 that measuring the thermophysical characteristics
of metals and alloys is difficult, time-consuming and expensive. On the other hand,
composition and temperature dependency of alloys are considerably important in the
case of metallurgical science. Mixing the components by altering composition and
temperature brings the variation in the properties, changing the interactions among the
components. Therefore, the estimated values of various physical properties are often
used during developing and solving metallurgical activities. These are obtained based on
thermophysical properties of liquid alloys. One of such property is the viscosity of liquid
alloys.

Table 50: Viscosity for Pb-Mg liquid alloy at different temperatures for different concentrations of lead.

Concentration of Pb Viscosity(𝜂)
(mN s m−2)

𝐶Pb 973 K 1073 K 1173 K 1273 K
0.1 1.248 0.900 0.685 0.548
0.2 1.319 0.983 0.768 0.630
0.3 1.365 1.052 0.845 0.711
0.4 1.386 1.106 0.916 0.790
0.5 1.385 1.148 0.980 0.866
0.6 1.369 1.178 1.039 0.941
0.7 1.344 1.202 1.095 1.017
0.8 1.321 1.228 1.156 1.100
0.9 1.309 1.264 1.228 1.198

In this section, we focus on the theoretical analysis and prediction of the viscosity for
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Pb-Mg, Bi-Tl, and Cu –Al liquid alloys at various temperatures. The basic variable
input parameters for calculating the viscosity of the alloys are Gibbs activation energy of
viscous flow and enthalpy of mixing. The Gibbs activation energy of each component of
the alloy at preferred temperatures can be obtained by taking molar volume and viscosity
of each component using Equations (3.103) and (3.104) for respective temperatures.
Similarly, the enthalpy of mixing as calculated in different temperatures in Section 4.9.3
are used for various alloys. The computed values of viscosities for these alloys are
respectively given in Tables 50, 51 and 52. The variations of viscosities with temperatures
of the are alloys shown in Figures 56, 57 and 58 respectively for Pb-Mg,Bi-Tl and Cu-Al
liquid alloys.
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Figure 56: Viscosity for Pb-Mg liquid alloy at different temperatures.

Table 51: Viscosity for Bi-Tl liquid alloy at different temperatures for different concentrations of thallium.

Concentration of Tl Viscosity(𝜂)
(mN s m−2)

𝐶Tl 750 K 850 K 950 K 1050 K
0.1 1.319 1.155 1.040 0.956
0.2 1.386 1.201 1.072 0.979
0.3 1.452 1.245 1.103 1.000
0.4 1.515 1.287 1.131 1.019
0.5 1.573 1.324 1.156 1.035
0.6 1.621 1.353 1.173 1.045
0.7 1.653 1.370 1.182 1.048
0.8 1.664 1.372 1.178 1.041
0.9 1.649 1.354 1.160 1.023

99



0.30

0.60

0.90

1.20

1.50

1.80

0.0 0.2 0.4 0.6 0.8 1.0

η(
m

N
 s

 m
-2

)

CTl

750 K
850 K
950 K

1050 K

Figure 57: Viscosity for Bi-Tl liquid alloy at different temperatures.

The study shows that the viscosity of the preferred alloys decrease with increase in
temperatures. This is due to the fact that the bonding strength between the atoms of the
complex atoms reduces with increasing temperature causing the declination of complex
formation of the alloys.

Equation (3.104) suggests that the variation on the viscosity is found to be more for the
large value of activation energy ( ∋) for same temperature change. The value of ∋ of Pb
is less than that of Mg (Brandes & Brook, 2013). Thus there is large gap among the
viscosities towards Mg rich end than that of Pb rich end as shown in the Figure 56. The
case is identical in the graphs shown in Figures 57 and 58.

Table 52: Viscosity for Cu-Al liquid alloy at different temperatures for different concentrations of copper

Concentration of Cu Viscosity(𝜂)
(mN s m−2)

𝐶Cu 1373 K 1573 K 1773 K 1973 K
0.1 0.775 0.633 0.541 0.478
0.2 0.947 0.760 0.641 0.560
0.3 1.156 0.913 0.760 0.657
0.4 1.410 1.097 0.902 0.771
0.5 1.724 1.317 1.069 0.905
0.6 2.099 1.578 1.264 1.060
0.7 2.542 1.882 1.491 1.238
0.8 3.059 2.233 1.750 1.440
0.9 3.658 2.636 2.045 1.670
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Figure 58: Viscosity for Cu-Al liquid alloy at different temperatures.

4.9.7 Surface Properties

Free surface and fluid phase produced at high temperatures are used in numerous
metallurgical operations. On the other hand, clean conditions especially, the absence of
foreign materials that could contaminate the surface or bulk of the sample is essential for the
accurate measurement of thermophysical properties of metallic alloys in their liquid phase
at high temperatures. In this regard the theoretical study of thermophysical properties
of liquid alloy becomes significant for achieving the required data for metallurgical
processes.

In the present section, we aim to study and predict the surface segregation and surface
tension of three binary liquid alloys Pb-Mg, Bi-Tl and Cu-Al at high temperatures. For
this purpose the values of bulk partial excess free energies of components at different
temperatures are obtained from the Equation (3.121) as given in the Appendix. Similar to
procedure as done in Section 4.8, the middle and right sides of Equation (3.120) are solved
to obtain the surface concentration of the components of the alloys at working temperature
for whole bulk concentration range. Using the findings of such surface concentrations
as well as bulk concentrations of components of the alloys, the composition dependent
surface tensions of the corresponding alloys at different temperatures are determined.

Theoretically calculated values of the composition dependent surface concentrations of
components Pb and Mg for Pb-Mg liquid alloy at different temperatures are presented in
Table 53 and plots of values calculated in this manner are displayed in Figure 59. The
figure shows that as temperature rises above the melting temperature, the values of 𝐶𝑆Mg
gradually climb while those of 𝐶𝑆Pb gradually fall with increase in temperatures of the
alloy beyond its melting temperatures. These studies suggest that at higher temperatures,
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Mg atoms fall from the bulk to the surface and Pb atoms move from the surface to the
bulk.

Table 53: Surface concentration of Pb and Mg for liquid Pb-Mg alloy at different temperatures for different
concentrations of lead.

Conc. of Surface concentration of Pb(𝐶𝑆Pb) Surface concentration of Mg(𝐶𝑆
𝑀𝑔

)
Pb(𝐶Pb) 973 K 1073 K 1173 K 1273 K 973 K 1073 K 1173 K 1273 K

0.1 0.119 0.102 0.089 0.083 0.881 0.898 0.911 0.917
0.2 0.294 0.256 0.226 0.207 0.706 0.744 0.774 0.793
0.3 0.479 0.428 0.385 0.352 0.521 0.572 0.615 0.648
0.4 0.637 0.584 0.537 0.495 0.363 0.416 0.463 0.505
0.5 0.754 0.707 0.664 0.621 0.246 0.293 0.336 0.379
0.6 0.837 0.800 0.764 0.726 0.163 0.200 0.236 0.274
0.7 0.895 0.868 0.841 0.811 0.105 0.132 0.159 0.189
0.8 0.937 0.920 0.903 0.883 0.063 0.080 0.097 0.117
0.9 0.971 0.962 0.954 0.944 0.029 0.038 0.046 0.056
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Figure 59: Surface concentrations of Pb and Mg for Pb-Mg liquid alloy at different temperatures.
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Figure 60: Surface tension for Pb-Mg liquid alloy at different temperatures.

The calculated values of surface tensions of Pb-Mg liquid alloy at preferred temperatures
are given in the Table 54 and the plots of values so computed are given in Figure 60. It
depicts that the surface tension of the alloy falls as temperature rises. According to earlier
predictions from thermodynamic and structural properties, one of the prime reasons of
this behavior may be loss of cohesive force of the constituents of the alloy at higher
temperatures.

Table 54: Surface tension for liquid Pb-Mg alloy at different temperatures for different concentrations of
lead.

Conc. of Surface Tension(𝜎)
(N m−1)

Pb (𝐶Pb) 973 K 1073 K 1173 K 1273 K
0.1 0.541 0.509 0.477 0.443
0.2 0.533 0.505 0.476 0.444
0.3 0.518 0.494 0.469 0.441
0.4 0.500 0.480 0.458 0.433
0.5 0.481 0.464 0.445 0.424
0.6 0.464 0.449 0.433 0.414
0.7 0.450 0.436 0.421 0.404
0.8 0.438 0.425 0.410 0.395
0.9 0.428 0.415 0.402 0.388

At the Mg-rich end, the surface tension of magnesium has a greater impact and it decreases
at a faster rate with rising temperatures than does the surface tension of lead. (Brandes &
Brook, 2013). Thus there is large variation on surface tensions towards right end of the
Figure 60 with increase in temperatures.
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Table 55: Surface concentration of Tl and Bi for liquid Bi-Tl alloy at different temperatures for different
concentrations of thallium.

Conc. of Surface concentration of Tl (𝐶𝑆Tl) Surface concentration of Bi (𝐶𝑆Bi)
Tl(𝐶Tl) 750 K 850 K 950 K 1050 K 750 K 850 K 950 K 1050 K

0.1 0.032 0.037 0.041 0.045 0.968 0.963 0.959 0.955
0.2 0.071 0.080 0.089 0.096 0.929 0.920 0.911 0.904
0.3 0.119 0.134 0.146 0.157 0.881 0.866 0.854 0.843
0.4 0.181 0.201 0.218 0.232 0.819 0.799 0.782 0.768
0.5 0.264 0.289 0.309 0.325 0.736 0.711 0.691 0.675
0.6 0.377 0.403 0.424 0.441 0.623 0.597 0.576 0.559
0.7 0.522 0.546 0.564 0.579 0.478 0.454 0.436 0.421
0.8 0.690 0.706 0.718 0.728 0.310 0.294 0.282 0.272
0.9 0.856 0.863 0.868 0.872 0.144 0.137 0.132 0.128

Similarly, computed values of 𝐶𝑆Bi and 𝐶𝑆Tl for Bi-Tl liquid alloy and 𝐶𝑆Bi and 𝐶𝑆Tl for
Cu-Al liquid alloys at concerned temperatures are presented in Tables 55 and 57 and their
corresponding plots are shown in Figures 61 and 63.

Table 56: Surface tension for liquid Bi-Tl alloy at different temperatures for different concentrations of
thallium.

Conc. of Surface Tension(𝜎)
(Nm−1)

Tl(𝐶Tl) 750 K 850 K 950 K 1050 K
0.1 0.370 0.364 0.357 0.350
0.2 0.378 0.372 0.365 0.358
0.3 0.386 0.380 0.374 0.367
0.4 0.395 0.389 0.383 0.377
0.5 0.406 0.400 0.394 0.387
0.6 0.417 0.411 0.405 0.398
0.7 0.429 0.422 0.415 0.408
0.8 0.439 0.432 0.424 0.416
0.9 0.446 0.438 0.430 0.422

Figure 61, when examined, shows that the surface concentration of Tl steadily rises
whereas the surface concentration of Bi gradually falls as temperature rises. Likewise
examining Figure 63 reveals that as temperature increases, the surface concentration of
Cu steadily increases whereas the surface concentration of Al gradually decreases.

The computed surface tensions of the Bi-Tl and Cu-Al liquid alloys are displayed in
Tables 56 and 58, respectively, along with the related graphs in Figures 62 and 64. Due
to the loss of cohesive force of the constituents of the alloy at higher temperatures, as
mentioned for the Pb-Mg liquid alloy, the surface tensions of both liquid alloys fall as
temperature rises.
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Figure 61: Surface concentrations of Bi and Tl for Bi-Tl liquid alloy at different temperatures.
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Figure 62: Surface tension for Bi-Tl liquid alloy at different temperatures.
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Table 57: Surface concentration for liquid Cu-Al alloy at different temperatures for different concentrations
of copper.

Conc. of Surface concentration of Cu(𝐶𝑆
Cu) Surface concentration of Al(𝐶𝑆

Al)
Cu(𝐶Cu) 1373 K 1573 K 1773 K 1973 K 1373 K 1573 K 1773 K 1973 K

0.1 0.013 0.014 0.015 0.016 0.987 0.986 0.985 0.984
0.2 0.028 0.030 0.032 0.034 0.972 0.970 0.968 0.966
0.3 0.046 0.050 0.053 0.055 0.954 0.950 0.947 0.945
0.4 0.074 0.079 0.084 0.087 0.926 0.921 0.916 0.913
0.5 0.119 0.127 0.133 0.138 0.881 0.873 0.867 0.862
0.6 0.196 0.207 0.215 0.221 0.804 0.793 0.785 0.779
0.7 0.318 0.331 0.341 0.348 0.682 0.669 0.659 0.652
0.8 0.492 0.504 0.514 0.519 0.508 0.496 0.486 0.481
0.9 0.719 0.728 0.733 0.736 0.281 0.272 0.267 0.264

Table 58: Surface tension for liquid Cu-Al alloy at different temperatures for different concentrations of
copper.

Conc. of Surface Tension(𝜎)
(Nm−1)

Cu(𝐶Cu) 1373 K 1573 K 1773 K 1973 K
0.1 0.783 0.699 0.618 0.561
0.2 0.808 0.727 0.648 0.594
0.3 0.838 0.760 0.684 0.632
0.4 0.876 0.804 0.734 0.685
0.5 0.927 0.864 0.801 0.750
0.6 0.993 0.939 0.886 0.840
0.7 1.067 1.023 0.978 0.932
0.8 1.143 1.106 1.068 1.030
0.9 1.216 1.185 1.153 1.122
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Figure 63: Surface concentrations of Cu and Al for Cu-Al liquid alloy at different temperatures.
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Figure 64: Surface tension for Cu-Al liquid alloy at different temperatures.
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CHAPTER 5

5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The mixing properties of binary alloys show anomalous behaviour as a function of
concentration. The formation of such alloy is analyzed from the observed thermodynamic
characteristics that deviates from the ideal mixing. Such characteristic behaviours are
the reflection of interaction of the energetic and structural readjustment of atoms of
the constituent elements. The empirical rules like electronegativity difference, ionic
character, electron per atom ratio, size mismatch etc. can be used to study mixing
behaviour of alloys. However, the mixing nature of segregating or ordering alloy systems
and their corresponding phenomena like phase separation or compound formation are
not properly described by such rules. (T. G. Iida, 1993; Novakovic et al., 2005).

The anomalies or asymmetric phenomena is due to the presence of strong interactions
between the dissimilar constituent atoms of the liquid mixtures resulting the intermetallic
compounds at one or more stoichiometric composition (Bhatia & Hargrove, 1974;
Sommer, 1990; Prasad & Singh, 1990) . It is also termed as the existence of chemical
short range order (Wilson, 1965). The departure of thermodynamic and microscopic
functions of compound forming alloys from regular solution is caused by the existence of
this chemical short range order. Similarly, there is no easy way to discern the arrangement
of constituent atoms and hence the identification of neighboring pairs is complicated.
Based on these facts, a large number of statistical approaches (Jordan, 1970; Bhatia et
al., 1973; Bhatia & Singh, 1982, 1984) have been developed to explain the energetic of
different liquid alloys.

The study of binary liquid alloys of type 𝐴𝜇𝐵𝜈 by Quasi-Chemical Approximation has
been the main emphasis of the research effort described in this thesis. Here, 𝜇 and 𝜈 are
two small integers whose values are derived from knowledge of the phase diagram of the
particular alloy in the solid state and depend on the stoichiometric composition at which
the majority of intermetallic compounds are formed. For the study, we have selected four
different types of alloys Na-Hg, Pb-Mg, Bi-Tl and Cu-Al. The analytical expressions for
thermodynamic functions such as free energy of mixing, enthalpy of mixing, activity,
entropy of mixing and structural functions such as concentration fluctuation in long
wavelength limit and chemical short range order parameter have been obtained using
the grand partition function. These functions help to understand the concentration
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dependent properties in terms of interaction energy parameters. The relationship between
microscopic and bulk characteristics has been established using the structural properties.
For the validity of the preferred model, the computed thermodynamic and structural
results are compared with the experimental values. The Kaptay’s equation is employed
to determine and study the viscosity of the liquid alloys. Similarly Kaptay’s modified
form of Butler equation has been used to compute and evaluate surface properties such
as surface tension and surface segregation of preferred liquid alloys.

The present research work is also an attempt to extend the model equations of Quasi-
Chemical Approximation, Kaptay equation and improved Butler equation to predict and
explain the thermodynamic, transport and surface properties of Pb-Mg, Bi-Tl and Cu-Al
liquid alloys at different temperatures. The Na-Hg alloy is not explored in this attempt
since the Hg component evaporates at temperatures higher than that stated for the liquid
alloy.

The liquid alloys selected for the study show asymmetry in the thermodynamic and
structural properties. These alloys are widely used in modern technological advancements
(details of applications are mentioned in chapter 1). Eventually, metallurgical processing,
characterisation, and design all have a basic interest in the investigation and explanation
of the anomalies in the mixing characteristics of these alloys. The prediction of the
thermodynamic, structural and transport characteristics for the relevant systems will serve
as a database in the absence of experimental data because the experimental methods
are tedious and challenging to use at various higher temperatures. Similarly, during the
assessment of surface tension of liquid alloys, oxide contamination of metallic surfaces,
the strong reactivity of metallic melts at high temperature and high sensitivity of surface
tension to impurities increase the risk of inaccuracy. Impurities having lower surface
tension than that of the components of the alloys segregate at the surface and significantly
diminish the surface tension of the system (Egry et al., 2010). In this spotlight, identifying
the surface properties of binary systems and subsequently predicting these properties
based on modeling equations at higher temperatures would unquestionably provide the
groundwork for the study of surface science.

For the study of alloys by the preferred model, it is key task to determine interaction
energy parameters. Such interaction energy parameters have been determined for all
of the chosen binary liquid alloys by successive approximation method using a Quasi-
Chemical Approximation and experimental data. The model makes the assumption that
the interaction energy parameters depend on temperature. The temperature derivative
interaction parameters have been obtained from the modelling equation by using observed
enthalpy of mixing for the concerned liquid alloys. But for higher temperatures, it is
assumed that the concentrations or mole fractions of complexes and the temperature
derivative interaction energy parameters are independent on temperature. The values of
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the interaction energy parameters are estimated for each of the aforementioned systems
at higher temperatures using the modeling equations by extending the Quasi-Chemical
Approximation under specific limited conditions.

We investigated several properties using interaction energy parameters and found many
interesting features pertaining to the thermodynamic, structural, transport and surface
properties of the alloys considered for the investigation of type 𝐴𝜇𝐵𝜈. Following is a
summary of some of the key findings from the research done for this thesis:

5.1.1 Gibbs Free Energy of Mixing

1. The theoretical values of Gibbs free energy of mixing are in agreement with
their corresponding experimental values for all the liquid alloys at their respective
melting temperatures. The asymmetric nature of free energy of mixing of compound
forming alloys are well explained by preferred statistical model.

2. The position of maximum asymmetry appears directly linked to the nature of
chemical complexes i.e. the values of 𝜇 and 𝜈. The minimum values of the free
energy of mixing have been found to occur at or close to compound forming
concentration(𝐶𝐶 = 𝜇/(𝜇 + 𝜈)).

3. The Gibbs free energy of mixing of all preferred liquid alloys becomes less negative
with rise in temperature indicating that the alloy systems are less interactive at
higher temperatures.

4. The interaction tendencies of the liquid alloys at their respective melting temper-
atures can be ordered as Na-Hg, Cu-Al, Pb-Mg, and Bi-Tl on the ground of the
comparative analysis of the free energy of mixing.

5.1.2 Enthalpy of Mixing

1. The computed values of enthalpy of mixing are in reasonable agreement with
their corresponding experimental values for all the liquid alloys at their respective
melting temperatures.

2. The negative values of enthalpy of mixing of preferred alloy systems indicate that
the mixing is exothermic.

3. For all preferred liquid alloys, the enthalpy of mixing becomes less negative
as temperature rises indicating that the alloy systems interact less at higher
temperatures.
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5.1.3 Activity

1. The same interaction energy parameters that were utilized to estimate the free
energy of mixing were also employed to compute the activity of the selected liquid
alloys.

2. The computed values of activity for the liquid alloys under examination are
composition-dependent and they agree well with the corresponding experimental
values at their respective melting temperatures.

3. The computed values of activities increase with increase in temperature of the
components of the alloys revealing less compound forming nature of the alloys.

5.1.4 Entropy of Mixing

1. To maintain consistency, we have used the same interaction energy parameters that
have been used for the analysis of aforementioned thermodynamic properties to
compute the entropy of mixing of the liquid alloys.

2. The computed as well as the experimental values of entropy of mixing as a function
of concentration are in well agreement for the alloys at their respective melting
temperatures.

5.1.5 Structural Properties

1. To understand the microscopic structure of the alloys, we have studied the con-
centration fluctuation in long wavelength limit and chemical short range order
parameter. For this, the same interaction energy parameters that were used to
compute aforementioned thermodynamic properties have been used.

2. The computed values of concentration fluctuation in long wavelength limit is
found to be smaller than ideal concentration fluctuation in long wavelength limit
except slight discrepancy in Pb-Mg liquid alloy at higher concentration of Pb. The
chemical short range order parameter is negative for all the concerned alloy systems
except behind 0.8 concentration of Pb in Pb-Mg liquid alloy . This reveals that the
systems are mainly ordering in nature at their respective melting temperatures and
the maximum deviation of Scc(0) from ideal values has occurred at the vicinity of
compound forming concentration for all of the alloys.

3. The calculated values of Scc(0) gradually increase as the temperatures increase
above the melting points of respective alloys. As a result, it can be predicted that
the systems interact most when they are melting, and that propensity reduces as
the temperature rises. These predictions are further quantified by the values of
chemical short range order parameter.
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5.1.6 Transport Properties

1. The transport properties (viscosity) of alloys have been studied using Kaptay’s
model (Kaptay, 2003) and theoretically computed enthalpy of mixing of the
preferred alloys at different temperatures have been used to explain their transport
behavior at different temperatures.

2. The computed values of viscosities for Na-Hg, Pb-Mg and Bi-Tl liquid alloys are
positively deviated and for Cu-Al, it is negatively deviated from ideal behavior at
their melting temperatures.

5.1.7 Surface Properties

1. The surface properties of alloys have been studied in the framework of Kaptay’s
modified form of Butler equation (Kaptay, 2019) and theoretically computed partial
excess free energy of each component of preferred alloy system at different temper-
atures have been used to explain their surface tension and surface concentration of
components of each alloys at different temperatures.

2. The component of the alloy having lower surface tension is found to segregate on
the surface of the alloy for all preferred systems.

3. The surface tension of the alloy system decreases with increase in temperature.

5.2 Recommendations

1. This research is only a small beginning. We encourage the other researchers to
look beyond our calculations in order to look at additional properties, even though
they are useful for the investigation of compound forming binary liquid alloys.

2. With the help of experimental data, thermodynamic calculations are employed to
assess the reliability of the theoretical models. For this, the adjustable parameters
(i.e. interaction energy parameters) are determined by successive approximation
method. However, theoretical models cannot be developed if the observed databases
are not available. Therefore, more methods should be developed for the experimental
measurements.

3. The mixing behavior of ternary liquid alloys cannot be explained by the Quasi-
Chemical Approximation due to the complexity in the formulations. Therefore, for
proper understanding of the properties of ternary liquid alloys, further modifications
to the model are needed.

4. The viscocity of Cu-Al liquid alloy is negatively deviated from the ideal behaviour.
For most of the interacting alloys, it is positively deviated. Thus, experimental data
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of thermodynamic properties and phase diagram of Cu-Al liquid alloy should be
revisited.
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CHAPTER 6

6. SUMMARY

In the present thesis, we have studied and analyzed the thermodynamic, structural,
transport (viscosity) and surface(surface segregation and surface tension) properties of
compound forming binary liquid alloys of type 𝐴𝜇𝐵𝜈 at their melting temperatures. For
this, we have selected four different alloys ( Na-Hg, Pb-Mg,Bi-Tl and Cu-Al) considering
NaHg2, PbMg2 , BiTl3 and Cu3Al2 as their most stable intermetallic compounds. The
thermodynamic and structural properties of the alloys have been studied in the framework
of Quasi-Chemical Approximation. The viscosity and surface properties are studied by
Kaptay’s model and Kaptay’s modified form of Butler equation respectively. The models
are again extended to predict the aforementioned properties of Cu-Al, Pb-Mg and Bi-Tl
liquid alloys at higher temperatures.

The major and important achievements from the present study are summarized in the
following points:

1. We have first studied thermodynamic properties such as free energy of mixing,
enthalpy of mixing, activity and entropy of mixing of preferred liquid alloys by
determining interaction energy parameters with the help of experimental values at
the melting temperatures of the alloy system. From the study, we concluded that
the agreement between the computed and experimental values of aforementioned
properties at melting temperature of concerned liquid alloys verifies the validity
of the model used for the study. The compound forming alloys have maximum
asymmetry as well as the minimum values of the free energy of mixing have been
found to occur at or close to compound forming concentration. From the less
negative values of the free energy and enthalpy of mixing and gradual increase in
the values of activity of components of the liquid alloys at higher temperatures,
we concluded that the alloy systems are less interactive and compound forming
tendencies of the alloys gradually decline at higher temperatures.

2. The interaction energy parameters thus determined are used to study the structural
properties such as concentration fluctuation in long wavelength limit and chemical
short range order parameter. From the microscopic point of view, we concluded that
the systems are mostly ordering in nature at their respective melting temperatures.
The computed values of concentration fluctuation in long wavelength gradually
increase with increase in temperature for the alloys . This made the conclusion
that the alloy systems tend to change from ordering to segregating with increase in
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temperatures.

3. The computed values of viscosity for the alloys Na-Hg, Pb-Mg and Bi-Tl deviate
positively from the ideal behaviour but it it is negatively deviated for Cu-Al liquid
alloy. Similarly, the viscosity of the alloy system decreases with increase in
temperature. This is due to the fact that atoms gain more thermal energy and can
easily overcome the attraction forces holding them together.

4. From the study of surface property, we concluded that the component of the alloy
having lower surface tension is found to segregate on the surface of all preferred
systems at their melting temperatures. The surface tension of the alloy system
gradually decreases at elevated temperatures which is due to decrease in the strength
of bonding between the atoms to form the complex as predicted by thermodynamic
and structural properties.

5. Finally, we would like to point out that the interatomic interaction is crucial
to the compound formation of alloys of types 𝐴𝜇𝐵𝜈. These alloys in the solid
state attain intermetallic compounds at one or more stoichiometric compositions
owing to the strong interatomic interaction present. The alloys under the study
mostly exhibit compound forming and ordering nature at their respective melting
temperatures nevertheless as temperature rises, both the compound forming or
ordering propensity weaken.
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APPENDIX

A. Partial Excess Free Energy

Table 59: Partial excess free energies of Pb and Mg for Pb-Mg liquid alloy at different temperatures for
different concentrations of lead.

Conc. of Partial excess free energy(Δ𝐺Xs
𝑖,b)

(J mol−1)
For Pb For Mg

Pb (𝐶Pb) 973 K 1073 K 1173 K 1273 K 973 K 1073 K 1173 K 1273 K
0.1 -37052 -37033 -37014 -34089 -821 -842 -864 -817
0.2 -24669 -24452 -24236 -22132 -2984 -3039 -3093 -2900
0.3 -15398 -15153 -14908 -13511 -6050 -6112 -6174 -5747
0.4 -8777 -8594 -8411 -7582 -9587 -9615 -9642 -8910
0.5 -4353 -4263 -4172 -3761 -13175 -13126 -13077 -12005
0.6 -1683 -1673 -1664 -1524 -16399 -16252 -16105 -14705
0.7 -334 -366 -398 -394 -18856 -18627 -18399 -16743
0.8 121 137 162 179 -20153 -19914 -19676 -17911
0.9 97 79 62 41 -19903 -19803 -19703 -18063

Table 60: Partial excess free energies of Bi and Tl for Bi-Tl liquid alloy at different temperatures for
different concentrations of thallium.

Conc. of Partial excess free energy(Δ𝐺Xs
𝑖,bE)

(J mol−1)
For Tl For Bi

Tl (𝐶Tl) 750 K 850 K 950 K 1050 K 750 K 850 K 950 K 1050 K
0.1 -11625 -11748 -11872 -11996 -55 -52 -49 -47
0.2 -10750 -10892 -11034 -11175 -210 -204 -199 -194
0.3 -9737 -9869 -10002 -10135 -554 -552 -550 -548
0.4 -8380 -8484 -8589 -8694 -1297 -1310 -1323 -1336
0.5 -6652 -6719 -6785 -6852 -2728 -2773 -2818 -2863
0.6 -4696 -4723 -4751 -4778 -5141 -5234 -5327 -5420
0.7 -2779 -2777 -2774 -2772 -8725 -8873 -9021 -9168
0.8 -1218 -1204 -1189 -1175 -13423 -13605 -13788 -13970
0.9 -272 -263 -255 -246 -18756 -18899 -19043 -19187
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Table 61: Partial excess free energies of Cu and Al for Cu-Al liquid alloy at different temperatures for
different concentrations of copper.

Conc. of Partial excess free energy(Δ𝐺Xs
𝑖,b)

(J mol−1)
For Cu For Al

Cu (𝐶Cu) 1373 1573 1773 1973 1373 1573 1773 1973
0.1 -30965 -34011 -37057 -40132 -178 -191 -204 -218
0.2 -30831 -33943 -37056 -40194 -189 -190 -190 -192
0.3 -29931 -32983 -36035 -39105 -523 -548 -574 -602
0.4 -26401 -29075 -31748 -34433 -2490 -2727 -2963 -3208
0.5 -20437 -22461 -24485 -26511 -7452 -8229 -9005 -9797
0.6 -13456 -14740 -16024 -17304 -16051 -17739 -19426 -21135
0.7 -7271 -7935 -8600 -9258 -27550 -30385 -33220 -36080
0.8 -3100 -3385 -3671 -3951 -39984 -43945 -47905 -51886
0.9 -891 -986 -1082 -1176 -52477 -57517 -62557 -67599
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ABSTRACT
We have used a theoretical model based on the assumption of
compound formation in binary alloys to study the thermodynamic,
microscopic and surface properties of Bi-Pb and In-Pb liquid alloys. A
review of the phase diagrams for these alloys shows that one of the
stable complexes for Bi-Pb liquid alloy is BiPb3; also that In-Pb is a
stable phase in liquid In-Pb alloys. Using the same interaction
parameters that are fitted for free energy of mixing, we have been
able to compute the bulk and thermodynamic properties of the
alloys. From our observations, we are able to show that the Bi-Pb
liquid alloy exhibits compound formation over the whole
concentration range and the In-Pb alloys undergo phase separation.
With regard to surface properties Pb segregates more to the surface
in In-Pb alloys than in Bi-Pb alloys. The viscosity isotherms have
positive deviation from ideality for both Bi-Pb and In-Pb alloys.
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1. Introduction

Numerous available models [1–28] have been used by a number of researchers to study the ther-
modynamic, structural, transport and surface properties of binary liquid alloys; the deviation of
the properties of alloys from the ideal mixing condition is discussed in such model formulations
in terms of the energy interaction of the constituent species of the respective alloys. It follows
from the above that the main parameter for selecting a thermodynamic alloy is how far the ther-
modynamic properties of liquid alloys deviate from the ideal properties. On the basis of its deviation
from the ideal thermodynamic properties, an alloy can be considered either as a compound-form-
ing liquid alloy (hetero-coordinated) or as a segregating (homo-coordinated) system. One of the
basic advantages of using such a thermodynamic model is that it can be easily extended to inves-
tigate the compositional dependence of structural properties [14,29] such as long wavelength fluctu-
ations, chemical short-range order parameters, transport properties [30,31] such as diffusion
coefficient, viscosity and surface properties [16,32] such as surface tension and surface composition.
Departures from ideality are visible as asymmetries in thermodynamic properties away from equia-
tomic composition and are usually attributed to one of the following factors: the size effect, the
difference in electronegativity or the interactions between solute and solvent atoms or the combi-
nation of these factors [33]. The industrial applications of liquid alloys could also be a very impor-
tant basis for a detailed study. Lead and lead alloys have frequently been the subject of numerous
experimental and theoretical research studies [34–50].
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Lead (Pb) is among the top 10 essential commodities consumed in the industrial world. Lead has
some exceptional properties: low melting point, easy casting, high density, softness, malleability,
low strength, easy production, acid resistance and electrochemical reactions with sulfuric acid.
Due to its excellent resistance to air, water and soil corrosion, Lead is one of the most stable
materials produced. Lead is ductile and malleable and can be produced by rolling, extruding, for-
ging, spinning and hammering in different shapes. Low tensile strength and very low creep strength
make it unfit for use without the addition of alloy elements. Lead can be easily alloyed to a lot of
other metals. Lead alloys with low melting points can be cast into many shapes using a variety of
molding materials and casting processes. Antimony, calcium, tin, copper, tellurium, arsenic and sil-
ver are the main alloy elements used to strengthen lead. Minor alloy elements include selenium,
sulfur, bismuth, cadmium, indium, aluminum and strontium. The main uses of lead alloys are
lead-acid ammunition batteries; cable sheathing; construction of sheets, pipes and solders; bearings;
gaskets; special castings; anodes; fusible alloys; shielding; and weights. Because of the corrosion
resistance of lead and lead alloys, their applications are also associated with the formation of the
protective corrosion film. Despite many useful applications, lead and its compounds are combined
toxins and should be treated with recommended precautions. Such chemicals should not be used in
diet or other consumption substances [51].

In-Pb alloys are generally recommended for soldering gold as alternative solders, as they do not
easily leach or dissolve gold. In addition, In-Pb alloys are used as contact alloys for metal-glass or
metal-ceramic connections due to their relatively low melting temperatures [40]. Elemental Pb and
In are not easy to volatilize; therefore; the data obtained at high temperatures are sufficiently rea-
listic and it is interesting to study the properties of Pb–In melts. Lead-bismuth alloys are of value for
their corrosion protection and wear resistance properties [52]. The lead-bismuth alloy is a prospec-
tive heat transfer medium for nuclear power units [53].

The layout of the paper is as follows. Section 2 provides the theoretical basis for our work. Section
3 presents and discusses the results of this work. Finally, the conclusions are outlined in Section 4.

2. Theory

The advantages of complex formation model (CFM) [12,17,25,54] are that, it seeks to account stab-
ility of compound through concentration-dependent free energy of mixing GM, heat of mixing HM

and concentration fluctuation in long wavelength limit Scc(0). Formalism in weak interaction
approximation [55] was applied to liquid Bi-Pb and In-Pb alloys to describe the behavior of
their mixing properties. In the framework of CFM, A-B liquid alloy is a pseudo-ternary mixture
consisting of A-atoms, B-atoms and chemical complexes AaBb with intermetallic stoichiometry
present in a solid state, all in chemical equilibrium with each other [56,57]. If there are x1 number
of A atoms, x2 number of B atoms and x3 number of AaBb complexes in the ternary mixture, then
we have from the conservation of atoms,

x1 = c− a x3, x2 = (1− c)− b x3 and x = x1 + x2 + x3 = 1− (a+ b− 1)x3 (1)

where a and b are small integers determined from the stoichiometry of energetically favored com-
pound and c is the atomic fraction of A atoms. The value of x3 can be calculated at a given pressure
and temperature from the equilibrium state of free mixing energy,GM as

∂GM

∂x3

( )
T,P,c

= 0 (2)

where GM for binary alloys can be written as

GM = −x3x+ RT
∑3
i=1

xi ln
xi
x

( )
+

∑
i,j

Cij
xixj
x

( )
(3)
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Here the first term−x3x stands for lowering of free energy due to the formation of complex AaBb, x
is the formation energy of the complex,Cij (i = 1, 2, 3) are the average interaction energies among
the species i and j. From Equations (2) and (3), the equilibrium value of x3 is given by the equation

(x3x
a+b−1x−a

1 x−b
2 )−1 = exp F− x

RT

( )
(4)

where

F =F1 +F2 +F3

F1 = (a+ b− 1)
x1x2
x2

− a
x2
x
− b

x1
x

[ ]C12

RT

F2 = (a+ b− 1)
x2x3
x2

− b
x3
x
+ x2

x

[ ]C23

RT

F3 = ((a+ b− 1)
x1x3
x2

− a
x3
x
+ x1

x

[ ]C13

RT

(5)

The heat formation, HM, can be obtained through Equation (3) and the relation

HM = GM − T(∂GM/∂T)P,c,N (6)

Equations (3) and (6) yield

HM = −x3 x− T
∂x

∂T

( )[ ]
+

∑
i,j

∑ xixj
x

( )
Cij − T

∂Cij

∂T

( )[ ]
(7)

The other thermodynamic function entropy of mixing(SM)can be expressed as

SM = (HM − GM)/T (8)

Using Equations (3) and (7) in Equation (8) we obtain

SM = x3
∂x

∂T
− R

∑3
i=1

xi ln
xi
x
−

∑
i,j

∑ xixj
x

( ) ∂Cij

∂T
(9)

Knowledge of surface properties is important for understanding surface-related properties such as
wet joint capability, epitaxial growth, corrosion and phase transformation kinetics [58]. Centered
on the assumption of a monatomic surface layer, Butler’s method [59] for assessing surface tension,
s of liquid solution can be expressed as follows:

s = sA + Gs
A − Gb

A

SA
+ RT

SA
ln

cs

c

( )
(10)

= sB + Gs
B − Gb

B

SB
+ RT

SB
ln

1− cs

1− c

( )
(11)

Equations (10) and (11) give the expression for surface tension in terms of partial excess free energy ofmix-
ing in bulk (Gb

i ), partial excess free energy ofmixing at the surface (Gs
i), bulk concentration (c) and surface

concentration (cs). Where sA and sB are the surface tensions of pure components A and B, respectively.
The monatomic surface area for each component is

Si = 1.091N1/3
A V2/3

i (12)

where Vi is the molar volume of the component i that can be determined from its molar mass and
density and NA stands for Avogadro number. It is difficult to evaluate the coefficient in Equation
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(12) for liquid alloys. For simplicity, it is usually set to 1.091 for liquid metals assuming close-packed
structures [60].

The concentration fluctuations, in the long wavelength limit, Scc(0) indicate the preference for
homo-coordination or hetero-coordination that defines the essence of mixing in liquid alloys in
terms of chemical order and segregation. Once the Gibbs energy of mixing of the liquid phase,
GM is known, Scc(0) can be expressed by GM as [61].

Scc(0) = 1
RT

∂2GM

∂c2

( )−1

(13)

Theoretically computed values of Scc(0) can be compared with the observed values evaluated from
the activity of constituent element at different composition by the following expression

Scc(0) = cBaA
(∂aA/∂cA)T,P,N

= cAaB
(∂aB/∂cB)T,P,N

(14)

Solving Equations (4) and (12) one obtains

Scc(0) = RT

RT
∑3
i=1

(x′i)2

xi
− (x′)2

x

( )
+ 2x

∑
i,j

∑
Cij

xi
x

( )′ xj
x

( )′ (15)

where the prime on xdenotes its first differentiation with respect to c.
For ideal mixture Equation (15) reduces to

Sidcc(0) = cAcB (16)

The degree of order in the liquid alloy can be viewed using the Warren–Cowley short-range order
parameter (a1) [62, 63]. Experimentally, these quantities are not easily quantifiable by diffraction
experiments. From the knowledge of the nearest neighbor contacts of unlike atoms in the melt,
the expression for a1 can be simply obtained [27]. Knowledge of a1 provides a direct insight
into the nature of the mixture’s local arrangement of atoms. a1 , 0 refers to unlike atoms pairing
as nearest neighbors, a1 . 0 corresponds to like atoms pairing in the first coordination shell, while
a1 = 0 corresponds to a random distribution. The limiting values of a1 for equiatomic composition
fall in the range−1 ≤ a1 ≤ +1. The minimum possible value of a1 is amin = −1representing com-
plete ordering. On the other hand, the maximum valueamax = +1implies total segregation leads to
phase separation. Singh et al. [64] suggested that a1 can be estimated fromScc(0).

a1 = S− 1
S(z − 1)+ 1

, S = Scc(0)
Sidcc(0)

(17)

Here z is the coordination number of the alloy. It is taken as 10 for the present calculations, and the
a1 values are evaluated [6].

Viscosity is one of the most essential thermophysical properties of liquid alloys, deciding certain
manufacturing processes and natural phenomena. By means of viscosity, the mixing behavior of
binary melt can also be understood at the microscopic level. The Budai-Benko-Kaptay (BBK)
model for viscosity of liquid alloy[65] is

h = PT1/2

∑
i
ciMi

( )1/2

∑
i
ciVi

( )2/3 exp
B
T

∑
i

ciTm,i −HM

qR

( )[ ]
(18)

The detailed formalismof the above-mentionedmodel and the values of the different parameters present
in Equation (18) are explored in detail [66]. Here we have presented the main equation involved in the
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measurement of viscosity. Many metallurgical processes and heterogeneous chemical reactions require
transport properties, such as the diffusivity of liquidmetals. For example, the rate of heterogeneous reac-
tions between two liquid alloys, such as slag and metal, is limited by the diffusion of the reactant species
[58]. Themixing behavior of the binary liquid alloys can also be explored at themicroscopic level in terms
of diffusion coefficient. Themutual diffusion coefficient (DM) of liquid alloys can be displayed in terms of
activity (ai) and self-diffusion coefficient (Did) of individual component applyingDarken’s equation [67].

DM = ciDid
d ln ai
dci

(19)

Here

DM = cDB + (1− c)DA (20)

whereDA andDB are the self--diffusion coefficients of pure components A and B, respectively. The ratio
of mutual diffusion coefficient (DM) and self-diffusion coefficient (Did) is also associated with concen-
tration fluctuation in long wavelength limit (Scc(0)) as

DM

Did
= cAcB

Scc(0)
(21)

3. Results and discussion

3.1. Thermodynamic properties

In this work, we aim to investigate some of the transport and surface properties of Bi-Pb and In-Pb
alloys, such as surface tension, surface concentration, mutual diffusivity and viscosity, using energetics
derived from their experimental thermodynamic data. To use the CFM to obtain the required energy
parameters, we consider the existence of a formAaBb chemical complex in the liquid state of the alloy.
By choosing the values a and b, we continue to determine the free energy of the alloy mixing values
by varying the energy parameters x andCij. The set of energy parameters that propagates to a reason-
able extent the computed values of the free energy of mixing of liquid alloys will be used in the cal-
culation of their enthalpy of formation HM , mixing entropy SM , concentration-concentration
fluctuation at the long wavelength limit Scc(0) and mutual diffusivitiesDM/Did. The values of a
and b used for the computation are obtained from phase diagrams. For Bi-Pb, the phase diagram
[68] shows the formation of intermetallic compounds of the type BiPb3 in the solid phase. We, there-
fore, presume that the compound will stay stable and remain in the liquid phase and affect the ther-
modynamic properties of the liquid alloy to a reasonable amount. However in the case of the In-Pb
liquid alloy, the selection of a and b corresponding to the In-Pb complex was capable of reproducing,
to a reasonable degree, the reported free energy of the mixing values of the alloy. The plot of GM/RT
with respective concentration of Bi and In for Bi-Pb and In-Pb liquid alloys is shown in Figure 1.

The points are experimental data due to Ref. [68] and the lines are the calculated values, at 700 K for
Bi-Pb and at 673 K for In-Pb. The energy parameters used for the calculation are presented in Table 1.
It should be noted that within the framework of the models mentioned above certain parameters, i.e.
the coordination number, z and the order energy parameters x,Cij do not depend on concentration.
The exponential dependence of the interaction energies with temperature was used to remove artifacts
present in the thermodynamic properties of liquid alloys calculated using R-K polynomial [69, 70]. But
in our case, using a CFM, no artifacts were observed in such a way that we have made use of linear
dependency of interaction energies with temperature [71]. The value of z is selected from the structural
data and the order energy parameters are fitted from the thermodynamic data.

Figure 1 demonstrates calculationsmade using a = 1 andb = 3 for BiPb3 complex anda = 1 and
b = 1 for In-Pb complex. To a reasonable extent, the measured free energy of the mixing of liquid
alloys indicates that these complexes are likely to occur in the liquid phase of the alloy. Both complexes
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mentioned above show a good fit for the values of free energy at the given temperatures. We used
experimental HM values taken from Ref. [68] in conjunction with Equation (7) to fit the HM versus
concentration graph. Table 1 shows the values of the first derivatives of the interaction parameters
with respect to temperature that give us the best fit for experimental HM data. The values of HM

and SM are in poor agreement with the experiment if energy parameters are taken as being temperature
independent.We have, therefore, assumed the variation of these parameters with temperature to deter-
mine heat and entropy of formation with observed values [68]. Figure 2 illustrates that there is a good
agreement between the experimental and calculated values ofHM/RT in both alloy systems. For the Bi-
Pb system, the values of HM/RT are negative throughout the whole concentration; this further
confirms that Bi-Pb is a chemically favored system. However for In-Pb, the positive values of
HM/RT at all composition show that it is very weaker in complex formation than the previous system.

Table. 1 shows that only C12 of the first system has a negative temperature coefficient between
the two systems; all energy parameters have positive temperature coefficients. The same interaction
parameters fitted for experimental values of GM and HM are further used to calculate SM/R through
Equation (9). Figure 3 shows the reasonable agreement between the experimental values and calcu-
lated values of SM for both systems.

3.2. Surface properties

The surface compositions and surface tension values for Bi-Pb and In-Pb liquid alloys were com-
puted numerically from the expressions in Equations (10) and (11). The partial excess free energy of

Figure 1. Free energy of mixing (GM/RT) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.

Table 1. Interaction parameters and their temperature derivatives.

System a b x/RT C12/RT C23/RT C13/RT
1
R
∂x

∂T
1
R
∂C12

∂T
1
R
∂C13

∂T
1
R
∂C23

∂T
Bi-Pb 1 3 1.880 −0.887 −0.714 0.519 1.580 −0.150 0.500 0.900
In-Pb 1 1 0.730 0.480 1.376 1.230 1.110 9.500 0.650 0.500
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Figure 2. Heat of mixing (HM/RT) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.

Figure 3. Entropy of mixing (SM/R) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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mixing in bulk (Gb
i ) and partial excess free energy of mixing at the surface (Gs

i) for Bi, Pb and In in
both alloys were taken from Ref. [68]. The surface tension (s0

i ), density (r0i ) at fixed temperature
(T0

i ) of the components of the alloy system were taken from Ref. [72] (where i denote In, Pb
and Mg) are presented in Table 2. However, to obtain surface tension and density at working temp-
eratures of 700 K and 673 K for Bi-Pb and In-Pb, respectively, the relationship between the temp-
erature dependence of the surface tension and the density of the liquid metals used is shown below.

ri(T) = r0i + (T − T0
i )Dri (22)

si(T) = s0
i + (T − T0

i )Dsi (23)

Here Dri and Dsi are the temperature coefficients of density and surface tension, respectively, for
the metal component of the alloys, and T is the working temperature in Kelvins.

Variation of the surface concentration of Bismuth and Indium by their bulk concentration for
both Bi-Pb and In-Pb liquid alloys is shown in Figure 4. The surface concentration plot for Bi-
Pb alloy showed that there is a surface segregation of Bismuth in this alloy. Lead, on the other
hand, segregates to the surface for the In-Pb alloy.

Table 2. Input parameters for the calculation of surface tension and viscosity [72].

Element T0i (K) r0i (kgm
−3) Dri(kgm

−3K−1) s0
i (Nm

−1) Dsi(Nm−1K−1) h0
i (Nsm

−2) E(Jmol−1)

Bi 544 10,068 −1.33 0.378 −7 × 10−5 4.458 × 10−4 6450
In 429.6 7023 −0.6798 0.556 −9 × 10−5 3.02 × 10−4 6650
Pb 600 10,678 −1.3174 0.468 −1.3 × 10−4 4.636 × 10−4 8610

Figure 4. Surface concentrations (csBi , c
s
In) vs. bulk concentrations (cBi , cIn) for Bi-Pb and In-Pb alloys at 700 K and 673 K,

respectively.
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Surface tension values for Bi-Pb and In-Pb liquid alloys over the entire bulk concentration range
of the corresponding component are presented in Figure 5.

The surface tension values of Bi-Pb decrease with little addition of Bismuth atoms. The surface
tension of Bi is less than that of Pb. As most Bismuth atoms migrate to the surface and populate it,
the surface tension of the alloy reduces the value of Lead and approaches the surface tension value of
pure Bismuth. An increase in surface tension with an increase in the bulk concentration of Indium
was observed for In-Pb. The surface tension values increase with the bulk concentration and reach a
largest value of about 0.5211 at 0.9 atomic fraction of indium, which is close to the surface tension of
the individual indium component.

3.3. Structural properties

Due to the difficulties in diffraction experiments, the theoretical estimation of concentration fluctu-
ations in the long wavelength limit Scc(0) is of great significance when the nature of the atomic inter-
actions in the melt has to be investigated. We calculated Scc(0) and the Warren–Cowley short-range
order parameter (a1) using the energy parameters estimated from our earlier calculations. In general,
for a liquid binary alloy, when Scc(0) . Sidcc(0), the liquid alloy is said to be phase-segregating or exhi-
bits homo-coordination. Sidcc(0) is the ideal value of Scc(0) which is associated with ideal mixture.
When Scc(0) , Sidcc(0), the liquid alloys have a tendency of compound formation or manifest the het-
ero-coordination. In addition, the chemical short-range order parameter (a1) provides a measure of
the degree of compound formation in the liquid alloy. The maximum value of a1 is 1 which shows
complete separation of alloy components, while the minimum value of a1 is −1 which means com-
plete ordering in a liquid alloy. The plots of Scc(0) and the chemical short-range order parameter (a1)
for Bi-Pb and In-Pb complexes are shown in Figures 6 and 7, respectively.

Figure 5. Surface tension (s) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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The lines are calculated values, while the points are experiment values calculated with Equation
(14) using the activity data from Ref. [68] and the dashed line is for ideal values of Scc(0). Figure 6
shows that In-Pb is a phase-segregating almost the entire concentration range. This is supported by
the chemical short-range order value, which has positive values throughout the entire region. For
Bi-Pb liquid alloy, the computed Scc(0) values are smaller than the ideal values Sidcc(0) so the Bi-Pb
liquid alloys have a good tendency for compound formation at all compositions. It can also be seen
that a1 values for Bi-Pb complex appear stronger with a minimum depth of a1 = −0.0425 at equia-
tomic composition. This strongly suggests that the first of the two Bi-Pb and In-Pb complexes have
a higher tendency for complex formation.

3.4. Transport properties

Taking the necessary input data from Ref. [70, 72], the viscosity of the Bi-Pb liquid alloy at 700 K
and the In-Pb alloy at 673 K is calculated out by Equation (18). The compositional dependency of
the viscosity of both systems can be seen in Figure 8. The viscosity obtained for each alloy has oppo-
site behavior. The viscosity value for Bi-Pb first increases with the bulk composition and achieves
the highest value with the equiatomic composition. It decreases with a further rise in bismuth con-
centration. In the case of In-Pb, the viscosity isotherm almost displays the symmetric behavior with
minima at cIn = 0.5. In comparison to the behavior seen in the previous one, the viscosity values for
the In-Pb values decrease initially with the increase in corresponding composition. It is observed to
decrease with more increase in concentration following equiatomic composition.

The computed values of Scc(0) for Bi-Pb and In-Pb were further used to evaluate the ratio of
mutual diffusivities to intrinsic diffusivities (DM/Did) as a function of composition using Equation

Figure 6. Concentration fluctuation at long wavelength limit (Scc(0)) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and
673 K, respectively.
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Figure 7. Chemical short-range order (a1) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.

Figure 8. Viscosity (h) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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(21). It is noted here that this ratio of diffusivities can also be used to indicate the level of order in a
liquid binary alloy. If DM/Did = 1, the alloy has a regular mixture of components leading to the
ideal solution. Hence DM/Did . 1 shows a tendency to hetero-coordination, while DM/Did , 1
shows a tendency to homo-coordination. The plots of DM/Did against concentration are presented
in Figure 9.

The Bi-Pb alloy is stronger by better predicting the measured Scc(0). We, therefore, expect it to
better emulate the other properties of the alloy. The values of DM/Did for Bi-Pb liquid alloy based
on the energy parameters, due to the BiPb3 complex, showed values that are greater than 1 through-
out the concentration range. This undoubtedly showed that the Bi-Pb alloy is strongly compound-
forming in the entire concentration range. For In-Pb, our calculated values of DM/Did suggest seg-
regation throughout the whole composition range and, therefore, further support the very small
tendency of compound formation in the alloy.

4. Conclusion

Thermodynamic and microscopic investigations of selected systems show that Bi-Pb alloys have a
complex formation behavior, while the In-Pb system is undergoing phase separation. It has been
observed that a component with a higher surface concentration, compared to its bulk concentration
or a component with a lower surface tension segregates over the surface of the alloy. The evaluation
of the coefficient of diffusion promotes the same tendency of the selected systems, as predicted in
structural and thermodynamic properties. In the present study of viscosity, it is interesting to notice
that both the alloys show symmetric behavior about equiatomic composition. However, in the case
of variation with bulk composition, they exhibit opposite behavior.

Figure 9. Ratio of mutual and intrinsic diffusion coefficients (DM/Did) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K
and 673 K, respectively.
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Abstract
Thermodynamic properties of compound forming binary liquid sodium-mercury alloy at temper-
ature 673Khave been analyzed as a function of concentration by considering NaHg2 complex using
quasi chemical approximation. The surface tension of the alloy has been studied by the compound
formationmodel, Butler equation as improved byKaptay, and Statisticalmechanical approach. The
mixing behavior of the alloy is studied in detail withmore emphasis on the interaction energy
parameters between neighboring atoms of the alloy. The study provides the information ofmoderately
interacting as well as ordering nature on the entire range of concentration of the liquid alloy and
the computed theoretical thermodynamic data are in good agreement with the corresponding
experimental data at 673K. The surface tension of the alloy computed predicts deviation from the
ideal case.

1. Introduction

Inmetallurgical science, alloys are considered superior to individualmetals due to their highmechanical
strength, chemical resistance, and heat resistance. The formation of an alloy is due to the interaction and
structural rearrangement of constituent atoms so that the chemical properties of each constituent element are
repressed and new properties are evolved.Most of the alloys are far away from the ideal solution and show the
micro-inhomogenous atomic arrangement and hence are difficult to realize as compared to the crystals.
Themixing property of the alloy ismainly governed by the electrochemical effect, size of atoms and the
concentration of constituent elements so that atoms of individual elements either tend to align showing
self-coordinated tendency or a strong ordering tendency [1]. Thus the understanding of themixing behavior of
metals forming alloys has been of great interest tometallurgists and physicists. However,materials remained
uninvestigated due to experimental difficulties and time constraints. In order to solve such problems, different
theoreticalmodels have been developed.

Alloys arewidely used in industries as commercialmaterials and hence studied extensively in solid-state. The
properties of the initialmelt ofmixing play a vital role in the formation of alloys. Various properties of the alloys
in the liquid state are studied inmetallurgy aswell as for the discovery of newmaterials for high-temperature
application.

Among the various alloys, sodiummercury alloy (sodium amalgam) is of great interest to researchers [2–8]
wheremost of the studies are focused on thermodynamic properties at specified temperatures. It is used as a
strong reducing agent in reactions. It is also used in the design of high-pressure sodium lampswhere sodium
andmercury produce the proper color and electrical characteristics respectively. The production of alkali and
chlorine by electrolysis process with liquidmercury as a cathode is considered to be one of the important
applications of sodium amalgam [9].

There are a number of solid intermetallic compounds of sodium amalgam. Balej [4] has suggested sodium
concentration in the liquid amalgams below 18%, viz: NaHg ,4 NaHg ,5 NaHg ,6 NaHg ,7 NaHg ,8 NaHg ,10
NaHg12 and NaHg .14 Similarly,mercury and sodium form a congruentlymelting compound in the formof
NaHg2 (mp. 626K) [9]. It shows negative deviation fromRaoult’s law and also shows anomalous behavior that
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some of its equilibriummixing properties such as free energy ofmixing, enthalpy ofmixing, entropy ofmixing,
and concentrationfluctuation in long-wavelength limit at 673K are asymmetric at equiatomic composition.
The alloys showing such behavior are usually known as compound forming binary alloys at one ormore defined
compositions [10].

The present work aims to study -Na Hg alloy theoretically to determine concentration-dependent
thermodynamic properties at 673K assuming NaHg2 complex in themelt by using quasi chemical
approximation [11] and study of surface tension by the compound formationmodel developed byNovakovic
et al inwhich connection between surface and bulk properties has been developed through the grand partition
functions[12] by the consideration of interaction energy parameters as that of the aforementionedmethod. Due
to lack of experimental data, we intend to compare surface tension thus obtainedwith other twomodels: the
Butlermodel as improved byKaptay [13] and the Statistical approach [14].

Themodel used in the study assumes an alloy as a pseudo ternarymixture of X atoms, Y atoms, and m nX Y
group of atoms (μ and n are small integers) of an energetically favored compound forming alloys all in chemical
equilibriumwith each other. The equilibriumproperties ofmixing binary alloy are governed by short-range
atomic interaction energies e e,XX YY and eXY forXX,YY, andXY atomic pairs respectively [15]. Based on the
pairing of atoms of the constituent elements, the alloys can be classified into twomain categories, segregating
where like atoms tend to be the nearest neighbor and the compound forming alloys (ordering)where unlike
atoms tend to be the nearest neighbor.

The thermodynamic properties such as free energy ofmixing, chemical activity, heat ofmixing, and entropy
ofmixing, provide the information on the interaction, stability, and bonding strength among the constituent
atoms of alloywhereas information on the structural ordering of atoms in binary alloys in the liquid state is
provided by the quantitative analysis ofmicroscopic functions., the concentration fluctuations in the long-
wavelength limit ( ( )S 0CC ), short-range order parameter (a1) [16]. The surface tension is one of the important
thermophysical properties studied inmetallurgy to get the information of surface property of liquid alloy and is
important in the casting process for getting different devices for bettermechanical performance. Further,
surface segregation, whichmainly refers to the inequality in concentration between the surface and that of bulk
materials of the alloy, is one of the important factors of the alloywhich is to be studied inmetallurgical science.
The reason for this inequality is the difference in surface energy between the constituent elements of the alloy
where the element with smaller surface energy has the tendency to segregate on the surface [17].

The organization of this paper is as follows. In section 2, the expressions required for the calculation are
presented. In section 3, the result and general discussion ofNa-Hg alloy are presented. Finally, the conclusions
are presented in section 4.

2. Theoretical basis

2.1. Thermodynamical functions
Consider a binary alloy ofN number of atomswith elements X and Y .Themodel (QCA) considers the existence
of chemical complexes m nX Y where

( )m n+ = m nX Y X Y 1

With this consideration, grand partition function in terms of configurational energy ‘E’ is simplified and excess
free energy ofmixing (G XS

M ) at temperature T is expressed as

( )ò ¡=G Nk T dc 2
C

M
XS

B
0

Where ¡ is ratio of activity coefficient of element X to Y, C is the concentration ofX atoms.
After simplemathematical calculation [11] the solution of equation (2) is given below.

[ ] ( )qw q w q w q w= + D + D + DG N 3XS
XY XY XX XX YY YYM

Where ( )q = -C C1 and ( )q ¢ =s j k X Y. ,j k, are the simple polynomials inC depending on the values of X
and Y , { ( )}q e e e= - +Z 2 2xy XX YY )} is interchange energy, ( )w eD = DZjk jk are interaction energy
parameters andZ is coordination number.

For = =X YNa, Hg, m = 1, n =2, the values of q ¢sj k, are found to be [11]

( ) ( )q = + - +c C C C C
1

6

5

3

1

2
4XY

2 3 4

( ) ( )q =C 0 5XX

2
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( ) ( )q = - + -C C C C
1

4

1

2

1

4
6YY

2 4

The Free energy ofmixing for the complex alloy is given by

[ ( ) ( )]
[ ]

[ ( ) ( )] ( )
qw q w q w q w

= +

= + + - -
= + D + D + D
+ + - -

G G G

G RT C C C C

N
RT C C C C

ln 1 ln 1

ln 1 ln 1 7

XS

XS

XY XY XX XX YY YY

M M M
ideal

M

Here qXX is taken zero because according to themodel, for m=1, the probability ofX andX (orXX) pair to be
part of the complex is zero so that the coefficient of ∆w

k T
XY

B
in equation (7) also tends to zero. If there are not

complexes in the alloy then ∆wjk is zero. In such case, the above equation takes the form as,

[ ( )] ( )qw= + + - -G N RT C C C Cln 1 ln 1 8M

The heat ofmixing is found out by using standard thermodynamic relation:
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The standard thermodynamic relation for the entropy ofmixing is

( )= -S
H

T

G

T
10M

M M

The activity of the constituent elements in the alloys is determined from following standard thermodynamic
relation.

⎡

⎣
⎢

⎤

⎦
⎥( ) ( ) ( )= = + -

¶
¶

RT a j X Y G C
G

C
ln , 1 11j

j T P N

M
M

, ,

By solving equations (7) and (11), the theoretical values of activities of each component are given as follows,

⎡
⎣

⎤
⎦

( ) ( )w q w q w q w= +
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- + ¢ D + ¢ D + ¢ D +
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RT a
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1 2 ln
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B

⎡
⎣

⎤
⎦

( ) ( )w q w q w q w= - - + ¢ D + ¢ D + ¢ D +
-

RT a
G

RT

C

k T
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C
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ln 1 2 ln

1
13Y XY XY XX XX YY YY

M

B

Where q¢ ,XY q¢XX and q¢YY are concentration derivatives of q ,XY qXX and qYY respectively.

2.2.Microscopic functions
The concentrationfluctuation in long-wavelength limit for the alloy is derived from standard relation as [18].

⎡
⎣⎢

⎤
⎦⎥

( ) ( )=
¶
¶

-

S RT
G

C
0 14CC

T P N

2
M
2

, ,

1

The value of SCC(0) can be obtained by using observed activities as

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

( ) ( )=
¶
¶

=
¶
¶

- -

S C a
a

C
C a

a

C
0 15CC Y X

X

Y T P N

X Y
Y

Y T P N, ,

1

, ,

1

WhereCX (=C) andCY (=1−C) are concentrations of elementsX andY respectively. The values of SCC(0)
obtained from equation (15) are called experimental values.

Solving equations (7) and (14), the theoretical value of SCC(0) is found as follows.

⎡⎣ ⎤⎦

( ) ( )

( )
( )

q q q
=

-

+ - - + ¢ + ¢ + ¢w qw qw qw¢ ¢ ¢
S

C C

C
0

1

1 1 2
16CC

k T XY k T XX k T YY k T
XY XX YY

B B B B

Where qjk is the second derivative of qjk with respect to concentration.
TheWarren-Cowley short-range order parameter [19, 20] is related to concentration fluctuation in the long-

wavelength limit as,

3
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( )
( )a =

-
- +

L

L Z

1

1 1
171

Where,

( )
( )

( )=L
S

S

0

0
18CC

CC
id

2.3. Surface tension
The surface tension is considered as an important factor inmetallurgy for the processes such asmolten-metal
processing, fusion-welding, soldering, etc. inwhich liquid alloy ormetal is involved. It concerns the problems
related to the surface and interface in the liquidmetal process [21, 22]. The interfacialmotion caused by the
surface tension of liquid plays amajor role inmany industrial phenomena and hence the surface and interfacial
behavior of liquidmetals are considered to have importance inmetallurgical processes for solidification,
controlling the processes of welding and casting [23].

In the present work, we try to study the surface tension ofNa−Hg alloy at 673Kby using three different
models: compound formationmodel improved Butler equation and Statisticalmechanical approach.

2.3.1. Compound formationmodel
Themodel assumes the compound forming tendency in the binary liquid alloy in the formof short-ranged
volume elements due to the formation of intermetallic compound ( m nX Y ) in themelt like that of a compound
forming tendency in solid-state. The equation of surface tension (σ) at temperatureT is given below.

[ ( ) ]

[ ( ) ] [ ( ) ] ( )

s s
r

w
r

j j j

w
r

j j j
w
r

j j j

= + + - -
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D
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p q

p q p q 19
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B X
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XY XY xy
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YY YY YY
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S S
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w
r

w
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w
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+
D

- -

+
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K T C

C
p f f qf

p f f qf

p f qf

ln

20

Y
B Y

Y

XY
XY XY XY

YY
YY YY YY

S
S

S

S

Where sj and Cj
S (j=X, Y) are surface tensions and surface concentration of pure component X andY

respectively. Similarlyj, f , jjk and f jk are bulk concentration functions andj ,S jf , jk
S S and f

jk
S are surface

concentration functions. p and q are surface coordination fractions that indicate the fraction of the number of
nearest neighbors of an atomwithin its own layer and adjoining layers respectively and are related as
+ =p q2 1. For a closed packed crystal, /=p 1 2 and /=q 1 4. r is themean surface area of the alloy and is

calculated by:

( )år r= C 21
j

j j

with the surface area of each component rj is given as [12]:

⎜ ⎟
⎛
⎝

⎞
⎠

( )r =
V

N
1.012 22j

j

Av

2
3

WhereVjis themolar volume of puremetal and NAv is Avogadro’s number.
For m = 1 and n = 2, the bulk concentration functions are:

( )j = C 232

( ) ( ) ( ) ( ) ( )j = + - - - + - - -C C C C
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6
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( ) ( ) ( )= - - + -f C C
1

2
1

3

4
1 28YY

2 4

The surface concentration functionsj j, ,jk
S S , f S and f

jk
S are obtained from equations (23) to (28) by

replacement of bulk concentration C by surface concentration C .S

2.3.2. Improved butler equation
It is the layered interface concept that assumes the existence of amonoatomic layer (called surfacemonolayer) at
the surface of a liquid as a separate phase and is in thermodynamic equilibriumwith the bulk phase. The
equation for binary liquid alloy at temperatureT is given as:

( )s s= + +
-A

A

RT

A

C

C

G G

A
ln 29

j

i
j

j

i
S

i
b

j
S XS

j
b XS

j

0 , ,

Where Aj
0 is themolar surface area of pure liquidmetal, Aj is the partialmolar surface area of component i

respectively. G ,j
S XS, and Gj

b XS, are the partial excess free energy ofmixing in the surface and bulk of constituent
components of the alloy, respectively

Themolar surface area of each pure component j is given as [24].

( ) ( ) ( )/ /=A g V N 30j j
0 2 3

Av
1 3

Where g is geometrical constant and is given as,

⎛
⎝

⎞
⎠

( )
/ /p

=
¦

¦
g

3

4
31V

s

2 3 1 3

Where ¦V and ¦S are volume packing fraction and surface packing fraction respectively. Their values are based
on the crystal structure type of every pure component of the alloy. For liquidmetal the values of ¦V and ¦S are
0.66 and 0.906 respectively [24].

2.3.3. Statistical mechanical approach
Thismethod is also based on the layered structure concept near the interface and assumes a surfacemonolayer,
as well as the layer just below the surface layer that bridges the surfacemonolayer to the bulk solution [25]. The
model relates the surface tension to thermodynamic properties through interchange energy (ω) and activity
coefficients (gj) between the elements of the alloy. The equation at temperatureT is given as below.

[ ( ) ( ) ] ( )s s
r g

w
r

= + + - + -
k T C

C
p C q Cln 1 1 32j

j
S

j j
j
S

j
B 2 2

3. Results and discussion

3.1. Thermodynamic properties
The properties of binary liquid alloys depend on temperature, concentration, and pressure. The study of the
binary alloy -Na Hg was carried out as a function of the concentration of the alloy atfixed atmospheric
pressure and a temperature 673K. For the calculations of thermodynamic as well as structural properties of
liquid alloy by quasi chemical approximation, themainwork is to calculate the interchange energy (ω) and
interaction energy parameters ( )wD .jk During the calculation of parameters, no any statisticalmethod likemean
square deviation is applied in order to decide the best fit so that the parameters used here are considered as
reasonable for the study. For the sake of consistency, the same theoretical parameters have been considered
throughout the calculations of othermixing properties. The different results thus obtained from the study are
outlined in the section below.

Weutilized equations (7), (9), (10), (11), and (12) for the analysis of the thermodynamic property. For the
free energy ofmixing, the interaction energy parameters are determined by successive approximationmethod
for a couple of concentrations, following the stoichiometry of the NaHg2 by the help of experimental values in
the concentration range (0.1 to 0.9) [26]. The approximate values of the parameters are as follows.

w w w
= -

D
=

D
=

k T k T k T
10.524 , 2.714, 9.987XY YY

B B B

The plot of free energy ofmixing versus concentration of sodium ( )CNa is shown infigure1. The computed and
experimental values of /G RTM are in good agreement. The theoretical value of free energy ofmixing is
minimum RT1.102 at 0.4 concentration of Na.The theoretical calculation of free energy ofmixing shows that
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the alloy -Na Hg in the liquid state ismoderately interacting and hence the tendency of compound formation
is not so strong.

The deviation from the ideal behavior of alloy can be explained by chemical activities, ameasure of effective
concentration in themixture, as itsmagnitude depends on the interaction of constituent binary components of
the alloy. Equations (12) and (13) are used for the theoretical calculation of the chemical activity of constituent
elements of alloy -Na Hg.Figure 2 shows the observed and theoretical value of the chemical activity of the
alloy. There is good agreement between experimental and theoretical value of activities of Na and Hg in the alloy
at 673K for all concentrations of Na.

For the theoretical determination of heat ofmixing, temperature derivatives of interaction parameters are
requiredwhich are obtained by successive approximationmethod. The bestfit values of parameters are

w w w
= -

D
=

D
= -

k

d

dT k

d

dT k

d

dT

1
2.097,

1
8.971,

1
19.105AB BB

B B B

The plot of heat ofmixing versus concentration of sodium ( )CNa is shown infigure 3. It is found that the heat
ofmixing ismore negative at 0.4 concentration of sodium. The computed and experimental values of /H RTM

are in good agreement.

Figure 1.Gibb’s free energy ofmixing versus concentration ofNa at 673K.

Figure 2.Chemical activity versus concentration ofNa at 673K.
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Using equations (7) and (9), the entropy ofmixing (SM) is computed. Energy parameters used inGibb’s free
energy and heat ofmixing of the alloy are used consistently throughout our calculation.

The plot of entropy ofmixing ( /S RM ) versus concentration of sodium is shown infigure 4 for both
theoretical and observed values. From the figure, it is observed that theoretical values are in reasonable
agreementwith observed values.

3.2.Microscopic properties
One of the important functions for the study of nature of atomic order of the binary liquid is considered as the
concentration fluctuations in the long-wavelength limit ( )S 0CC because it removes difficulties in the diffraction

experiment [18]. For a given concentration if ( )S 0CC < ( )S 0 ,CC
id then complex formation tendencies are

expectedwhile ( )S 0CC ( )>S 0CC
id )points to the segregating tendencies. The experimental and theoretical values

of ( )S 0CC at different concentrations of sodium are obtained from equations (15) and (16) respectively. The plot
of experimental and theoretical alongwith ideal values of ( )S 0CC versus concentration of ( )CNa Na is shown in
figure 5.

Figure 3.Heat ofmixing versus concentration ofNa at 673K.

Figure 4.Entropy ofmixing versus concentration ofNa at 673K.
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It is clear from thefigure that the theoretical value of lies below the ideal value of ( )S 0CC throughout the
whole range of concentration of leadwhich is the good signature of ordering in the alloy.

TheWarren-Cowley short-range order parameter ( )a1 is anothermost powerful parameter to provide
information on the local arrangement of the atoms in themolten alloys. Actually, it quantifies the degree of
chemical order in the liquid alloys whose value lies between−1 to+1. The negative value of a1 is an indication of
the ordering nature of the alloy, which is complete for a = -1.1 The value a = 01 is the indication of the
randomdistribution of the atoms in themixture and similarly, positive values ofα1 is the indication of
segregating nature, which is complete for a = 1.1 The value ofα1 has been computed as a function of the
concentration of Na using equation (17). For this, we take coordination number =Z 10.The plot of theoretical
values of a1 versus concentration of Na ( )CNa is shown infigure 6. From the figure, it is observed that the value
of a1 is negative throughout thewhole range of concentration of sodiumwithmaximumnegative at 0.4
concentration of sodiumwhich signifies the strong tendency of ordering nature of the alloy.

3.3. Surface tension
To calculate the surface tension of -Na Hg alloy the densities and surface tension of individualmetals for all
models required are calculated at 673K by using relations given in reference [27].

Figure 5 . Concentration fluctuation in long-wavelength versus concentration ofNa at 673K.

Figure 6 . Chemical short-range order parameter versus concentration ofNa at 673K.
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For the unknownor negligible excessmolar volume of the alloy, the partialmolar volume is replaced by the
molar volume of the pure component in the case of the improved Butlermodel and hence the partial surface area
(Aj) of each component is definitely replaced by surface area (Aj

0) of the same pure component [13, 28]. The bulk
and partial excess free energy ofmixing of individual sodium andmercury in a liquid state at 673K are taken
from reference [26]. The geometrical structure factor and ratio of surface excess energy to the bulk excess energy
( )/G Gj j

s,xs b,xs are considered 1.061 and 0.818 [24] respectively. Nowwriting these values to bothmetals in
equation (17) and solving them simultaneously, we first obtain surface concentrations of bothmetals, and then
using each surface concentration of correspondingmetals, the surface tension is obtained. Similarmethod is
applied for the other twomodels as well.

For the statisticalmodel, the interchange energy ( )w = - k T9.564 B obtained from equation (7) is used since
thismethod is not based on the complex of the alloys. Similarly, for the compound formingmodel, the same
interaction energy parametersω andωjk are used as in thermodynamic properties. The computed values of
surface concentrations and surface tensions fromdifferentmodels are compared infigures 7 and 8 respectively.

Figure 7 shows the surface concentration increases with increasing bulk concentration of ( )CNa Na in all
threemodels. The computed values of surface concentration suggest the segregation tendency of Na atoms to
the surface but the segregation ismore at higher bulk concentration of Na.This further suggests that at lower

Figure 7. Surface concentration versusConcentration ofNa at 673K.

Figure 8. Surface tension (N/m) versus concentration ofNa at 673K.

9

J. Phys. Commun. 5 (2021) 085005 NPanthi et al



bulk concentration of Na, the two different atoms of the alloy involve in the formation of chemical complexes or
intermetallic compounds: possibly NaHg .2

Infigure 8, the surface tension of -Na Hg alloy decreases gradually with an increase in the bulk
concentration of Na and is almost negatively deviated from the ideal value. In the compound formationmodel,
the interaction energy parameters are consideredwhich is the case of uniformdeviation from the ideal one.

4. Conclusion

The present study is the theoretical analysis for the understanding of thermodynamic, structural, and surface
behavior of binary liquidNa-Hg alloy at 673K, under the assumption of the existence of NaHg2 complex in the
liquidmixture by quasi chemical approximation. The study explains the asymmetry behavior of the
thermodynamic properties as a function of concentration. The theoretical study shows that the alloy exhibits
ordered tendencies that becomeweakerwith increasing temperature. It is noticed that segregating tendencies are
not to be found in the bulk alloy for any concentrations. The sodium atoms segregatemore on the surface at
higher concentrations of sodium. The surface tension is negatively deviated from the ideal value.
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Abstract. A theoretical model based on the assumption of compound formation in binary 
liquid alloy has been used to investigate the thermodynamic properties (free energy of mixing, 
enthalpy of mixing and entropy of mixing), microscopic properties (concentration fluctuation 
in long wavelength limit and chemical short range order parameter), surface properties (surface 
tension and surface composition) and dynamic properties ( viscosity and diffusion coefficient). 
All the properties of Al2Fe binary melt have been measured using the same energy parameters 
configured for experimental values of free energy of mixing. The energy parameters are 
detected as independent of concentration, but depend on temperature. The findings are well 
consistent with the experimental standards. 
 
Keywords: Bulk properties; Ordering; Surface tension; Positive deviation 

1. INTRODUCTION 

The development of lightweight, energy-efficient materials is critical for mitigating the global energy 
crisis [1]. Aluminum alloys are intensively researched in the automotive and aerospace sectors as test 
specimens, structural components, and massive metal surfaces. Aluminum alloys are the most often 
utilized light alloys for structural component weight reduction. At room temperature, these materials 
are often distinguished by their low density, high thermal conductivity, and good corrosion resistance 
[2–5]. Because of the extent to which its microstructure may be changed, the Al - Fe alloy system is 
particularly appealing for aeronautical constructions [6]. Al-Fe alloys have good oxidation properties, 
a high melting point, and a cheap material cost, making them an economically attractive material for 
industrial use [7,8]. Al-Fe alloys are also significant in powder metallurgy and spray forming [7,9]. 
They are the primary components of metal-matrix composites. Additionally, by changing the 
composition and thermal treatments of Al-Fe alloys, especially when coupled with additional elements 
like Mg, Si, Cu, and Zn, stronger Al-Fe alloys can be produced [10]. When the thermodynamic 
characteristics of a binary liquid alloy deviate significantly from ideality, the theoretical models used 
to analyze it provide vital information. These deviations induce asymmetry in thermodynamic 
characteristics away from equiatomic composition. The asymmetry in the thermodynamic 
characteristics of binary melt is mostly due to the size effect [11] and the electronegativity difference 
[12]. The size ratio (≈1.4) and electronegativity difference (≈0.22) for Al - Fe liquid alloy are too 
small to produce significant asymmetry in thermodynamic characteristics. The phase diagram [13] 
shows that the Al - Fe alloy has many stable phases, including Al3Fe, which has a complex end – 
centered monoclinic structure, Al5Fe2, which has an end – centered orthorhombic structure, AlFe, 
which has an ordered bcc (B2) structure isotypic with CsCl, AlFe3, which has an ordered bcc (D03) 
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structure isotypic with BiF3, and Al2Fe having a complex rhombohedral structure. Among these 
phases, the presence of Al2Fe complex in the liquid state has been considered in this investigation, and 
its thermodynamic and microscopic characteristics at 1873 K have been calculated using the complex 
formation model [14]. The Moelwyn–Hughes method [15] has been used to investigate the viscosity 
of the selected alloy, whereas the Prasad model [16,17] was used to investigate the surface 
characteristics. Due to the lack of long-range atomic order, researching the characteristics of alloys in 
liquid form is challenging. As a result, theorists have used several models [18–24] to better explain the 
characteristics of binary liquid alloys. Theoreticians have previously studied the Al3Fe alloy in its 
liquid form at a constant temperature of 1873K [12]. The energetics of Al2Fe alloy at various 
temperatures have been investigated in this study utilizing a complex formation model [14]. To 
demonstrate the correctness of this technique in thermodynamic and structural description of the 
provided binary system, the results are examined and compared with published data [25]. 

2. Formulation 

2.1 Thermodynamic Properties 
To investigate the mixing behavior of Al - Fe compounds, the complex formation model has been 
used. According to this model, the Al-Fe alloy will be a ternary combination of three species: Al 
atoms, Fe atoms, and the chemical complex Al2Fe, all of which will be in chemical equilibrium with 
one another. Conformal solution is another name for this ternary combination. xNAl   number of Al 

atoms and )1( xNFe   number of Fe atoms make up the total number of atoms in the provided 

binary system, which equals FeAl NNN  . The thermodynamic characteristics of components Al 

and Fe are altered when they are combined to produce a binary Al-Fe solution. Because of compound 
formation in the melt, the quantity of free atoms will decrease. For 1n g, 2n g and 3n g atoms of Al, Fe 

and Al2Fe respectively, 

 31 2nxn   and 32 1 nxn   (1) 

After mixing, the total number of atoms is 
 3321 21 nnnnn   (2) 

The free energy loss due to compound formation is given by 3n ; the complex formation energy is 

denoted by ; and the ternary mixture mixing free energy is denoted by G  . Then  the binary 
mixture’s free energy of mixing may be expressed as [14],  
 3nGGM   (3) 

In the case of the ternary ideal solution, 

 
 


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3

1
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ii nn
n

RT
G  (4) 

Where the implications of the size differences in the mixture are not to be neglected and the 
interaction between species is limited, but not zero, the zeroth approximation of regular solutions [26] 
or conformal solution approximation [27] must be valid. In this approximation, G   in terms of 
interaction energy parameter, ijV  can be expressed as, 
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The free energy of mixing for compound forming and regular binary alloys is now expressed as

 
  3
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1

1
ln nVnn
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n
RT

G
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(6) 

The equilibrium state at a particular pressure and temperature may be used to calculate the value of 3n . 
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Substituting MG  from equation 6 and doing some algebraic calculations, we get 
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Which is the equilibrium equation, where 
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The heat of mixing MH  can be expressed as follows [14]: 
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(10) 

Using the value of MG  from equation 6, we obtain 
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The entropy of mixing expression, SM, may be written as 
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2.2 Structural Properties 

Any variation from the ideal value )0(id
ccS  is crucial in understanding the nature of ordering and phase 

separation in molten alloys, therefore the concentration fluctuation at the long wavelength limit is of 
great importance. The free energy of mixing is linked to concentration variation at long wavelength 
limits by the formula [28], 
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Differentiating  MG  twice with respect to x  
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In terms of composition, the prime on the n ’s refers to their first derivative. By using the following 

formula, the theoretically predicted values of )0(ccS  may be compared to observed values computed 

from constituent element activity at different compositions. 
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)0(id
ccS  represent the ideal value as, 

 FeAl
id
cc xxS )0(   (16) 
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In the following equation, 1  indicates Warren – Cowely chemical short range order parameter which 
measures the degree of local order within the binary melt [29,30]. 

   11

1
1 
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FeAl

cc

xx

s
s

)0(
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In equation 17, z is coordination number. 

2.3 Transport Properties 
The molten alloy's mixing behavior can even be examined at the fundamental level in terms of 

diffusion coefficient. With the aid of Darken's equation [31], the mutual diffusion coefficient ( MD ) of 

binary liquid alloys may be described in terms of activity ( ia ) and self- diffusion coefficient ( idD ) of 

individual component. 

 i

i
idiM dx

ad
DxD

ln
  (18)   

with   AlFeFeAlM DxDxD   

Where AlD  and FeD  are the self – diffusion coefficients of Al and Fe respectively. In terms of )0(ccS  

, the ratio of mutual diffusion coefficient ( MD ) to self – diffusion coefficient ( idD ) can be expressed 

as 
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The microscopic mixing behavior of liquid alloys may also be described in terms of viscosity. The 
Moelwyn – Hughes equation for liquid alloy viscosity is 
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Here i  is the viscosity of individual elements Al and Fe. This value can be optimized for required 

temperature (T ) as [32], 
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Here 0i is a constant in the unit of viscosity and E  is the activation energy. 

2.4 Surface Properties 
The surface characteristics of the liquid solution reveal metallurgical phenomena including crystal 
development, wielding, gas absorption, and gas bubble nucleation [33]. The surface tension equations 
provided by Prasad et al., [16, 17], have been simplified using the zeroth approximation as 
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Where i represents the surface tensions of pure Al and Fe, ix and s
ix denote the bulk and surface 

concentrations of alloy components while p and q  represent the coordination fractions. These are the 
fraction of an atom's nearest neighbors generated within its own layer and those created by the next 
layer. The connection between the coordination fractions p and q is 12  qp . For present 
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calculation, we assume the closed packed structure for which the p and q  values are 0.5 and 0.25 
respectively.  
The mean atomic surface area ( ) of the compound can be expressed in terms of component surface 

area ( i ) as, 

  iix
 

(24) 

Here 
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(25) 

Where i is the component i 's molar volume and AN is the Avogadro’s number. Equations (22) and 

(23) may be solved for s
ix as the function of ix and hence surface tension compositional dependency 

can be examined. 

3. RESULTS AND DISCUSSION 

3.1 Thermodynamic Properties 
The order energy values for the Al–Fe liquid phase were calculated using known experimental data on 
thermodynamic characteristics [25] as well as phase diagram information [13]. The mixing functions, 
i.e. the Gibbs free energy and the enthalpy of mixing (figure 1), are negative for all compositions and 
have a flat minimum of -1.4770 and -1.2775 at equiatomic composition, xc = 0.5, showing the 
compositional site of an energetically favorable compound, the Al – Fe. The preferred configurations 
of Al and Fe component atoms facilitate the production of Al2Fe complexes (μ=2 and v=1) in liquid 
alloys. All calculations were performed at T = 1873 K, taking into account the Al - Fe phase diagram 
[13] and the existence of the liquid phase across the entire concentration range. At T = 1873 K, the 
interaction energy parameters  , 12V , 13V and 23V as well as their temperature derivatives, were 

calculated using the Gibbs energy of mixing, MG , of liquid Al - Fe alloys and the enthalpy of mixing,

MH [25]. The interaction energy parameters' values were tweaked to produce concentration 

dependences of MG that closely matched the thermodynamic data. 12V = -3.095RT, 13V  = -0.851RT, 

23V  = -1.970RT and   = 2.552RT are the estimated interaction energy parameters for liquid Al - Fe 

alloys, and they remain constant throughout all computations. The number of complexes, 3n , was 

calculated using equations (8-9) and equations (1-2). The concentration dependence of the equilibrium 
values of chemical complexes, 3n , reaches a maximum value of around 0.261 at the compound 

forming composition, cx = 0.667. 

If energy parameters are assumed to be temperature independent, the values of MH and MS are found 
to be in poor agreement with the experiment. As a result, we looked at how these parameters changed 
with temperature to see how heat and entropy of formation changed with observed values [25]. At T
=1873K, the temperature-dependent energies are ∂ 12V  /∂T = 0.980R, ∂ 13V  /∂T = 2.591R, ∂ 23V /∂T = 

2.984R and ∂ /∂T = 0.212R. Equations (11) and (12) have been used to calculate the enthalpy of 

mixing, MH  and the entropy of mixing, MS and have been compared to existing experimental data 

[25]. A comparison of the anticipated values of MH and MS computed at T = 1873 K with published 
data of liquid Al - Fe alloys reveals a reasonable agreement (figure 1). 
The temperature-dependent fluctuation of interaction energy parameters can be written as 

     
T

V
TTTVTV ij

RijRij 


                       (26) 
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Here RT = 2073K, 2273K, 2473K and 2673K 
Equation (26) was used to derive the interaction energy parameters at 2073K, 2273K, 2473K, and 
2673K using the values of interaction energy parameters at 1873K and their temperature derivatives 
(figure 2). Table 1 shows the optimized values of interaction parameters at elevated temperatures. 
 

 
 
 
 
 
 
 
 
Table 1. Temperature-dependent optimization of the interaction energy parameters. 

Parameter/T  2073K 2273K 2473K 2673K 

RTV /12  -2.702 -2.378 -2.106 -1.875 

RTV /13  -0.519 -0.245 -0.016 0.179 

RTV /23  -1.492 -1.098 -0.768 -0.487 

RT/  2.326 2.140 1.984 1.852 

 
The linear fit bTaTVij )( for the temperature dependence of interaction energy parameters is 

excellent. Table 2 summarizes the a and b values for interaction parameters. 

Table 2. Coefficient’s values for linear fit of interaction parameters. 

Coefficients V12 V13 V23   

a  (Joule) -63456.4 -53599.2 -77144.3 36438.8 
b  (Joule K-1) 8.14772 21.5416 24.8090 1.76257 

 
Equation (6) is used to obtain the variation of MG with temperature using these interaction parameters 
at various temperatures (figure 3). When temperature rises from 1873K to 2673K, the maximum value 
of RTGM /  at equiatomic composition increases from -1.4770 to -1.0947, indicating a phase 
separation tendency at higher temperatures. 

Figure 1. Gibb’s free mixing energy ( RTGM / ), 

heat of mixing ( RTHM / ) and entropy of 

mixing ( RSM / ) vs. concentration of 

aluminum ( Alx ) in the liquid Al - Fe 

alloy at 1873K. 

Figure 2. Temperature (T) effects on the 
interaction parameters ( ijV and  )  
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3.2 Structural Properties 
Concentration fluctuations in the long-wavelength limit, )0(ccS , and chemical short-range order 

parameter, 1 , as functions of bulk concentration, have been used to investigate the ordering processes 

in the Al - Fe liquid phase. Equations (14) and (16) are used to derive the )0(ccS  values and the 

values that characterize ideal mixing )0(id
ccS  in weak approximation. Figure 4 plots these values along 

with the observed values from equation (15) using activity data. At cx =0.5, the largest difference 

between theoretical and ideal concentration fluctuations in the long-wavelength limit is 0.1519. This 
means that cx  is the concentration at which the chemical can form [28]. As can be observed, )0(ccS  

is lower than )0(id
ccS , showing that chemical order exists across the whole concentration range. With 

increasing temperature, the value of )0(ccS  decreases, reducing the gap between ideal and theoretical 

values, indicating the tendency of similar atom pairing, leading to homo co-ordination (figure 5). As 
the temperature rises, the solution approaches its optimum state. At T ≈ 7788K, the regular solution 
becomes fully ideal, and )0(ccS  is defined by the equation (16). The negative values of the Warren–

Cowley parameter, 1  over the whole concentration range support this conclusion (figure 4). The 

phase separating tendency is supported by the variation of 1 with temperature, as evidenced by the 
variation of free energy of mixing with temperature. 
 
 

Figure 3. Temperature effects on RTGM /  with respect to bulk composition of Al. 
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3.3 Transport Properties 

The viscosities of the constituent elements, 0i  and the related activation energies at a fixed 

temperature were obtained from the literature [32]. Equation (21) is used to optimize these values for 
the temperature of research. Equation (20) is then used to calculate the viscosity of the liquid Al – Fe 
alloy at 1873K. Figure 6 depicts the viscosity's compositional dependence as well as the ideal value. 
Over the whole compositional range, the obtained viscosities are higher than ideal values. Up to Alx  = 

0.4, the positive departure from ideality grows at which the deviation is maximum (= 0.001866) but 
sharply decreases below Alx  = 0.7. The plot of   at different temperature with respect to Alx  (figure 

7.) shows that there is decreasing tendency of   as temperature increases. 
At the fundamental level, the mixing tendency of the liquid alloy is investigated by determining the 
ratio of mutual and intrinsic diffusion coefficients ( idM DD / ). 

idM DD /  > 1 denotes the likelihood of 

compound formation; idM DD /  < 1 denotes phase separation; and 
idM DD /  = 1 denotes the solution's 

ideality. The values of idM DD /  are found to be positive and greater than unity throughout the 

compositions using equation (19) (figure 6). At the equiatomic composition, the maximum value 
(=2.5475) occurs. The theoretical examination of the presence of chemical order in the liquid state of 
Al-Fe alloy at 1873 K is now even clearer. Figure 8 shows that when the temperature raises, the 
amount of idM DD /  decreases. The maximum difference (=0.6098) in idM DD /  values for the 

temperatures 2673K and 1873K at equiatomic composition, Alx  = 0.5 again support high ordering 

tendency at that composition.  

Figure 4. Concentration fluctuation at long 
wavelength limit ( )0(ccS ) and 

chemical short range order ( 1 ) vs. 

concentration of aluminum ( Alx ) in 

the liquid Al - Fe alloy at 1873K 

Figure 5. Temperature effects on )0(ccS and 

chemical short range order ( 1 ) of liquid Al - 

Fe alloy with respect to bulk composition of 
Al. 
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Figure 8. Temperature effects on the mutual-to-intrinsic diffusion 
coefficient ratio ( idM DD / ) of liquid Al - Fe alloy with respect to 

bulk composition of Al. 

Figure 6. The mutual-to-intrinsic diffusion 
coefficient ratio ( idM DD / ) and 

viscosity (  ) vs. concentration of 

aluminum ( Alx ) in the liquid Al - Fe 

alloy at 1873K. 

 

Figure 7. Temperature effects on viscosity 
( ) of liquid Al - Fe alloy with 
respect to bulk composition of Al. 
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3.4 Surface Properties 

The Prasad model [16,17] was used to compute the surface composition, s
Alx , and surface tension, , 

of liquid Al2Fe alloy as functions of bulk composition at various temperatures (T = 1873K, 2073K, 
2273K, and 2473K). The surface composition values, s

Alx , with regard to bulk concentration of Al, 

have been numerically solved using the expression derived by subtracting equation (23) from equation 
(22) (figure 9). Aluminum surface concentration in Al-Fe alloys is observed to rise as the bulk 
concentration of Al increases. The surface composition of Al deviates from ideality in a positive way. 
The surface compositions vs. concentration values were then utilized in the same equations to 
calculate the surface tension (figure 9). The same interaction energy parameters, surface coordination 
fractions (p = 0.5 and q = 0.25), mean atomic surface area, and surface tension data of pure 
components are used in both sets of equations (equations 24-25). The surface tensions of pure 
components at given temperatures, as well as the essential inputs for calculating mean atomic surface 
area and pure component element densities at fixed temperatures, were obtained from the literature 
[32]. Using the following formulas, these values have been evaluated at working temperature (T). 
 

iiii TTT   )()( 00                  (27) 

iiii TTT   )()( 00                  (28) 

 

 
 
 
 
 
 
 
For the component metals of the alloys, i and i denote temperature coefficient of density and 

surface tension, respectively. Figure 10 shows the estimated surface concentration values for molten 
Al - Fe alloys at 1873 K and various temperatures. With increasing temperature, the surface 
concentration likewise decreases. The decreasing tendency of surface concentration with rise in 
temperature from 1873K to 2673K is maximum (=0.1310) at Alx  = 0.1 and minimum (=0.0060) at 

Alx  = 0.9. This implies the decreasing tendency of surface composition with respect to temperature, 

increases with decrease in bulk composition Alx .  

Figure 9. Surface concentration of aluminum 
( s

Alx ) and surface tension ( ) vs. bulk 

concentration of aluminum ( Alx ) in the 

liquid Al - Fe alloy at 1873K. 

Figure 10. Compositional dependence of 
surface concentration of aluminum 
( s

Alx ) and surface tension ( ) in 

liquid Al - Fe alloy at different 
temperatures. 
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Furthermore, as shown in figure 9, the surface tension isotherm derived by the CFM for the regular 
solution deviates negatively from that calculated by the ideal solution model  FeFeAlAlideal xx    

with regard to surface composition of Al. This strongly suggests that liquid alloys with negative excess 
Gibbs energy in the bulk have negative surface tension departures from their ideal solution [34]. 
Figure 10 shows the surface tensions of Al–Fe alloys as a function of Al content at various 
temperatures. The surface tension of the alloy has been found to decrease as the temperature rises. At 
temperatures ranging from 1873K to 2673K, the difference in surface tension values is greatest 
(=0.2732) at Alx  = 0.9 and smallest (=0.0217) at Alx  = 0.1. This means that as the bulk composition of 

Al increases, KK 18732673    increases as well. 

4. CONCLUSIONS  

Different theoretical models have proven effective in explaining the thermodynamic, microscopic, 
transport, and surface characteristics of Al-Fe alloys. At all concentrations, the theoretical study of 
thermodynamic characteristics reveals a propensity for dissimilar atom pairing or ordering in liquid Al 
- Fe alloys. The energy parameters are found to be negative, suggesting that the component elements 
are attracted to one other. The interaction parameters are also discovered to be temperature dependent 
and concentration independent. With the exception of the formation energy parameter, the negativity 
of the rest of the interaction parameter diminishes as temperature increases. At all temperatures 
investigated, symmetry is seen in the free energy of mixing and the heat of mixing. For entropy of 
mixing, however, asymmetry is found about Alx =0.2. The CSRO and concentration fluctuation 

studies reveal that there is a propensity for hetero co-ordination in liquid Al - Fe alloy. Viscosity 
isotherms show a positive divergence from Roult's law. At all compositions, the ratio of diffusion 
coefficients, idM DD / > 1, shows that there is a tendency for complex formation across the entire 

range of concentrations. The surface tension of the liquid alloy decreases as the bulk concentration of 
Al in the alloy increases at all temperatures studied. The surface tension of the Al-Fe alloy is found to 
be less than that of ideal solution. In the setting of varying temperatures, as the temperature of the 
investigation rises, it falls. Metals with lower surface tension tend to segregate on the surface of 
molten alloys, according to this research. The compound formation propensity of Al – Fe liquid alloy 
diminishes as temperature increases, according to temperature variation researches of all 
characteristics. 
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Thermophysical behavior of mercury-lead liquid alloy

N. Panthi1,2∗, I. B. Bhandari1, I. Koirala1†

Thermophysical properties of compound forming binary liquid mercury-lead alloy at tem-
perature 600 K have been reported as a function of concentration by considering HgPb2

complex using different modelling equations. The thermodynamic properties such as the
Gibbs free energy, enthalpy of mixing, chemical activity of each component, and micro-
scopic properties such as concentration fluctuation in long-wavelength limit and Warren-
Cowley short range order parameter of the alloy are studied by quasi-chemical approxima-
tion. This research paper places additional emphasis on the interaction energy parameters
between the atoms of the alloy. The theoretical and experimental data are compared to
determine the model’s validity. Compound formation model, statistical mechanical tech-
nique, and improved derivation of the Butler equation have all been used to investigate
surface tension. The alloy’s viscosity is investigated using the Kozlov-Ronanov-Petrov
equation, the Kaptay equation, and the Budai-Benko-Kaptay model. The study depicts
a weak interaction of the alloy, and the theoretical thermodynamic data derived at 600
K are in good agreement with the experimental results. The surface tension is slightly
different in the compound formation model than in the statistical mechanical approach
and the Butler equation at greater bulk concentrations of lead. The estimated viscosities
in each of the three models are substantially identical.

I Introduction

The knowledge of thermophysical characteristics of
alloys is regarded as a necessary foundation for de-
veloping novel materials. The creation of an al-
loy is linked to changes in the structure of a sys-
tem as well as bonding between the constituent
atoms. The subject is more intricately understood
by studying the interaction and structural rear-
rangement of constituent atoms during alloy for-
mation. The electrochemical effect, atom size, and
constituent element concentration all influence the

∗narayan.755711@cdp.tu.edu.np
†iswar.koirala@cdp.tu.edu.np

1 Central Department of Physics, Tribhuvan University,
Kirtipur, Kathmandu, Nepal.

2 Department of Physics, Patan Multiple Campus, Trib-
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alloy’s mixing properties, causing atoms of particu-
lar elements to align in either a self-coordinated or
strong ordering pattern [1–4]. The alloying prop-
erties of liquid alloys vary as a function of compo-
sition, temperature, and pressure, all of which are
important for the materials’ strength, stability, and
electrical resistivity. As a result, metallurgists and
physicists have been interested in understanding
the mixing behavior of metals that produce alloys.
However, due to experimental difficulties as well as
time limitations, the study of various alloys’ charac-
teristics is still incomplete. Different theoreticians
have produced numerous concentration-dependent
theoretical models to comprehend the alloying be-
havior of compound forming binary alloys in order
to address such challenges and facilitate study as
well as speed up the investigation process [5–7].

Because of their direct impact on human health,
mercury and lead are the most studied metals. Our

140005-1



Papers in Physics, vol. 14, art. 140005 (2022) / N. Panthi et al.

study focuses on one of the lead alloys, Hg-Pb, to
theoretically determine various properties at 600
K, assuming HgxPby (x = 1, y = 2) complex in
the melt, by using compound formation models [6].
Lead, being very soft and ductile, is often used com-
mercially as lead alloys [8]. Zabdyr [9] explored
phase diagram, crystal structure and lattice param-
eter by varying atomic weight percentage of Hg but
the detailed thermophysical investigation is incom-
plete.

The properties under investigation include the
Gibbs free energy of mixing, enthalpy of mix-
ing, chemical activity, concentration fluctuation in
long-wavelength limit and Warren–Cowley short-
range order parameter of the alloy. Similarly,
concentration-dependent surface tension and vis-
cosity of binary liquid alloys are investigated, these
being the most desirable in metallurgical research
for specifying the surface and transport properties
of liquid mixtures: as such, scientists are attempt-
ing to investigate these aspects by proposing several
models [10–16] . Furthermore, surface segregation,
which primarily refers to the concentration dispar-
ity between the alloys’ surface and bulk materials,
is one of the most essential elements to be investi-
gated in metallurgical research. The difference in
surface energy between the alloy’s constituent ele-
ments is the fundamental source of this disparity,
the element with lower surface energy tending to
segregate on the surface [17]. Theoretical study in-
dicates that the atom with a larger size tends to
segregate on the surface of liquid alloy [18].

The present work also aims to study the surface
tension of the alloy with a compound formation
model [13]. Due to a lack of experimental data,
the computed result is compared with two other
models: a statistical mechanical approach [12] and
an improved derivation of the Butler equation [16].
For the study of viscosity, this study employs three
models; the Kozlov-Ronanov-Petrov equation [11],
the Kaptay equation and the Budai-Benko-Kaptay
model [10].

II Theoretical formulation

i Thermodynamic functions

Let a binary alloy contain NA and NB number of A
and B atoms respectively. The model assumes the

existence of complexes AxBy in such a way that

xA+ yB = AxBy (1)

where x and y are small integers.

With this assumption, the grand partition function
in terms of configurational energy [6] is solved and
excess free energy of mixing is obtained as given in
Eq. (2) by which various properties are obtained.

GXS
M = RT

∫ C

0

γdC (2)

where γ is the activity coefficient ratio of atom A
to B, C is the concentration of A atom and R is
universal gas constant. After simple mathematical
calculation, the solution of Eq. (2) is given as

GXS
M = N [θω+θAB∆ωAB+θAA∆ωAA+θBB∆ωBB ]

(3)
where θ = C(1−C) and θj,k’s are the simple poly-
nomials in C that depend on the values of integers
x and y, ω is interchange energy, and ∆ωjk are the
interaction energy parameters.

For A =Hg, B =Pb, x = 1, y = 2, the values of
θj,k’s are found to be [6, 19]

θAA(C) = 0 (4)

θAB(C) =
1

6
C + C2 − 5

3
C3 +

1

2
C4 (5)

θBB(C) = −1

4
C +

1

2
C2 − 1

4
C4 (6)

The Gibbs free energy of mixing for complex for-
mation is given by

GM = GXS
M +Gideal

M

= GXS
M +RT (C lnC + (1− C) ln(1− C))

= RT

[
θ

ω

kBT
+ θAB

∆ωAB

kBT
+ θAA

∆ωAA

kBT

+θBB
∆ωBB

kBT
+ C lnC + (1− C) ln(1− C)

]

(7)
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Here θAA is taken as zero because, according to
the model used, the value of x is 1. In this case,
the probability of A and A pair to be part of the
complex is zero, such that the coefficient of ∆ωAA

kBT in
Eq. (6) also tends to zero. If there are no complexes
in the alloy, then ∆ωjk is zero. In such a case, the
above equation takes the form as given below:

GM = RT

[
θ

ω

kBT
+ C lnC + (1− C) ln(1− C)

]

(8)
The enthalpy of mixing is calculated with the stan-
dard thermodynamic relation:

HM

RT
=

GM

RT
−
[
dGM

RdT

]

C,N,P

= θ

[
ω

kBT
− 1

kB

dω

dT

]

+ θAB

[
∆ωAB

KBT
− 1

kB

d∆ωAB

dT

]

+ θBB

[
∆ωBB

KBT
− 1

kB

d∆ωBB

dT

]
(9)

The activity of each constituent element of the alloy
is revealed following the standard thermodynamic
relation,

RT ln aj(j = A,B) = GM + (1− C)

[
∂GM

∂Cj

]

T,P,N

(10)
Now, by solving Eqs. (7) and (10), the theoretical
value of activity of each constituent component is
given as follows:

ln aA =
GM

RT
+

1− C

kBT
[(1− 2C)ω + θ′AB∆ωAB

+ θ′BB∆ωBB + ln
C

1− C

]
(11)

ln aB =
GM

RT
− C

kBT
[(1− 2C)ω + θ′AB∆ωAB

+ θ′BB∆ωBB + ln
C

1− C

]
(12)

where, θ′AB , θ
′
AA and θ′BB , respectively, are deriva-

tives of θAB , θAA and θBB with respect to concen-
trations.

ii Microscopic Functions

The concentration fluctuation in the long-
wavelength limit SCC(0)for the alloy is given from
the relation as [20],

SCC(0) = RT

[
∂2GM

∂C2

]

T,P,N

(13)

The value of SCC(0) can be obtained by using ex-
perimentally observed activities with the help of
the following Eq. (14). Hence the values of SCC(0)
obtained from this equation are called experimental
values.

SCC(0) = aA(1− C)

[
∂aA
∂CA

]−1

T,P,N

= aBC

[
∂aB
∂CB

]−1

T,P,N

(14)

where aA and aB are observed activities of elements
A and B respectively. For simplicity, we can write
C and 1-C in place of CA and CB , respectively.
Solving Eqs. (7) and (14), the value of SCC(0) is
found as,

SCC(0) = C(1− C)

[
1 + C(1− C)

(
− 2

ω

KBT

+ θ”AB
∆ωAB

KBT
+ θ”BB

∆ωBB

KBT

)]−1

(15)

Where θ”jk are second concentration derivatives of
θjk.

The Warren-Cowley short-range order parameter
(α1) is related to concentration fluctuation in the
long-wavelength limit [21,22] as:

α1 = (S − 1)[S(Z − 1) + 1]−1 (16)

where Z is coordination number and

S =
SCC(0)

Sid
CC(0)

(17)
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iii Transport property: viscosity

At the microscopic level, the mixing nature of
molten alloy may be examined in terms of viscosity,
which provides basis for some of the most funda-
mental theories concerning atomic transport qual-
ities. It is regarded as one of the most important
thermophysical qualities in metallurgical research,
which primarily deals with industrial processes and
a variety of natural occurrences. It is influenced by
factors such as the liquid’s composition, cohesion
energy, and molar volume [23, 24]. The composi-
tion dependence of viscosity at 600 K is computed
to examine the atomic transport features of the
Hg-Pb alloy. But due to the lack of experimen-
tal data, viscosity is compared using three differ-
ent models: the Kozlov-Ronanov-Petrov equation,
the Kaptay equation, and the BBK (Budai-Benko-
Kaptay) model.

a Kozlov-Ronanov-Petrov equation

In liquids, viscous flow depends on cohesive inter-
action, this interaction results from geometric and
electronic shell effects [25]. The KRP equation has
been developed to incorporate cohesion interaction
in terms of enthalpic effect in order to consider the
viscous flow in a liquid alloy. At temperature T,
the equation is given as:

ln η = C lnC ln ηA + (1− C) ln ηB − HM

3RT
(18)

where η and ηj are viscosity of the alloy and vis-
cosity of individual elements A and B, respectively.
For the metals, the variation of viscosity with tem-
perature is given as [26]

ηj = η0 exp
ϵ

RT
(19)

where η0 and ϵ are constants of each metal’s units
of viscosity and energy per mole.

b Kaptay equation

Kaptay developed an equation by considering the
theoretical relationship between the cohesive en-
ergy and activation energy of the viscous flow. At
temperature T, the equation is:

η =
hNAv

CVA + (1− C)VB + V E

× exp

(
CGA + (1− C)GB − ΦHM

RT

)
(20)

where h is Plank’s constant, NAv is Avogadro’s
number, Vj(j = A,B) is the molar volume of pure
metal, V E is excess molar volume upon alloy for-
mation, Gj is Gibb’s energy of activation of the
viscous flow in pure metals, and ϕ is a constant
whose value is (0.155±0.015) [27]. The Gibb’s en-
ergy of activation of pure metal is calculated by the
following equation:

Gj = RT ln

(
ηjVj

hNAv

)
(21)

c BBK (Budai-Benko-Kaptay) model

The BBK model is used for the viscosity of multi-
component alloys. At temperature, it is given as:

η = LT 1/2(CMA + (1− C)MB)
1/2

× (CVA + (1− C)VB + V E)−2/3

× exp

[
(CTm,A + (1− C)Tm,B − HM

χR
)
I

T

]

(22)

where L and I are constants whose values are
(1.80±0.39)×10−8j/Kmol1/3)

1/2
and (2.34±0.02),

respectively, and χ is a semi-empirical parameter
having a value equal to 25.4. Similarly Mj and
TmJ are, respectively, molar mass and the effective
melting temperature of constituent elements of the
alloy.

iv Surface property

In metallurgy and industry, the surface properties
(surface tension and surface concentration) of liq-
uid alloy or liquid metal are considered to be prime
factors for the processing, as well as for the pro-
duction, of new materials due to their relation with
both surface and interface in the liquid metal pro-
cess [28, 29]. The interfacial motion caused by the
surface tension of liquid plays a major role in many
industrial phenomena, hence the importance given
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to the surface and interfacial behaviors of liquid
metals in the metallurgical process for solidifica-
tion, controlling the processes of welding and cast-
ing [30].

a Compound Formation model

The model assumes that there is a compound form-
ing tendency in the binary liquid alloy similar to
that of the compound forming tendency in the solid
state, in the form of short-ranged volume elements,
due to the formation of intermetallic compound
AxBy in the melt. The equation in this model
is developed by using the grand partition function
similar to the quasi chemical approximation. The
equation at temperature T is given below:

σ = σA +
kBT

ρ
ln

Cs

C
+

ω

ρ
[p(fS − f)− qf ]

+
∆ωAB

ρ
[p(fS

AB − fAB)− qfAB ]

+
∆ωBB

ρ
[p(fS

BB − fBB)− qfBB ] (23)

= σB +
kBT

ρ
ln

1− Cs

1− C
+

ω

ρ
[p(φS − φ)− qφ]

+
∆ωAB

ρ
[p(φS

AB − φAB)− qφAB ]

+
∆ωBB

ρ
[p(φS

BB − φBB)− qφBB ] (24)

where φ, f , φjk and fjk are bulk concentration
functions. Similarly, φS , fS , φS

jk and fS
jk are sur-

face concentration functions, and ρ is the mean area
of the surface per atom. For x = 1 and y = 2, the
bulk concentration functions are [13,31]:

φ = C2 (25)

φAB =
1

6
+ 2(1− C)− 6(1− c)2 +

16

3
(1− C)3

− 3

2
(1− C)4 (26)

φBB = −1

4
+ (1− C)− 1

2
(1− C)2 + (1− C)3

− 3

4
(1− C)4 (27)

f = (1− C)2 (28)

fAB = (1− C)2 +
10

3
(1− C)3 − 3

2
(1− C)4 (29)

fBB = −(1− C)2 +
3

4
(1− C)4 (30)

The functions φs, φS
jk, f

s and fs
jk can be obtained

from Eqs. (26) to (30) by replacing bulk concentra-
tion C with surface concentration CS , while p and q
are surface coordination fractions that indicate the
fraction of the number of nearest neighbors of an
atom within its own layer and in the adjoining lay-
ers, respectively, and and are related as p+2q = 1.
In a simple cubic crystal, p = 2/3 and q = 1/6. In
a bcc crystal, p = 3/5 and q = 1/5, and in close
packed crystal, p = 1/2 and q = 1/4. The mean
atomic surface area is given by following relation
[13]:

ρ =
∑

j

Cjρj (31)

The atomic surface area of each component is given
as

ρj = 1.012

(
Vj

NAv

)2/3

(32)

b Statistical mechanical approach

This method is mainly based on the concept of lay-
ered structure near the interface. The model con-
nects the surface tension to thermodynamic prop-
erties through the activity coefficient (γj) and the
interchange energy between the components of an
alloy. The equation at temperature T is given as
below:
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σ = σj +
KBT

ρ
ln

CS
j

Cjγj

+
[
p(1− CS

j )
2 − q(1− Cj)

2
] ω
ρ

(33)

c Improved Derivation of the Butler equation

According to this model, there exists a monoatomic
layer, called surface monolayer, at the surface of a
liquid as a separate phase, and it is in thermody-
namic equilibrium with the bulk phase. The sur-
face tension (σ) of binary alloy at temperature T is
given by the improved Butler equation as:

σ =
S0
j

Sj
σ0
j +

RT

Sj
ln

CS
j

Cb
j

+
GS,XS

j −Gb,XS
j

Sj
(34)

where, σ0
j , S

0
j , Sj are surface tension of pure liq-

uid metal, molar surface area of pure liquid metal,
and partial molar surface area of jth component,
respectively. GS,Xs

j and Gb,Xs
j are partial excess

free energy of mixing in the surface and bulk of
constituent elements of the alloy, respectively. The
molar surface area of pure component is given as:

S0
j = δ

(
M0

j

λ0
j

)2/3

N
1/3
Av (35)

where δ, M0
j , λ

0
j , δ and NAv are geometrical con-

stant, molar mass, density of each constituent el-
ement at its melting temperature, and Avogadro’s
number, respectively. The value of geometrical con-
stant is expressed as,

δ =

(
3fv
4

)2/3
π

fs
(36)

where fv is volume packing fraction and fs is sur-
face packing fraction. For liquid metal, the values
of fv and fs are 0.66 and 0.906 respectively [33].

III Results and discussion

i Thermodynamic and microscopic proper-
ties

Generally, the properties of binary liquid alloys de-
pend on temperature, composition, and pressure.
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experimental

Figure 1: Gibbs free energy of mixing versus bulk con-
centration of Pb.

Our study of the binary alloy Hg-Pb is carried out
at fixed atmospheric pressure and fixed tempera-
ture of 600 K as a function of the composition of
the alloy. During the study, we assumed complex-
ity with x = 1 and y = 2 and computed different
thermodynamic and structural properties for com-
pound forming molten alloys. The different results
thus obtained from the study are outlined in the
sections below.

a Thermodynamic Properties

For the analysis of the thermodynamic properties,
we consider Eqs. (7), (9), (11), and (12), as men-
tioned above. For the Gibbs free energy of mixing,
the interaction energy parameters are determined
by the method of successive approximation for sev-
eral concentrations, following stoichiometry of the
HgPb2 alloy with the help of experimental values
in the concentration range (0.1 to 0.9) [34]. The
approximated values of energy parameters are as
follows:

ω

kBT
= 2.139,

∆ωAB

kBT
= −2.264,

∆ωBB

kBT
= 0.392

To calculate the interaction energy parameters, no
statistical methods such as mean square deviation
were used to decide the best fit values, hence the
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Figure 2: Enthalpy of mixing versus bulk concentration
of Pb

parameters thus obtained are considered reasonable
for analysis and have been considered throughout
the study of different mixing properties. The com-
puted values ofGM/RT are in good agreement with
experimental values as shown in Fig. 1. The the-
oretically computed value of free energy of mixing
is a minimum of −0.533RT at 0.6 concentration of
Pb. The calculation of free energy of mixing indi-
cates that the alloy HgPb at molten state is weakly
interacting. Similarly, being asymmetric at 0.5 con-
centration, it is classified as an irregular alloy.

The temperature derivatives of interaction energy
parameters which are used for the theoretical cal-
culation of enthalpy of mixing are obtained by the
method of successive approximation. The best fit
approximated values of such parameters are:

1

kB

dω

dT
= 0.767,

1

kB

d∆ωAB

dT
= −0.3128,

1

kB

d∆ωBB

dT
= 0.429

The plot of enthalpy of mixing versus concentra-
tion of lead is shown in Fig. 2. It is positive be-
low 0.6 concentration of lead, while above this con-
centration it is negative, and both computed and
experimental values of enthalpy of mixing are in
agreement, with small discrepancies.

The deviation of alloy from ideal behavior can be
examined by chemical activity, a measure of effec-

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.2  0.4  0.6  0.8  1

Pb Hg

a
ct

iv
it

y

CPb

theoretical
experimental

Figure 3: Chemical activity versus bulk concentration
of Pb

tive concentration in the mixture, as its magnitude
depends on the interaction of constituent binary
components of the alloy. Equations (11) and (12)
are used for the calculation of the chemical activity
of elements of alloy Hg-Pb. Figure 3 plots exper-
imental and theoretically computed values of the
chemical activity of the components of the alloy,
showing good agreement between the experimental
and theoretical activities of the components in the
alloy at temperature 600 K at all concentrations of
Pb.

b Microscopic Properties

It is difficult to perform diffraction experiments on
materials at high temperatures. Thus, to make
the study of local arrangement of atoms in the bi-
nary alloy more effective, the concentration fluc-
tuations in the long-wavelength limit (SCC(0)) are

 0
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S
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Figure 4: Concentration fluctuation in long-wavelength
limit versus bulk concentration of Pb
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Figure 5: Warren-Cowley short-range order parameter
versus bulk concentration of Pb

considered some of the most important microscopic
functions [20, 35]. For any given concentration, if
SCC(0) < Sid

CC(0), the alloy is expected to have
complex formation in nature and if SCC(0) >
Sid
CC(0), the expected nature of the alloy is segre-

gating. The graph of experimental, theoretical and
ideal values of SCC(0) versus concentration of Pb is
shown in Fig. 4. In the figure, both the experimen-
tal and theoretical values of SCC(0) lie above the
ideal value for lead concentration values below 0.6
, indicating that the alloy has a segregating nature
below this concentration of lead, while above this
concentration it exhibits an ordering nature.

The Warren-Cowley short range parameter (α1) is
considered one of the most powerful parameters for
information regarding the arrangement of atoms in
the liquid alloys. It provides quantitative informa-
tion about the degree of local arrangement of atoms
in the alloys. Its value lies between +1 and -1. The
positive value of α1 is considered an indication of
a segregating nature, which is complete for α1 = 1,
whereas its negative value indicates an ordering na-
ture, and is complete for α1 = −1. Similarly the
value α1 = 0 indicates the random arrangements of
atoms in the liquid mixture. The value of α1 com-
puted as a function of the concentration of Pb using
Eq. (16) is shown in Fig. 5 where we took coordi-
nation number Z = 10. It is observed that the α1 is
positive up to 0.6 concentration range of lead, with
highest values at a concentration of 0.2, indicating
the strong segregating tendency of the alloy. But
above a 0.6 concentration of lead, the value of α1

goes on decreasing, showing the ordering tendency
of the alloy.
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Figure 6: Viscosity versus bulk concentration of Pb

ii Viscosity

For the theoretical calculation of viscosity of Hg-
Pb alloy at 600 K, the viscosities of each compo-
nent (Pb and Hg) are required for KRP and Kaptay
models. These values are obtained from Eq. (19)
after substituting the values of η0 and ϵ of the met-
als as given in reference [26]. The value of enthalpy
for different concentrations is used as obtained from
Eq. (9) and the Gibbs energy of activation of each
pure metal is obtained from Eq. (21). Due to the
lack of an experimental value for V E , it is taken
as zero. In fact, the value of V E is non-zero for a
non-ideal alloy, but the contribution of this term is
very small for the determination of viscosity [15].

The results obtained from three models are com-
pared as shown in Fig. 6. In the models, the
viscosity of the liquid alloy increases with the in-
crease in concentration of lead. The figure shows
that there is a small deviation of the viscosity com-
puted by BBK model as compared to the others.
Due to the inability to compare theoretically com-
puted results with experimental results, it becomes
difficult to draw conclusions based on the models
for the concentration dependence of the viscosity of
Hg-Pb liquid alloy at temperature 600 K.

iii Surface segregation and surface tension

To calculate the surface tension of the alloy Hg-Pb,
the densities and surface tension of individual met-
als for all models required at 600 K are calculated
by using the relations given in reference [26].

For the compound formation model, the same in-
teraction parameters ω and ωjk used in thermody-
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namic properties are used. Now, writing these val-
ues and values of other quantities of both metals
in Eqs. (23) and (24) and solving them simultane-
ously, we first obtain surface concentrations of both
metals, and then using each surface concentration
of the corresponding metals, the surface tension is
obtained. A similar method is applied to the other
models. For statistical mechanical approach inter-
change energy, ω = 0.699, obtained from Eq. (8),
is used.

For the improved derivation of the Butler model,
the bulk and partial excess free energy of mixing of
individual lead and mercury in a liquid state at 600
K are taken from reference [34]. The geometrical
constant and the ratio of surface excess energy to
the bulk excess energy (GS,Xs

i /Gb,Xs
i ) are respec-

tively considered as 1.061 and 0.818 [33]. Kaptay
suggested that, in the case of negligible or unknown
excess molar volume of the mixture, the partial mo-
lar volume can be replaced by the molar volume
of the same component. In such a situation, the
partial surface area (Si) is replaced by the surface
area (S0

i ) of the same pure component [16,36]. The
computed values of surface concentrations and sur-
face tensions from all three models are compared
in Figs. 7 and 8 respectively.

Figure 7 shows the increasing pattern of the sur-
face concentration of Pb with the increase in bulk
concentration of Lead in all models. At 600 K the
surface tension of mercury is less than the surface
tension of lead. This suggests the surface segre-
gating tendency of Hg. Thus, at higher bulk con-
centration of Pb, two different atoms of the alloy
are involved in the formation of chemical complexes
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Figure 8: Surface tension versus bulk Pb concentration

or intermetallic compounds assumed to be HgPb2,
but at lower bulk concentration of Pb, the surface
of the alloy is enriched with Hg atoms.

In Fig. 8, the surface tension of alloy Hg-Pb in-
creases gradually with the increase in bulk concen-
tration of Pb. The variation of surface tension in
the compound formation model at higher bulk con-
centration of Pb than in the other two models is
believed to be the cause of consideration of set of
the interaction energy parameters because, as we
already mentioned, there is the possibility of com-
pound formation at higher bulk concentrations of
Pb. The compound formation model is expected to
give better results than the other two models due
to the presence of interaction parameters. However,
due to the lack of experimental results, computed
results cannot be compared.

IV Conclusions

The present study is a theoretical analysis for
the understanding of thermodynamic, structural,
transport and surface behavior of the binary liq-
uid alloy Hg-Pb at 600 K under the assumption
of the existence of the HgPb2 complex in the liquid
mixture by compound formation model. The study
explains the asymmetric behavior of the thermody-
namic properties as a function of concentration as
well as of a weakly interacting alloy. The theoret-
ical study shows that the alloy has the nature of
segregating at a lower concentration of Pb, but it
shows an ordering nature at higher concentration
of Pb at 600 K. Similarly, the viscosity and surface
tension increases with the increase in the concen-
tration of lead.
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Abstract. The study explores the cocentration dependent thermo-physical properties of complex 
potassium-lead binary liquid alloy at temperature 848 K by assuming KPb2 complex from the 
different model equations. The Quasi Chemical approximation and the Redlich and Kister equation 
are used to investigate features such as free energy, heat of mixing, chemical activity, and 
concentration fluctuation in  long wave limit at temperature 848 K. However, at 900 K and 1000 K, 
these are exclusively examined using the R-K equation. The temperature dependent exponential 
interaction parameters proposed by Kaptay are taken into account in the RK equation. The study goes 
on to look at the alloy's viscosity and surface tension using the Budai-Benko-Kaptay model and the 
Kaptay's new derivation of Butler equation. The alloy system is investigated in depth, with a focus 
on the interaction energy parameters between the alloy's surrounding atoms. The work investigates 
the fact that the liquid alloy has a moderately interacting as well as an ordering character throughout 
the whole concentration range. The  theoretically investigated thermodynamic facts are in reasonably 
agree with the corresponding experimental results at 848 K. At greater temperatures, the alloy's 
tendency goes from ordering to segregating. The alloy's viscosity and surface tension decrease as the 
temperature rises. 

Introduction 
In metallurgy and engineering, the alloys are considered advanced materials than individual metals 
thanks to their good heat resistance, mechanical strength and so on. The formation of alloy is usually 
related to changes in the bonding and structure of a given system. The interaction and structural 
reorganization of the component atoms throughout the formation of the alloy create it totally different 
from crystals and therefore it becomes tough to understand the alloy in comparison to the metallic 
structure. The unique nature of the alloy is principally ruled by concentration, size of constituent 
elements and electrochemical effect and hence atoms of the alloy either tend to align showing 
heterocoordination nature or a powerful ordering tendency [1-4]. Hence the metallurgists and the 
physicists have both shown a keen interest in learning more about the mixing behavior of alloys. 
However, owing to the experimental difficulties and time constraint, the investigation of various 
behaviors of alloys is still incomplete. In order to resolve such problem and to speed up the 
investigation process, vital efforts are done by developing different model equations [5-11]. The goal 
of this study is to use the Quasi chemical approximation [8] to investigate the thermodynamics of 
potassium-lead alloy  taking KPb2 complex and the Redlich-Kister equation [6]  at temperature  
848 K. Further the study also aims to investigate thermophysical properties, viscosity and surface 
tension at higher temperatures 900 K and 1000 K which  are two important thermo-physical characters 
that are studied in metallurgy in order to acquire the knowledge of surface and transport properties of 
molten alloy. Both of these are crucial to the casting process in order to produce various devices with 
improved mechanical performance. [12,13]. The Budai-Benko-Kaptay (BBK) model [14] and the 
new derivation of the Butler equation [15] are used to investigate the viscosity and surface tension of 
the alloy at various temperatures in this research article. 
 According to the Quasi chemical approximation there is an energetically favored pseudoternary 
combination of X atoms, Y atoms and XmYn group of atoms (𝑚𝑚 and 𝑛𝑛 are integers) in the binary 
alloy. The XmYn group of atoms is called complex. The equilibrium mixing behaviours of the binary 
alloy are controlled by short-range atomic interaction energies 𝜀𝜀𝑋𝑋𝑋𝑋 , 𝜀𝜀𝑌𝑌𝑌𝑌, and 𝜀𝜀𝑋𝑋𝑋𝑋 for XX, YY, and 𝑋𝑋𝑚𝑚𝑌𝑌𝑛𝑛 
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atomic pairs respectively. But the Redlich and Kister equation does not consider the complex nature 
of the alloy  and generally depends on the temperature dependent linear interaction energy parameters 
called R-K polynomials. In some of the alloys there appears artificial miscibility gap (artefact) for 
high temperature study by using such linear interaction parameters [16 -18]. To remove such 
difficulty, George Kaptay [19, 20] has suggested the use of  temperature dependent exponential 
interaction parameter rather than linear interaction parameter. Thus, we investigate the alloy's 
behavior assuming temperature-dependent exponential interaction parameters in the Redlich and 
Kister equation. 
Potassium is an interesting element for researchers as it can be used as alternative energy storage 
device. Due to high cost, uneven distribution and limited nature of sources, the lithium ion batteries 
may not fulfill the growing demand of energy storage devices. As a result, it is vital to look for 
alternative energy storage systems that are mostly focused on the low-cost and affluent elements. 
Hence the researchers are showing more attention towards the Potassium-ion batteries due to its low 
price and enough amount on the earth, and also similar type of chemical and physical properties of 
potassium in comparison to lithium and sodium [21]. On the other hand, due to  extreme ductility and 
softness, lead is frequently employed in industry as lead alloys. 

Theoretical Basis 

Consider a binary alloy of elements 𝑋𝑋 and 𝑌𝑌. Following QCA model [8], the excess free energy of 
mixing is obtained as, 

𝐺𝐺M𝑋𝑋𝑋𝑋 = 𝑁𝑁[Ɵ 𝜔𝜔 + Ɵ𝑋𝑋𝑋𝑋𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋 +  Ɵ𝑋𝑋𝑋𝑋𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋 +  Ɵ𝑌𝑌𝑌𝑌𝛥𝛥𝛥𝛥𝑌𝑌𝑌𝑌 ]                                                                            (1) 

Where  𝛳𝛳  is product of concentration of constituents of binary alloy, 𝜔𝜔  and 𝛥𝛥𝛥𝛥𝑗𝑗𝑗𝑗′𝑠𝑠 are interaction 
energy parameters. 
For 𝑋𝑋 = K,𝑌𝑌 = Pb,  𝑚𝑚 = 1 , 𝑛𝑛 = 2, the values of 𝛳𝛳𝑗𝑗,𝑘𝑘′𝑠𝑠 are [8] 

Ɵ𝑋𝑋𝑋𝑋(𝐶𝐶) = 0 ,   Ɵ𝑋𝑋𝑋𝑋(𝑐𝑐) =
1
6

 𝐶𝐶 +  𝐶𝐶2 −  
5
3
𝐶𝐶3 +

1
2
𝐶𝐶4, Ɵ𝑌𝑌𝑌𝑌(𝐶𝐶) = −

1
4

 𝐶𝐶 +
1
2

 𝐶𝐶2 −  
1
4
𝐶𝐶4            (2) 

Where 𝐶𝐶 = 𝐶𝐶𝑋𝑋 and (1 − 𝐶𝐶 ) =  𝐶𝐶𝑌𝑌 are concentrations of  X and Y components of the alloy respectively 
 Now the free energy (𝐺𝐺M) of compound forming alloy is given by 
 

𝐺𝐺M = 𝑅𝑅𝑅𝑅 � Ɵ 
𝜔𝜔
𝑘𝑘B𝑇𝑇

+ Ɵ𝑋𝑋𝑋𝑋
∆𝜔𝜔𝑋𝑋𝑋𝑋

𝑘𝑘B𝑇𝑇
+  Ɵ𝑋𝑋𝑋𝑋

∆𝜔𝜔𝑋𝑋𝑋𝑋

𝑘𝑘B𝑇𝑇
+  Ɵ𝑌𝑌𝑌𝑌

∆𝜔𝜔𝑌𝑌𝑌𝑌

𝑘𝑘B𝑇𝑇
+ 𝐶𝐶 ln𝐶𝐶 + (1

− 𝐶𝐶) ln(1 − 𝐶𝐶)�           (3) 
 
The standard thermodynamic relation for heat of mixing is: 
 

𝐻𝐻M
𝑅𝑅𝑅𝑅

  =  Ɵ �  
𝜔𝜔
𝑘𝑘B𝑇𝑇

−  
1
𝑘𝑘B

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 � +  Ɵ𝑋𝑋𝑋𝑋 � 
∆𝜔𝜔𝑋𝑋𝑋𝑋
𝑘𝑘B𝑇𝑇 

−  
1
𝑘𝑘B

𝑑𝑑𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋
𝑑𝑑𝑑𝑑 �  +  Ɵ𝑋𝑋𝑋𝑋 �

∆𝜔𝜔𝑋𝑋𝑋𝑋
𝑘𝑘B𝑇𝑇

−  
1
𝑘𝑘B

𝑑𝑑𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋
𝑑𝑑𝑑𝑑 �

+ Ɵ𝑌𝑌𝑌𝑌 �
∆𝜔𝜔𝑌𝑌𝑌𝑌

𝑘𝑘B𝑇𝑇
−  

1
𝑘𝑘B

𝑑𝑑𝛥𝛥𝛥𝛥𝑌𝑌𝑌𝑌

𝑑𝑑𝑑𝑑 �                                                                                                  (4) 

Similarly the standard relation for the chemical activity of each element of the alloys is given as,  
 
ln𝑎𝑎𝑗𝑗 (𝑗𝑗 = 𝑋𝑋,𝑌𝑌) = 𝐺𝐺𝑀𝑀

𝑅𝑅𝑅𝑅
+ 1−𝐶𝐶𝑗𝑗

𝑅𝑅𝑅𝑅
�𝜕𝜕𝜕𝜕M
𝜕𝜕𝜕𝜕𝑗𝑗

�
𝑇𝑇,𝑃𝑃,𝑁𝑁

                                                                                                         (5)

Following equations (7) and (11), the activities (𝑎𝑎𝑋𝑋 and 𝑎𝑎𝑌𝑌) of each component are given as follows, 

ln𝑎𝑎𝑋𝑋 =  
𝐺𝐺M
𝑅𝑅𝑅𝑅

+  
1 − 𝐶𝐶
𝑘𝑘B𝑇𝑇

 � (1 − 2𝐶𝐶)𝜔𝜔 +  Ɵ𝑋𝑋𝑋𝑋′ 𝛥𝛥𝜔𝜔𝑋𝑋𝑋𝑋 +  Ɵ𝑋𝑋𝑋𝑋′ 𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋 +  Ɵ𝑌𝑌𝑌𝑌′ 𝛥𝛥𝛥𝛥𝑌𝑌𝑌𝑌 + ln
𝐶𝐶

1 − 𝐶𝐶
  � (6) 

ln𝑎𝑎𝑌𝑌 =  
𝐺𝐺M
𝑅𝑅𝑅𝑅

−  
𝐶𝐶
𝑘𝑘B𝑇𝑇

 � (1 − 2𝐶𝐶)𝜔𝜔 +  Ɵ𝑋𝑋𝑋𝑋′ 𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋 +  Ɵ𝑋𝑋𝑋𝑋′ 𝛥𝛥𝛥𝛥𝑋𝑋𝑋𝑋 + Ɵ𝑌𝑌𝑌𝑌′ 𝛥𝛥𝛥𝛥𝑌𝑌𝑌𝑌 +  ln
𝐶𝐶

1 − 𝐶𝐶
  � (7) 
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 Where Ɵ𝑋𝑋𝑋𝑋′   , Ɵ𝑋𝑋𝑋𝑋′  and  Ɵ𝑌𝑌𝑌𝑌′  are concentration derivatives of  Ɵ𝑋𝑋𝑋𝑋 , Ɵ𝑋𝑋𝑋𝑋 and Ɵ𝑌𝑌𝑌𝑌 respectively. 
The concentration fluctuation in  long wavelength limit of liquid alloys is computed using the Gibbs 
free energy of mixing, as shown below. [22]. 

𝑆𝑆𝐶𝐶𝐶𝐶(0) = 𝑅𝑅𝑅𝑅 � 
𝜕𝜕2𝐺𝐺M
𝜕𝜕𝜕𝜕2

�
𝑇𝑇,𝑃𝑃,𝑁𝑁

−1

                                                                                                                              (8)  

 
 The value of 𝑆𝑆𝐶𝐶𝐶𝐶(0) is found by solving equations (2) and (8) as, 

𝑆𝑆𝐶𝐶𝐶𝐶(0) =  
𝐶𝐶𝑋𝑋𝐶𝐶𝑌𝑌

1 + (1 − 𝐶𝐶𝑋𝑋) � −2 𝜔𝜔
𝑘𝑘B𝑇𝑇

+  Ɵ𝑋𝑋𝑋𝑋′′
∆𝜔𝜔𝑋𝑋𝑋𝑋
𝑘𝑘B𝑇𝑇

+ Ɵ𝑋𝑋𝑋𝑋′′
∆𝜔𝜔𝑋𝑋𝑋𝑋
𝑘𝑘B𝑇𝑇

+  Ɵ𝑌𝑌𝑌𝑌′′
∆𝜔𝜔𝑌𝑌𝑌𝑌
𝑘𝑘B𝑇𝑇

�
                                    (9) 

 
Where 𝛳𝛳𝑗𝑗𝑗𝑗"   is the concentration-related second derivative of  𝛳𝛳𝑗𝑗𝑗𝑗   . 
Again the excess  free energy of liquid alloy by Redlich and Kister equation is [6] 

𝐺𝐺M𝑋𝑋𝑋𝑋 = 𝐶𝐶𝑋𝑋𝐶𝐶𝑌𝑌�𝐾𝐾𝑖𝑖

𝑛𝑛

𝑖𝑖=0

(𝐶𝐶𝑋𝑋 − 𝐶𝐶𝑌𝑌)𝑖𝑖                                                                                                            (10)   

Where 𝐾𝐾𝑖𝑖 temperature dependent interaction parameters. 
The temperature-dependent interaction parameters of binary alloys are as follows,  [19, 20]. 

 𝐾𝐾𝑖𝑖 =  ℎ𝑖𝑖 exp �−
𝑇𝑇
𝑡𝑡𝑖𝑖
�                                                                                                                                         (11) 

Where ℎ𝑖𝑖 and 𝑡𝑡𝑖𝑖 are semi-empirical parameters 
 The excess Gibbs free energy (𝐺𝐺M𝑋𝑋𝑆𝑆), enthalpy (𝐻𝐻M) and excess entropy (𝑆𝑆M𝑋𝑋𝑋𝑋)  of mixing are related 
as,  

 𝐺𝐺M𝑋𝑋𝑋𝑋 =  𝐻𝐻M − 𝑇𝑇𝑆𝑆M𝑋𝑋𝑋𝑋                                                                                                                          (12) 
From equations (19), (20) and (21), the mathematical expressions for heat and excess entropy of the 
alloy can be obtained as given below. 

𝐻𝐻M = 𝐶𝐶𝑋𝑋𝐶𝐶𝑌𝑌��1 +
𝑇𝑇
𝑡𝑡𝑖𝑖
� ℎ𝑖𝑖  exp �−

𝑇𝑇
𝑡𝑡𝑖𝑖
�

𝑛𝑛

𝑖𝑖=0

(𝐶𝐶𝑋𝑋 − 𝐶𝐶𝑌𝑌)𝑖𝑖                                                                                  (13) 

𝑆𝑆M𝑋𝑋𝑋𝑋 = 𝐶𝐶𝑋𝑋𝐶𝐶𝑌𝑌�
ℎ𝑖𝑖
𝑡𝑡𝑖𝑖

 exp �−
𝑇𝑇
𝑡𝑡𝑖𝑖
�

𝑛𝑛

𝑖𝑖=0

  (𝐶𝐶𝑋𝑋 − 𝐶𝐶𝑌𝑌)𝑖𝑖                                                                                               (14) 

The activity �𝑎𝑎𝑗𝑗� of each component of the alloy is expressed in terms of interaction parameters as;  

lnaX =
𝐺𝐺𝑀𝑀
𝑅𝑅𝑅𝑅

+ (1 − 𝐶𝐶𝑋𝑋)[(1− 2𝐶𝐶𝑋𝑋)𝐾𝐾0 + (6𝐶𝐶𝑋𝑋2 + 6𝐶𝐶𝑋𝑋 − 1)𝐾𝐾1                                     
+ (−4𝐶𝐶𝑋𝑋4 + 8𝐶𝐶𝑋𝑋3 − 5𝐶𝐶𝑋𝑋2 + 𝐶𝐶𝑋𝑋)𝐾𝐾2]                                                                                 (15) 

lnaY =
𝐺𝐺𝑀𝑀
𝑅𝑅𝑅𝑅

− 𝐶𝐶𝑋𝑋[(1 − 2𝐶𝐶𝑋𝑋)𝐾𝐾0 + (6𝐶𝐶𝑋𝑋2 + 6𝐶𝐶𝑋𝑋 − 1)𝐾𝐾1                                                   
+ (−4𝐶𝐶𝑋𝑋4 + 8𝐶𝐶𝑋𝑋3 − 5𝐶𝐶𝑋𝑋2 + 𝐶𝐶𝑋𝑋)𝐾𝐾2]                                                                                (16) 

By replacing the Gibbs free energy (𝐺𝐺𝑀𝑀) in terms of interaction parameters in equation (14), the 
𝑆𝑆𝐶𝐶𝐶𝐶(0) is obtained as  

𝑆𝑆𝐶𝐶𝐶𝐶(0) = 𝑅𝑅𝑅𝑅 � 
𝑅𝑅𝑅𝑅
𝐶𝐶𝑋𝑋𝐶𝐶𝑌𝑌

− 2𝐾𝐾0 + (−12𝐶𝐶𝑋𝑋 + 6)𝐾𝐾1 + (−48𝐶𝐶𝑋𝑋2 + 48𝐶𝐶𝑋𝑋 − 10)𝐾𝐾2�
−1

                      (17) 

 The BBK model gives the alloy's viscosity as 

𝜂𝜂 = 𝐸𝐸{ 𝑇𝑇 (𝐶𝐶𝑋𝑋𝑀𝑀𝑋𝑋
0 +  𝐶𝐶𝑌𝑌𝑀𝑀𝑌𝑌

0) } 
1
2 ( 𝐶𝐶𝑋𝑋𝑉𝑉𝑋𝑋 + 𝐶𝐶𝑌𝑌 𝑉𝑉𝑌𝑌 + 𝑉𝑉𝐸𝐸)

−2
3  

× exp ��𝐶𝐶𝑋𝑋𝑇𝑇0,𝑋𝑋 + 𝐶𝐶𝑌𝑌𝑇𝑇0,𝑌𝑌 −
𝐻𝐻𝑀𝑀
𝜑𝜑𝜑𝜑

 �
𝐹𝐹
𝑇𝑇
� (18) 
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Where  φ  is a semi-empirical parameter with a value of 25.4, E and F are constants with values of  
(1.80 ± 0.39) × 10−8(j/Kmol1/3)1/2 and 2.34 ± 0.20 respectively.  𝑀𝑀𝑗𝑗0, 𝑉𝑉𝑗𝑗 , are molar mass,volume 
of each component respectively,  𝑇𝑇0,𝑗𝑗 is melting temperature of elements of the alloy (j=X, Y), 
𝑉𝑉𝐸𝐸excess molar volume of the alloy and R is  gas constant,. 
The surface tension (𝜎𝜎) of binary alloy by the Kaptay's new derivation of Butler equation is given as 
 

𝜎𝜎 =  
𝐴𝐴𝑗𝑗0

𝐴𝐴𝑗𝑗
𝜎𝜎𝑗𝑗0 +

𝑅𝑅𝑅𝑅
𝐴𝐴𝑗𝑗

ln
𝐶𝐶𝑗𝑗𝑆𝑆

𝐶𝐶𝑗𝑗𝑏𝑏
+  
𝐺𝐺𝑗𝑗
𝑆𝑆,𝑋𝑋𝑋𝑋 −  𝐺𝐺𝑗𝑗

𝑏𝑏,𝑋𝑋𝑋𝑋

𝐴𝐴𝑗𝑗
                                                                                              (19) 

Where  𝜎𝜎𝑗𝑗0 𝑎𝑎𝑎𝑎𝑎𝑎  𝐴𝐴𝑗𝑗0,  represent surface tension, molar surface area of pure liquid metal, 𝐴𝐴𝑗𝑗 stands for 
partial molar surface area, 𝐶𝐶𝑗𝑗𝑆𝑆and 𝐶𝐶𝑗𝑗𝑏𝑏 are surface concentration and bulk concentration of jth 
component respectively.  𝐺𝐺𝑗𝑗

𝑆𝑆,𝑋𝑋𝑋𝑋 and  𝐺𝐺𝑗𝑗
𝑏𝑏,𝑋𝑋𝑋𝑋 indicate the partial excess free energy  in the surface and 

bulk of  elements of the alloy respectively. As bulk concentrations of components of the alloy, the 
sum of surface concentrations of the components of alloy is one i.e. ∑ 𝐶𝐶𝑗𝑗𝑆𝑆𝑗𝑗  = 1.The molar surface 
area of  Jth component is expressed as [23],. 

𝐴𝐴𝑗𝑗0 = 𝜒𝜒Na1/3 �
𝑀𝑀𝑗𝑗
0

𝜌𝜌𝑗𝑗
0�

2/3
                                                                                                                                   (20)

Where   𝜌𝜌𝑗𝑗0  is density of each metal of the alloy at its melting point. Similarly 𝜒𝜒  and 𝑁𝑁𝑎𝑎 are 
geometrical constant and Avogadro’s number respectively. 𝜒𝜒 is related to the volume packing fraction 
(𝑓𝑓𝑉𝑉 ) and surface packing fraction (𝑓𝑓𝑆𝑆) of pure component as given below 

𝜒𝜒 = �
3𝑓𝑓𝑉𝑉

4
�
2
3 𝜋𝜋

1
3

𝑓𝑓𝑆𝑆
                                                                                                                                               (21) 

At any temperature T, the density (𝜌𝜌𝑗𝑗) and surface tension (𝜎𝜎𝑗𝑗) of each metal can be written as [24] 

𝜌𝜌𝑗𝑗 = 𝜌𝜌𝑗𝑗0 +
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑇𝑇 − 𝑇𝑇0𝐽𝐽�                                                                                                                                 (22) 

𝜎𝜎𝑗𝑗 = 𝜎𝜎𝑗𝑗0 +
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑇𝑇 − 𝑇𝑇0𝐽𝐽�                                                                                                                                 (23) 

Result and Discussion 
 Thermodynamic property 
Eqs. (1), (4), and (5) are handled to compute thermodynamic parameters like free energy of mixing, 
heat of mixing, and activity using the quasi-chemical approximation. The interaction as well 
as temperature derivatives of interaction parameters are derived by iterative approach with the use of 
observed values [25] in the concentration range 0.1 to 0.9 for the free energy of mixing and the heat 
of mixing respectively. The best fit values of parameters are 

𝜔𝜔
𝐾𝐾𝐵𝐵𝑇𝑇 

= −1.023 ,   
∆𝜔𝜔𝐴𝐴𝐴𝐴
𝐾𝐾𝐵𝐵𝑇𝑇

 = −11.058 ,
∆𝜔𝜔𝐴𝐴𝐴𝐴
𝐾𝐾𝐵𝐵𝑇𝑇

 =  −16.049 

1
𝐾𝐾𝐵𝐵

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 =  3.913  ,       
1
𝐾𝐾𝐵𝐵

𝑑𝑑∆𝜔𝜔𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

 =   1.556 ,
1
𝐾𝐾𝐵𝐵

𝑑𝑑∆𝜔𝜔𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

=  −9.992 

Similarly, observed  enthalpy of mixing and excess entropy of mixing [25] are used to optimize 
temperature-dependent parameters for the liquid alloy within the framework of R-K 
polynomials using Eqs. (10), (11), (13), (15), and (16). The results are presented as shown below. 

K0 = -82590.842exp (-6.011x10-4T) 
K1 = -76062.258exp (-7.201x10-3T) 
K2 = 25530.7248exp (5.015x10-4T) 

The optimized exponential interaction parameters are used to calculate free energy, enthalpy, activity 
and concentration fluctuation in  long wavelength limit of the preferred alloy at different 
temperatures. The values of the excess Gibbs free energy, the heat of mixing and the activity of each 
component using Quasi-chemical approximation, the Redlich and Kister equation as well as the 
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experimental results at 848 K, 900 K and 1000 K are presented in Figs. 1, 2 and 3 respectively. In 
Fig. 1, the calculated excess free energy is almost in agreement with the experimental values where 
there is a slight discrepancy in the heat of mixing calculated by Quasi-chemical approximation and 
RK equation with respect to that of the experimental values after 0.4 concentration of Potassium. 
However the computed activities of each component of the alloy by Quasi-chemical approximation 
and RK equations are in good agreement with experimental values. These results validate the used 
models. 

        
   Fig. 1. Excess Gibbs free energy vs. concentration      Fig. 2. Heat of mixing vs. concentration  
             of potassium in the K-Pb alloy.                                 of potassium in the K-Pb alloy. 
Structural property 
There is no easy way to tell whether a mixture's constituent atoms are grouped together or not. As a 
result, determining the arrangement of atoms is extremely challenging. However, the local 
arrangement of atoms in constituents of a mixture may be investigated  using the diffraction method, 
but this is a tough process. The determination of concentration fluctuations in  long-wavelength limit 
(Scc(0)) is considered  a major way for overcoming this challenge or studying the local arrangement 
of constituent atoms theoretically[21]. For a given concentration the alloy has complex formation 
nature if 𝑆𝑆𝐶𝐶𝐶𝐶(0 ) < 𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 (0), whereas the alloy has segregating nature if  𝑆𝑆𝐶𝐶𝐶𝐶(0) > 𝑆𝑆𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 (0). The 
theoretical values of 𝑆𝑆𝐶𝐶𝐶𝐶(0) at different concentrations of potassium for the alloy by Quasi-chemical 
approximation and RK equation along with experimental values is shown in Fig. 4 and  suggests that 
the computed  values of  𝑆𝑆𝐶𝐶𝐶𝐶(0)  at all temperatures lie below the ideal value of 𝑆𝑆𝐶𝐶𝐶𝐶(0) within entire 
concentration range of potassium. This indicates that the alloy is strongly ordering at all temperatures 
of investigation. 

            
        Fig. 3. Activity vs. concentration                             Fig. 4. Concentration fluctuation in long      
            of potassium in the K-Pb alloy                                wavelength limit vs. concentration  
                                                                                                 of potassium in the K-Pb alloy 
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Viscosity 
We utilize Eq. (18)  for the theoretical value of the alloy's viscosity at various temperatures. The 
densities at different temperatures are used to calculate the molar volume of the components of the 
alloy at various temperatures. The Eq. (22) is used to determine each component's density at 
temperatures of 848 K, 900 K, and 1000 K. The excess molar volume (𝑉𝑉𝐸𝐸) is set to zero due to a lack 
of experimental data. Although the value of 𝑉𝑉𝐸𝐸 is not zero for non-ideal alloys, its contribution is 
insignificant [26]. The viscosity of the alloy reduces as the temperature rises, as indicated in the Fig. 
(5). However, due to limited or no available data for certain compositions and temperatures, it is 
difficult to establish the accuracy of viscosity with certainty. 

 
Fig. 5. Viscosity vs. concentration of potassium in the K-Pb alloy. 

 
 Surface property; Surface segregation and surface tension 

In order to calculate the surface tension of the alloy, Individual metals' surface tensions are estimated 
at different temperatures (848 K, 1000 K, 1200 K, and 1500 K) by using Eq. (23) at first. The value 

of geometrical structure factor is 1.061 and ratio  ( 
𝐺𝐺𝑗𝑗
s,xs  

𝐺𝐺𝑗𝑗
b,xs 

)  is taken 0.818 [23].  

The partial molar volume is substituted by the molar volume of the same component when the excess 
molar volume of the combination is minor or unknown. The pure surface area (𝐴𝐴𝑗𝑗0) of the same pure 
component obviously substitutes for the partial surface area (𝐴𝐴𝑗𝑗) of the same pure component in this 
example [27]. We may now acquire surface concentrations for both metals by using such values to 
the expression for both metals in Eq. (19) and solving them concurrently, and then calculating the 
surface tension of the alloy using each surface concentration of corresponding metals. Figs. (6) and 
(7) depict graphs of potassium surface concentration and alloy surface tension versus potassium 
concentration respectively. 
Fig. (6) illustrates that potassium atoms segregate on the surface, but this tendency decreases as 
temperature rises because another component, Pb, gains energy and seeks to  move closer to the 
surface. As seen in Fig. (7), the surface tension of the liquid alloy falls as the temperature rises. 
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Fig. 6. Surface segregation  vs. concentration        Fig.7. Surface tension  vs. concentration  

of potassium in the K-Pb alloy.                             of potassium in the K-Pb alloy 

Conclusion 
1. The alloy's thermodynamic and structural properties calculated using the quasi chemical 
approximation and RK equation are very close to experimental results at 848 K. 
2. The alloy is less interactive, and its interaction ability declines as temperature rises. 
3. It is totally ordering at all temperatures of interest, but as the temperature rises, it becomes less. 
4. At 848 K, potassium atoms segregate on the alloy's surface, but this segregation decreases as the 
alloy's temperature rises. 
5. As the concentration of potassium in the alloy rises, the case of viscosity and surface tension 
becomes exactly opposite. So is the case when we take temperature at one hand and viscosity and 
surface tension at the other. 
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This study explores the mixing nature of sodium–indium liquid alloy at tem-
peratures of 713 K, 850 K, 950 K and 1050 K. It uses quasi-lattice approxi-
mation for the thermodynamic analysis of concentration dependent mixing 

behaviours of sodium–indium liquid alloy under the assumption of Na3In 

complex. It compares the obtained theoretical results with the experimental 
result and result of Redlich–Kister (R–K) equation for the validity. The re-
searchers concentrate on the viscosity and surface tension of the alloy under 

the modelling equations as suggested by Kaptay and improved derivation of 

Butler equation, respectively. This paper focuses on the interaction energy 

parameters among neighbouring atoms of the alloy. It observes that the alloy 

is moderately interacting and ordering nature at the lower concentration of 

sodium. The theoretical results of the thermodynamic properties are nearly 

in agreement with the corresponding experimental data as well as results ob-
tained by R–K equation at 713 K. It claims that the ordering behaviour, vis-
cosity and surface tension of the alloy decreases with the increase in tempera-
ture. 

Key words: liquid alloys, thermodynamic properties, R–K equation, energy 

parameters, ordering. 

Досліджено характер змішування рідкого стопу натрій–індій за темпера-
тур у 713 К, 850 К, 950 К і 1050 К. Було використано квазиґратницеве на-
ближення для термодинамічної аналізи залежних від концентрації хара-
ктеристик змішування рідкого стопу натрій–індій за припущенням наяв-
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ности комплексу Na3In. Порівняно одержані теоретичні результати з екс-
периментальними та результатами, що дає рівняння Редліха–Кістера. 

Дослідники переважно зосереджуються на вивченні в’язкости та поверх-
невого натягу стопу відповідно до рівнянь, запропонованих Каптаєм, і 
вдосконаленого виведення рівняння Батлера. Цю статтю присвячено дос-
лідженню енергетичних параметрів взаємодії між сусідніми атомами сто-
пу. Зазначається, що взаємодія для цього стопу є помірною; крім того, 
наявне впорядкування за нижчої концентрації Натрію. Теоретичні ре-
зультати для термодинамічних властивостей узгоджуються з відповідни-
ми експериментальними даними, а також результатами, одержаними за 

допомогою рівняння Редліха–Кістера для 713 К. Стверджується, що впо-
рядкування, в’язкість і поверхневий натяг стопу зменшуються з підви-
щенням температури. 

Ключові слова: рідкі стопи, термодинамічні властивості, рівняння Редлі-
ха–Кістера, енергетичні параметри, впорядкування. 

(Received January 20, 2022; in final version, September 23, 2022) 
  

1. INTRODUCTION 

The properties of liquid alloys mainly depend on composition of con-
stituent elements, temperature and pressure. The alloying phenomena 

play an important role on stability, strength, electrical character etc. 
of the materials. Thus, the study of mixing nature of elements forming 

alloys has been given great attention by researchers. However, detailed 

analysis of different behaviour of the alloys at high temperature and at 

all compositions of constituent elements becomes strenuous due to in-
convenience in experimental task and time limitation. To overcome 

such difficulties and to speed up the study, many theoreticians have 

put forward different theoretical models [1–7]. 
 The sodium element is highly reactive and makes complex alloys 

with other elements like lead, potassium, calcium and so on. Because of 

the development of such complexes, the thermodynamic properties of 

binary sodium alloys frequently deviate significantly from those of 

regular alloys. This makes it fascinating to investigate the properties 

of various alloys of sodium. Hence, different researchers [8–14] have 

investigated different properties of sodium alloys. However, the alloy-
ing nature of sodium with indium is found lacking till now except few 

experimental thermodynamic results explored by few experimentalists 

[15]. 
 The present study aims to study the thermophysical behaviours of 

sodium–indium alloy at temperatures 713 K, 850 K, 950 K and 1050 K 

by assuming Na3In complex. The thermodynamic behaviours of the al-
loy are analysed by quasi lattice approximation [4]. The validity of this 

model is tested comparing result obtained with theoretical results of 
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Redlich–Kister (R–K) equation [2] and experimental results at tem-
perature 713 K. The viscosity and surface tension of the alloy have 

been studied at aforementioned temperature by Kaptay model [16] and 

improved Butler equation [17], respectively. 

2. THEORETICAL DETAILS 

2.1. Thermodynamic Properties 

Let an alloy of constituent metals X and Y has chemical complexes 

µ ϑX Y  in such a way that µ ϑµ + ϑ =X Y X Y ,  where µ and ϑ  are small in-
tegers. The excess Gibbs free energy of mixing 

Xs
MG  in the case of quasi 

lattice approximation [4] can be written as: 

 Xs
M XY XY XX XX YY YY( ),G N= θω + θ ∆ω + θ ∆ω + θ ∆ω  (1) 

where N is Avogadro’s number, , ( , X,Y)i j i jθ =  are simple polynomials 

in concentration (C), ω is interchange energy and ∆ωi,j are interaction 

energy parameters. 
 The value of θ is always CXCY, where CX and CY are concentration of 

constituent elements X and Y respectively. The sum of concentration 

of two components is always one (i.e., CX + CY = 1). The values of ,i jθ  in 

the case of µ = 3 and 1ϑ =  are found to be [4, 18]: 

 3 4 5 6
XY X X X X X

1 2 1 1
,

5 3 5 3
C C C C Cθ = + − − +  (2) 

 3 4 5 6
XX X X X X X

3 2 3 2 1
,

20 3 4 5 6
C C C C Cθ = − + − + −  (3) 

 YY 0.θ =  (4) 

 The Gibbs free energy of complex formation of an alloy is given by 

standard equation as: 

 
Xs

M M X X Y Y XY XY

XX XX YY YY X X Y Y

( ln ln ) (

) ( ln ln ).

G G RT C C C C N

RT C C C C

= + + = θω + θ ∆ω +

+θ ∆ω + θ ∆ω + +
 (5) 

 The enthalpy of mixing of an alloy is found out from Gibbs free en-
ergy by standard thermodynamic equation as: 

 XY XX
M M M XY XX

, ,

.M

C N P

G
H G T G TN

T T T T

∂ ∂∆ω ∂∆ω∂ω   = − = − θ + θ + θ   ∂ ∂ ∂ ∂   
 (6) 

 The activity ai of each constituent element of the alloy is related to 

Gibbs free energy by standard relation given as: 
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 M M
X M Y Y M X

X Y, , , ,

ln and ln .
T P N T P N

G G
RT a G C RT a G C

C C

   ∂ ∂
= + = −   ∂ ∂   

 (7) 

 Similarly, the partial excess Gibbs free energy is related to activity 

of each component by the following relation [19, 20]: 

 Xs
t ln( / ).i iG RT a C=  (8) 

2.2. Structural Properties 

For the theoretical study of arrangement of atoms in the binary alloy, 
we compute concentration fluctuation in long-wavelength limit and 

Warren–Cowley chemical short-range order parameter. 
 The concentration fluctuation in long-wavelength limit SCC(0) is 

given as [21]: 

 

12
M

CC 2

, ,

(0) .
T P N

G
S RT

C

−
 ∂

=  ∂ 
 (9) 

 SCC(0) can also be found out by observed activities as: 

 

1 1

X Y
CC Y X X Y

X Y, , , ,

(0) .
T P N T P N

a a
S C a C a

C C

− −
   ∂ ∂

= =   ∂ ∂   
 (10) 

Thus, SCC(0) obtained from observed activities is also called as experi-
mental SCC(0). 
 From equations (5) and (9), the theoretical SCC(0) can be obtained as: 

 CC
XY XY XX XX X Y

(0) .
( 2 / )

RT
S

RT C C
=

′′ ′′− ω + θ ∆ω + θ ∆ω +
 (11) 

 The Warren–Cowley chemical short range order parameter α1 is re-
lated to the ratio of concentration fluctuation in long-wavelength limit 

S to coordination number Z [22, 23] as: 

 1
1 ( 1)[ ( 1) 1] ,S S Z −α = − − +  (12) 

where 

 CC
id
CC

(0)

(0)

S
S

S
= ,  

and 
id
CC (0)S is the concentration fluctuation in long-wavelength limit 

for an ideal alloy. Z is co-ordination number and its value is taken 10 
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[24, 25] for the liquid alloy study. 

2.3. Transport Property: Viscosity 

Kaptay considered the relationship between the cohesive energy and 

activation energy of the viscous flow and developed an equation of vis-
cosity η for binary alloy as given below [16]: 

 X X Y Y M
E

X X Y B

exp ,
C G C G HhN

RTC V C V V

+ − Φ η =  + +  
 (13) 

where h is Planck’s constant, Vi (i = X, Y) is the molar volume of pure 

metal, VE
 is excess molar volume upon alloy formation, Gi is Gibbs acti-

vation energy of viscous flow in pure metals and Φ is a constant whose 

value is (0.155 ± 0.015) [26]. The Gibbs energy of activation of pure 

metal i is calculated by the following equation: 

 ln ,i i
i

V
G RT

hN

η =  
 

 (14) 

where ηi is viscosity of individual elements X and Y, respectively. The 

variation of viscosity of a metal with temperature is given as [27]: 

 0 exp ,i RT

ε η = η  
 

 (15) 

where η0 and ε are constants of each metal having units of viscosity and 

energy per mole respectively. 

2.4. Surface Properties: Surface Tension 

According to this model, there is an existence of a monoatomic layer, 

called surface monolayer at the surface of the molten alloy as a sepa-
rate phase and it is in thermodynamic equilibrium with that of the bulk 

phase. The surface tension σ of binary alloy at temperature T is given 

by the improved Butler equation [17] as: 

 
0 S S,Xs b,Xs

0
b

ln ,i i i i
i

i i ii

C G GRT

C

γ −
σ = σ + +

γ γ γ
 (16) 

where 
0 0, ,i i iσ γ γ  are surface tension, molar surface area of each liquid 

metal and partial molar surface area of ith component, respectively. 
S,Xs
iG  and 

b,Xs
iG  are partial excess free energy of mixing in the surface 

and bulk of constituent elements of the alloy respectively and are re-
lated as 

S,Xs b,Xs.i iG G= β  For the liquid phase, the value of β is taken as 
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0.818 [28]. 
 The molar surface area of ith component is given as [26]: 

 

2/30
0 1/3

0
,i

i
i

M
N

 
γ = χ  ρ 

 (17) 

where 
0 0, ,i iM ρ χ  are respectively molar mass, density of each constitu-

ent element at its melting temperature, and geometrical constant. The 

value of χ is obtained from volume packing fraction fV and surface 

packing fraction fS by the expression as [26]: 

 
2/3 1/33

.
4

V

S

f

f

π χ =  
 

 (18) 

 For the liquid metal, the values of both fV and fS are taken as 0.66 

and 0.906, respectively [26, 28]. 
 The density 

0
iρ  and surface tension 

0
iσ  of each constituent metal of 

the liquid alloy at any temperature T are expressed as [27]: 

 0
0( ),i i

d
T T

dT

ρ
ρ = ρ + −  (19) 

 0
0( ),i i

d
T T

dT

σ
σ = σ + −  (20) 

where ρi and σi are density and surface tension of each component at its 

melting temperature T0. Similarly, dρ/dT and dσ/dT are temperature 

coefficient of density and surface tension, respectively. 

3. RESULTS AND DISCUSSION 

3.1. Thermodynamic and Structural Properties 

In order to analyse thermodynamic properties of an alloy under the 

quasi-chemical treatment, it is necessary to determine the interaction 

energy parameters and their temperature derivatives. The energy pa-
rameters between the atoms of the alloy at a temperature are carried 

out by successive approximation method using Eq. (1) and experi-
mental results [15] within concentration range 0.1 to 0.9. Now such 

parameters at high temperatures are obtained using Eq. (21) under the 

assumption that the parameters are linearly dependent on temperature 

and independent on the concentration of each component of the alloy: 

 
∂ω ∂ω

ω = ≠ ω − ω = −
∂ ∂C K

( )
[ ( )] , ;  ( ) ( ) ( ).ij ij

ij ij ij j

T
d T dT i j T T T T

T T
 (21) 
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The parameters thus found at different temperature are shown in the 

Table 1. 
 Similarly, we optimized linear temperature dependent R–K poly-
nomials [29] to compare our results with Redlich–Kister equation [2]. 
The R–K polynomials thus optimized are given below: 

 0 35087.119 27.878 ,L T= − +   

 1 8399.395 0.220 ,L T= −   

 2 16556.200 12.267 .L T= −   

 The plot of Gibbs free energy versus concentration of Na of the alloy 

at temperature 713 K is shown in Fig. 1. As clear, the theoretically 

computed result is in good agreement with experimental result. This 

proves the validity of model and interaction parameters. Figure 2 is 

the Gibbs free energy of mixing at higher temperatures at three differ-
ent compositions, Na10In90, Na50In50, and Na90In10 of the alloy. The fig-
ure depicts that as temperature increases the Gibbs free energy of mix-

TABLE 1. Interaction energy parameters (J/mol) at different temperatures. 

Temperature, K ω ∆ωXY ∆ωXX 

713 −2641.197 −7800.238 77408.543 

850 −2088.8403 −4156.642 65842.259 

950 −1685.587 −1497.082 57399.716 

1050 −1282.334 1162.477 48957.172 

 

Fig. 1. Excess Gibbs energy vs. concentration of Na at 713 K. 
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ing becomes less negative indicating that interaction decreases with 

increase in temperature. 
 The temperature derivatives of interaction energy parameters are 

also acquired by successive approximation method by using Eq. (6) and 

experimental result [15] within concentration range 0.1 to 0.9. The 

values of such parameters at temperature 713 K are ∂ω /∂T = 0.485R, 
∂ωXY/∂T = 3.198R, and ∂ωXX/∂T = −10.154R. However, for small 
change in temperature the temperature derivatives of such parameters 

are considered constant. Figure 3 is the computed enthalpy of mixing 

of alloy at 713 K, which nearly agrees with experimental results. The 

computed enthalpy of mixing of alloy at higher temperature and at 

 

Fig. 2. Excess Gibbs energy vs. temperature. 

 

Fig. 3. Enthalpy of mixing vs. concentration of Na at 713 K. 
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Na10In90, Na50In50, and Na90In10 compositions of the alloy is shown in 

the Fig. 4.The less negative values of enthalpy of mixing at higher 

temperatures indicates that the alloy shows less interacting behaviour 

with increase in temperatures. 
 Chemical activity of constituent of the alloy is considered another 

important thermodynamic property of the alloy. It mainly gives the 

idea about the deviation of constituent element from the ideal behav-
iour. According to Porter and Easterling [30], the activity informs the 

tendency of constituents of the alloy whether they are willing to leave 

the mixture or not. If the activity is high, the atoms show high tenden-

 

Fig. 4. Enthalpy vs. temperature. 

 

Fig. 5. Activity vs. concentration of Na at 713 K. 
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cy to leave the mixture and vice-versa. Equation (7) is used to calculate 

the chemical activity of components of alloy NaIn. Figure 5 is the re-
sult of experimental, theoretical and R–K equation of the chemical ac-
tivity of the alloy at 713 K which shows a good agreement between the 

experimental and theoretical results. It suggests that at lower concen-
trations of Na, there is probability of pairing of unlike atoms. Howev-
er, as temperature increases, the activity of each component increases 

as shown in Fig. 6 indicating that the atoms of constituent elements 

have less tendency to mix together when temperature of the alloy’s in-
creases. 
 For the theoretical analysis of internal adjustment of atoms in the 

binary alloy, the concentration fluctuations in the long-wavelength 

limit SCC(0) and Warren–Cowley short-range order parameter α1 are 

considered important tools. The concept of SCC(0) removes difficulties 

on diffraction experiments [21]. 
 The SCC(0) provides the qualitative information whereas the α1 pro-
vides quantitative information of local arrangement of atoms. For giv-
en concentration and temperature, if 

id
CC CC(0) (0),S S<  then, α1 = −1. In 

this situation the alloy is expected to have ordering nature and if 
id

CC CC(0) (0),S S>  then, α1 = 1 and expected nature of the alloy is segre-
gating. The value of SCC(0) goes to be zero for strong interacting alloys. 
The graph of experimental and theoretical values of SCC(0) at tempera-
ture 713 K is shown in Fig. 7, which suggests that the alloy has order-
ing tendency up to concentration 0.7 of Na, but at above concentration 

0.7, it shows segregating nature as shown in Fig. 8. Accordingly, the 

value of α1 is less than zero at 0.7 and more than zero above concentra-
tion 0.7 of Na at all temperatures as in Fig. 9. 

 

Fig. 6. Activity vs. temperature. 
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3.2. Transport Properties 

The concentration and temperature dependent viscosity at tempera-
ture 713 K–1050 K is calculated by Kaptay model as shown in Fig. 10. 
During the calculation, the value of VE

 is taken zero due to the lack of 

experimental values [16, 31]. As clear, the viscosity of alloy decreases 

with increase in temperature which is the indication of reduction of 

interatomic attractive forces with rise in temperature and it is obvi-
ous. 

 

Fig. 7. Concentration fluctuation in long-wavelength limit vs. concentration 

of Na at 713 K. 

 

Fig. 8. Concentration fluctuation in long-wavelength limit at different tem-
peratures. 
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3.3. Surface Properties 

In order to calculate the surface tension of the NaIn liquid alloy, the 

densities and surface tension required for each metal at temperatures 

713 K–1050 K are calculated using equations (19) and (20). Similarly, 

the partial excess free energy of Na and In at afore-mentioned temper-
atures are obtained by the theoretical activities obtained from equa-
tion (8). 
 Kaptay [17, 32] suggested that for unknown or negligible excess mo-
lar volume of the mixing, the partial molar volume of each component 

can be replaced by the molar volume of same component. In such situa-

 

Fig. 9. Warren–Cowley short-range order parameter vs. concentration of Na 

at different temperatures. 

 

Fig. 10. Viscosity vs. concentration of Na at different temperatures. 
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tion, the surface area 
0
iγ  of each component replaces the partial surface 

area γi. Now, using above-input parameters and solving Eq. (16), we 

find surface concentration of each component. The surface concentra-
tion of Na at afore-mentioned temperature is shown in the Fig. 11. The 

figure indicates that the sodium atoms prefer to stay on the surface. 
Similarly, at higher concentration of Na, the surface segregation of 

both components shifts towards the ideal value to revoke the tempera-
ture effect. Thus, it can be said that at higher concentration of Na, 
there appears phase separation in the alloy. Similarly, the surface seg-
regation of Na decreases with increase in temperature. The computed 

values of surface tension obtained at different temperatures are shown 

in Fig. 12. The figure suggests that the surface tension of the alloy re-
duces with increase in temperature. 

4. CONCLUSION 

The present study is the theoretical investigation of thermodynamic, 
structural, transport and surface behaviours of binary liquid NaIn al-
loy at 713 K, 850 K, 950 K and 1050 K under the assumption of exist-
ence of Na3In complex in the binary liquid mixture. From the thermo-
dynamic study, we got the information that the alloy is moderately in-
teracting and exhibits asymmetric behaviour as a function of concen-
tration. The less negative values of thermodynamic properties at high-
er temperature indicate the weak tendency of compound forming alloy. 
The study also insights ordered tendencies of the alloy at about 0.7 

concentration of Na at 713 K, but it becomes weaker with increase in 

temperature. As also observed, the surface segregation of sodium in-

 

Fig. 11. Surface segregation vs. concentration Na at different temperatures. 
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creases and that of indium decreases with increase in concentration of 

Na, which is the proof of segregating nature of alloy beyond 0.7 con-
centration of sodium. The thermophysical properties, viscosity and 

surface tension both decrease with rise in temperature. 

 This contribution was created under the support of University 

Grants Commission, Nepal. 
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Abstract: This research explores mixing behavior of Ga-Zn system throughComplex Formation Model. The variables
affecting to temperature are the interaction energy parameters in which the properties under investigation are
projected. The study has inspected through different thermodynamic properties such as free energy of mixing,
heat of mixing and entropy of mixing. Theoretical results are in a good acceptance with the corresponding
literaturedata and support a homocoordinating tendency in Ga-Zn liquid alloys.
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1. Introduction

Gallium lies on group IIIB in the periodic table. It is proficiently applicable as a thermometric liquid and

in doping semi-conductors and production of solid-state devices like transistors. Huge amounts of zinc are used to

produce die castings. These applications of the components of liquid alloys studied make them good candidates

for the current kind of study. In manufacturing semiconductor devices, Gallium alloys play the pivotal role. And

it is promising materials for lead free solders, because they have the traits of low melting point, good wetting

properties, adhesion and oxidation resistance [1–3].Ga-Zn alloy possesses the constituents of different Gallium

based multi component alloys i.e. applied in semiconducting industry. This research is significant for the study of

the energetics of ternary systems such as Ga-Sn-Zn, Al-Ga-Zn, etc. It is specified that, this system is intensified

low melting eutectic which is mentioned in literature [4–6].

The Ga-Zn system is analyzed through positive interaction energy, amplifying the formation of two phase

structure, as presented by its simple eutectic phase diagram. The preliminary research of the empirical factors

such as electronegativity difference (= 0) and size ratio ΩGa/ΩZn ≈ 1.19 (Ω is atomic volume) [7, 8]. Ga-Zn

system presents the values which are the characteristics for segregating alloys. However, the determining role is

ascribed to the size ratio values. It purposes a limited solubility in the solid state and hence the presence of an

eutectic reaction.

∗ Corresponding Author: ikphysicstu@gmail.com
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Thermodynamics of Ga-Zn system is examined through various experimental methods. There are numerous

findings obtained applying EMF measurements. Besides this, there are some other results derived by thermo-

dynamic calculation based on various theoretical models [9]. Numerous investigations have been performed for

different system through various approaches [10–14]. This paper presents the results of thermodynamic analysis

of Ga-Zn alloys according to Conformal Solution Model. The outcomes are analyzed and compared with literature

data to explicate the accuracy of this method in thermodynamic description of the presented binary system.

2. Modelling

If c is the atomic concentration of A atoms then (1-c) is atomic concentration for B atoms and such that

uA + vB = AuBv (u and v are small integer) then, number of A atoms, NA = c. Number of B atoms, NB =

(1-c) , so that total number of atoms, N = NA +NB . When components A and B are blended together to form

a binary A−B solution, thermodynamic properties are changed. The liquid alloy is assumed to be composed of

three species; A atom, B atom and chemical complex AuBv, ternary mixture also called conformal solution. The

number of free atoms will be reduced due to compound formation in the melt. Now for n1 gm atoms of A, n2 gm

atoms of B and n3 gm atoms of AuBv,

n1 = c− un3 and n2 = (1− c)− vn3 (1)

The total number of atoms after mixing,

n = n1 + n2 + n3 (2)

= 1− (u+ v − 1)n3 (3)

The free energy of mixing of the binary A-B mixture can be written as,

GM = −n3g +G′ (4)

Here, −n3g represents lowering of free energy due to compound formation, g is the formation energy of

complex. G′ is the free energy of mixing of the ternary mixture of A, B and AuBv. If the ternary mixture is an

ideal solution,

G′ = RT
∑

niln
(ni

n

)
(5)

If the effects of differences in sizes of the various constituents in the mixture cannot be ignored and the

interaction ωij are small but not zero, the theory of regular solutions in the zeroth approximation [15] or the

conformal solution approximation [16] is valid. For regular solution

G′ = RT
∑

niln
(ni

n

)
+

∑
ωij

(ninj

n

)
(6)
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This equation is also referred to as conformal solution approximation. where ωij = 0(fori = j) are termed

as the interaction energies and by definition are independent of concentration, although they depend upon tem-

perature and pressure. Now the expression for free energy of mixing GM for the compound forming binary alloy

is

GM = −n3g +RT

3∑

i=1

niln
(ni

n

)
+

∑∑

i<j

(nini

n

)
ωij (7)

The expression for heat of mixing HMis given by [17],

HM = GM − T

(
∂GM

∂T

)

P

(8)

HM = −n3g +RT

3∑

1

niln
(ni

n

)
+

∑

i<j

∑(ninj

n

)
ωij − T

∂

∂T

[
−n3g +RT

3∑

i=1

niln
(ni

n

)
+

∑

i<j

∑(ninj

n

)
ωij

]

(9)

= −n3

[
g − T

(
∂g

∂T

)

P

]
+

∑

i<j

∑(ninj

n

)[
ωij − T

(
∂ωij

∂T

)

P

]
(10)

The expression for entropy of mixing SM can be obtained as [17],

SM = n3
∂g

∂T
−R

3∑

i=1

niln
ni

n
−

∑

i<j

∑ ninj

n

∂ωij

∂T
(11)

The equilibrium value of n3 at a given pressure and temperature is given by

(
∂GM

∂n3

)

T,P,N,C

= 0 (12)

Substituting the value of GM from Eq. 7 and after some algebraic calculation

ln
(
n3n

u+v−1n−u
1 n−v

2

)
+ Y =

g

RT
(13)

which is the equilibrium equation, where

Y =
[n1n2

n2
(u+ v − 1)− u

n2

n
− v

n1

n

] ω12

RT
+
[n2n3

n2
(u+ v − 1)− v

n3

n
+

n2

n

] ω23

RT
+
[n1n3

n2
(u+ v − 1)− u

n3

n
+

n1

n

] ω13

RT

3. Results and Discussion

Ga-Zn system has a eutectic point at 3.7 wt% Zn and at temperature of 25◦C. The hexagonal (Zn) terminal

solid solution has a maximum solubility of 2.36 wt% Ga at 260◦C, while the orthorhombic (Ga) solid solution

has a maximum solubility of 0.8 wt% Zn at 20◦C [9]. Available experimental data [18] on the thermodynamic
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properties as well as phase diagram information [18] have been used for the calculation of the order energy

parameters for the Ga-Zn liquid phase by the CFM in a weak approximation. For the given temperatures the

Gibbs free energy are negative and exhibit a flat minimum of -0.567 at the composition, c = 0.45.]. Accordingly,

the Ga-Zn compound was postulated as energetically less favored and the preferential arrangements of Ga and Zn

constituent atoms does not so favor the formation of Ga-Zn complexes (µ = 1, v = 1) in the liquid alloys. Keeping

in mind the Ga-Zn phase diagram and the applications related to the different melting intervals of Ga-Zn alloys,

all calculations have been done at T = 750 K. The optimized data set of the Gibbs energy of mixing of liquid

Ga-Zn alloys together with the enthalpy of mixing and Ga and Zn activity data [18] have been used to calculate

the interaction energy parameters at T =750 K. The calculated interaction energy parameters for liquid Ga-Zn

alloy, expressed in RT units at T = 750 K are; g = 0.721, ω12 = -6.091, ω13 = 1.942, ω23 = 1.808

Figure 1. (a) Number of complexes (n1, n2, n3) Vs concentration (cGa) of liquid Ga-Zn alloy at 750 K, (b) Free
energy of mixing (GM/RT ) Vs concentration (cGa) of liquid Ga-Zn alloy at 750 K [Theoretical(–) and
experimental(�) values [18]].

Equilibrium relation Eq. 13 along with Eqs. 1 and 3 are used to compute the number of complexes, n3,

as a function of concentration. The values of interaction energy parameters are adjusted to give the concentra-

tion dependence of GM which fits well with the corresponding thermodynamic data. The curves describing the

Gibbs free energy of mixing of the Ga-Zn liquid phase are almost not symmetric with respect to the equiatomic

composition. The concentration dependence of the equilibrium values of chemical complexes, n3, at T = 750K

exhibits the symmetry at the same composition, c = 0.5, with the maximum value of about 0.4365 (Fig. 1).

With an increase in temperature, the inter-atomic forces become weaker, and the corresponding maximum value

of n3 decreases. Using the order energy parameters calculated at T = 750K, the enthalpy of mixing, HM and

the entropy of mixing SM have been evaluated by Eqs. 10 and 11, respectively. The experimental data on the

enthalpy of mixing measured at temperatures T = 750K [18] have been used to calculate the variation in order

energy parameters with temperature. The computed values of the derivatives are

1

R

∂g

∂t
= 1.224,

1

R

∂ω12

∂t
= 7.159,

1

R

∂ω13

∂t
= 0.444,

1

R

∂ω23

∂t
= 0.662 (14)

A comparison between the calculated values of HM and SM by the CFM with the literature data [18] of

liquid Ga-Zn alloy displays a good agreement between the two types of data (Fig. 2(a) and Fig. 2(b)).
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Figure 2. (a) Heat of mixing (HM/RT ), (b) Entropy of mixing (SM/R) Vs concentration (cGa) of liquid Ga-Zn
alloy at 750 K. [Theoretical(–) and experimental(�) values [18]]

4. Conclusions

Thermodynamic properties of Ga-Zn liquid alloy have been theoretically investigated by the CFM in a weak

approximation. The thermodynamic data on mixing are used to obtain the interaction energy parameters, which

are speculated to be invariant in all calculations. With the use same interaction parameters, the investigation

of surface, transport and structural properties can be done further [14, 19–24]. The results obtained in the

present work assure the applicability of this approach for a complete description of the thermodynamic of binary

system which exhibit similar mixing properties. Moreover, it is found to be a useful tool in the interpretation of

experimental results as well as in experimental planning.
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Abstract  Article Info 

The thermodynamic and structural properties of binary alloy Ag- Sb at temperature 1250K 
have been reported theoretically using quasi lattice model. The interchange energy has 
been considered a function of a temperature and thus various thermodynamic quantities 
are calculated at elevated temperature. The theoretical values of free energy of mixing, 
heat of mixing, entropy of mixing and chemical activity are reasonable agreement with 
experimental values in all concentrations of antimony from 0.1 to 0.9. The theoretical 
analysis tells that the alloy shows both ordering nature in Ag rich end and segregating 
nature in Sb rich end .The study reveals that the properties of alloy are asymmetric around 
equi-atomic composition. The Ag_3 Sn complexes are most likely to exist in the liquid 
state and are moderately interacting. 
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1. Introduction 

The study of alloying behaviour is an important 
field in metallurgical science. The alloys may be of 
binary, ternary, quaternary and so on. Here our concern 
is only on the binary alloy. The binary alloy is a type 
of product formed by combination of two elements (at 
least one metal) in liquid state.  Different properties of 
binary alloys are directly concerned with concentration 
of constituent elements .The alloys show symmetric or 
asymmetric behaviour in thermodynamic and 
structural properties with respect to concentration 
(Hultgren et al., 1973). Most of the used industrial and 
commercial materials are solid alloys. So they have 
deep utilization in solid state. The properties of initial 
melt play important role in the formation of alloys. 
Thus determination of different properties of the alloys 
in the liquid state are important to study the alloying 
behaviour in metallurgical science as well as 
knowledge of various properties of alloys at liquid state 
is important for the production of new materials 
required for high temperature application. Demand of 
different and new alloys in metallurgical science is 
increasing day by day and hence scientists are trying to 

find different alloys by mixing different elements at 
different compositions. 

Silver is very soft, ductile and malleable metal. The 
combination of silver with different elements helps to 
improve hardness and wear-resistance of deposits and 
higher stability tarnishing antifriction characteristics. 
There has been growing tendency in calculating the 
properties of silver–antimony alloys. It has been used 
as electroplating deposition due to its increased 
hardness and wear-resistance which, finally aims to the 
use of smaller plate thickness and consequent saving of 
expensive materials (Singh et al., 2010). 

 Different theoreticians are working with various 
theoretical models to understand the alloying 
behaviour of compound forming binary alloys. In the 
present work, one of the Silver alloys Ag-Sb is studied 
theoretically to determine certain properties at 1250 K 
assuming AgxSby (x=3, y=1) complex in melt by using 
Quasi lattice model. Thermodynamic properties such 
as free energy of mixing, heat of mixing and entropy of 
mixing , chemical activity provide the knowledge on 
the interaction, stability and bonding strength among 
the constituent atoms whereas information on the 
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structural ordering of atoms in binary alloys in the 

liquid state is provided by the quantitative analysis of  
microscopic functions, the concentration fluctuations 
in the long wavelength limit (Scc(0)), short-range order 
parameter (α1)and diffusivity(DM/Did)(Koirala et al., 
2014; Jha et al., 2015; Koirala et al., 2018). Scc(0) 
represents the nature of ordering of the atoms ,α1 

quantifies the degree of ordering and diffusion 
coefficient ratio (DM/Did) gives the structural behaviour 
of  the alloy .  

The organization of this paper is as follows. In 
Section 2, the expressions required for the calculation 
are presented. In Section 3, result and general 
discussion of the alloy Ag-Sb are presented. Finally the 
conclusions are given in Section 4. 

2. Theoretical formulation 

Let a binary alloy contains in all N atoms with NA 

and NB atoms of A and B elements respectively, kB is 
Boltzmann constant, T is absolute temperature. Then 
the model considers the existence of chemical 
complexes AxBy where, A and B are the constituent 
species of the alloy and x and y are the small integers. 
𝑥A +  𝑦B = 𝐴𝑥𝐵𝑦 

With this consideration, grand partition function 
(Guggenheim, 1952) in terms of configurational 
energy ‘E’ is expressed as 
Ξ =   ∑ 𝑞𝐴

𝑁𝐴 (𝑇)𝑞𝐵
𝑁𝐵(𝑇) exp [(µ𝐴𝑁𝐴 + µ𝐵𝑁𝐵 − 𝐸) /𝑘BT ]𝐸  (1) 

Where 𝑞𝑖(𝑇) and µ𝑖 are atomic partition function 
and chemical potential of the 𝑖𝑡ℎ(i =A, B) species. By 
using above relation we find following expressions for 
the determination of different properties. With this 
consideration the excess free energy of mixing 
becomes 
𝐺𝑀

𝑋𝑆 = 𝑁𝐾𝑩𝑇 ∫ 𝛾𝑑𝑐
𝑐

0
   (2) 

Where γ is ratio of the activity coefficient of atom 

A to B; C is the concentration of atom A 
The solution of eqn. (2) leads to 

𝐺𝑀
𝑋𝑆 = 𝑁[𝜙⍵ + 𝜙𝐴𝐵⍵𝐴𝐵 + 𝜙𝐴𝐴⍵𝐴𝐴+𝜙𝐵𝐵𝜔𝐵𝐵]                  (3) 

Where ⍵’s are the ordering energies; and Φ = c (1-
c) and Φij’s (i,j= A,B) are the simple polynomials  in c 

depending on the values of x and y. 

For A= Ag, B=Sb, x=3 and y=1, the values of Φij’s 

(Bhatia & Singh, 1982) are found to be 
ΦAB(c)  =

1

5
 𝑐 +

2

3
𝑐3 − 𝑐4 −

1

5 
𝑐5 +

1

3
𝑐6  

ΦAA(c) =  −
3

20
 𝑐 +

2

3
𝑐3 −

3

4
𝑐4 +

2𝑐5

5
−

1

6
𝑐6 

Φ𝐵𝐵(𝑐) = 0 

The Free energy of mixing for complex forming 

𝐺M = 𝐺M
XS + 𝑁𝑘B𝑇[𝑐 ln 𝑐 + (1 − 𝑐) ln(1 − 𝑐)] 

      = 𝑅𝑇 [Φ
𝜔

𝑘B𝑇
+ ΦAB

Δ𝜔AB

𝑘B𝑇
+ ΦAA

Δ𝜔AA

𝑘B𝑇
 + ΦBB

Δ𝜔BB

𝑘B𝑇
+

𝑐 ln 𝑐 + (1 − 𝑐) ln(1 − 𝑐)] (4)  
The heat of mixing is found out by using standard 
thermodynamic relation: 

𝐻𝑀

𝑅𝑇
 =  

𝐺M

𝑅𝑇
 – [  

1

𝑅

𝑑𝐺M

𝑑𝑇
]c, N, P 

        = Φ[
𝜔

𝑘B𝑇
− 

1

𝑘B

𝑑⍵

𝑑𝑇
 ]  +  ΦAB[

Δ𝜔AB

𝑘B𝑇
 −   

1

𝑘B

dΔ𝜔AB

𝑑𝑇
] +

ΦAA[ 
Δ𝜔AA

𝑘B𝑇
 −   

1 

𝑘B

dΔ𝜔AA

𝑑𝑇
] +              ΦBB[ 

Δ𝜔BB

𝑘B𝑇
−

        
1

𝑘B

dΔ𝜔BB

𝑑𝑇
]                (5) 

The standard thermodynamic relation for entropy of 
mixing is 
𝑆M

𝑅
=

𝐻𝑀

𝑅𝑇
−

𝐺M

𝑅𝑇
      (6) 

The activity of the constituent elements in the alloys 
is determined from standard thermodynamic relation 
RT ln 𝑎𝑖(i = A, B)  =  GM + (1 − 𝑐𝑖) [

 𝜕𝐺𝑀

𝜕𝐶𝑖
]𝑇,𝑃,𝑁  (7) 

By solving eqns(4) and (7), the theoretical values 
activities of each component are given as follows. 
ln𝑎𝐴 =  

𝐺𝑀

𝑅𝑇
 +

1−𝐶

𝐾𝐵𝑇
 [(1 − 2c) ω + Φ′

𝐴𝐵  𝛥ω𝐴𝐵  +

 Φ′
𝐴𝐴 𝛥ω𝐴𝐴  + Φ′

𝐵𝐵  𝛥ω𝐵𝐵  + ln
𝐶

1−𝐶
)]            (8) 

ln𝑎𝐵 =  
𝐺𝑀

𝑅𝑇
 +

𝐶

𝐾𝐵𝑇
[(1 − 2c) ω + Φ′

𝐴𝐵  𝛥ω𝐴𝐵  +

 Φ′
𝐴𝐴 𝛥ω𝐴𝐴  + Φ′

𝐵𝐵  𝛥ω𝐵𝐵  + ln(
𝐶

1−𝐶
)]          (9) 

Where, Φ′
𝐴𝐵 ,  Φ′

𝐴𝐴 and  Φ′
𝐵𝐵   are concentration 

derivatives of ΦAB ,ΦAA and ΦBB respectively.      

The concentration fluctuation in long wavelength 
limit (Bhatia & Thornton,1970) for alloy is derived 
from standard relation 

𝑆cc(0) = 𝑅𝑇 [
𝜕2𝐺M

𝜕𝑐2
]

𝑇,𝑃,𝑁

−1

          10(a) 

            =𝑐2𝑎1 [
∂𝑎1

∂𝐶1
]

𝑇,𝑃,

−1

 =  𝑐2𝑎2 [
∂𝑎2

∂𝐶2
]

𝑇,𝑃,

−1

         10(b) 

Where c1 (= c) and c2(=1-c) are concentrations and 
𝑎1and 𝑎2are observed activities of elements A and B 
respectively. 
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Solving eqns (4) and 10(a), the theoretical value of 
Scc(0) is found as follows, 
Scc(0) =  

𝑐(1−𝑐)

1+𝑐(1−𝑐){−2
𝜔

𝑘B𝑇
  + 𝜙𝐴𝐵

′′ Δ𝜔AB
𝑘B𝑇

+𝜙𝐴𝐴
′′ Δ𝜔AA

𝑘B𝑇
+ϕ𝐵𝐵

′′     Δ𝜔BB
𝑘B𝑇

}
  

(11) 

Where𝜙𝑖,𝑗
′′ =  

𝜕2𝜙𝑖,𝑗

𝜕𝑐2  (i, j = A, B)   

The Warren-Cowley short order parameter 
(Warren, 1969; Cowle, 1950) is related with 
concentration fluctuation in long wavelength limit as 
 α1 =    

𝑆−1

𝑆(𝑍−1)+1
  ,   where    S  =  

𝑆𝑐𝑐(0)

𝑆𝑐𝑐 (0)
𝑖𝑑      (12) 

𝑆𝑐𝑐
𝑖𝑑(0) =  c (1 − c)                                                     (13) 

The mixing behavior of the alloy forming molten 
can also be studied at the microscopic level in terms of 
diffusion coefficient ratio which is related to 
concentration fluctuation in long wave length limit as, 
𝐷𝑀    

𝐷𝑖𝑑
 =  

𝑆𝑐𝑐(0)
𝑖𝑑

𝑆𝑐𝑐(𝑜)
               (14) 

Where  𝐷𝑖𝑑 is the intrinsic diffusion coefficient for 
an ideal mixture and 𝐷𝑀 is chemical or mutual 
diffusion coefficient. 

DM is given as (Darken & Gurrey, 1953; Singh et 
al., 2014) 
𝐷𝑀  = 𝐷𝑖𝑑𝐶𝑖

𝑑𝑙𝑛𝑎𝑖

𝑑𝐶𝑖
                           (15)     

3.      Result and Discussion 

3.1 Thermodynamic Properties 

Free Energy of Mixing 

The energy parameters used for free energy of 
mixing for Ag-Sb liquid alloy is determined by 
successive approximation method. The parameters are 
determined by using Eqn. (4) with experimental value 
of GM in the concentration range from 0.1 to 0.9 
(Hultgren et al.,1973). The best fit values of the 
parameters are 

𝜔

𝑘B𝑇
=  −3.97,

Δ𝜔AB

𝑘B𝑇
=  4.38  ,   Δ𝜔AA

𝑘B𝑇
=  −2.68                 (16) 

Eqn. (4) is used to compute the free energy of 
mixing (GM /RT) for Ag-Sb liquid alloy. The plot of 
free energy of mixing verses concentration of antimony 
is shown in Fig. 1. The computed and experimental 
values of GM /RT are in good agreement. The 
theoretical value of free energy of mixing is minimum 
i.e. -1.2RT at CSb =0.4.  The theoretical calculation of 
free energy of mixing shows that at liquid state, the 
alloy Ag-Sb is moderately interacting and hence the 
tendency of compound formation is not so strong. 

 

Fig. 1: Free energy of mixing (GM/RT) vs concentration of 
antimony (CSb) in liquid alloy at  1250K 

Fig. 2: Heat of mixing (HM/RT) vs concentration of 
antimony (CSb) in liquid alloy at  1250K 

Heat of Mixing 

For the theoretical determination of heat of mixing 
temperature derivatives of interaction parameters are 
done. The observed values of HM (Hultgren et al., 1973) 
are used by successive approximation method. The best 
fit values of parameters are 
1

𝑘B

𝑑⍵

𝑑𝑇
=  2.28, 1

𝑘B

dΔ𝜔AB

𝑑𝑇
= −7.89, 1 

𝑘B

dΔ𝜔AA

𝑑𝑇
=  − 4.32 (17)                         

Eqn. (5) is used to compute the heat of mixing 
(HM/RT) for Ag-Sb alloy. The plot of heat of mixing 
verses concentration of antimony is shown in Fig. 2. It 
is found from the analysis that the heat of mixing is 
negative in antimony rich region whereas it is positive 
in the silver rich region. The observed S-shaped nature 
of heat of mixing verses concentration curve is well 
explained by the theory. The computed and 
experimental values of HM/RT are in reasonable 

agreement with some discrepancies. 
Entropy of Mixing 

Using equation (6) along with equations (4) and (5), 
the entropy of mixing (SM) is computed. For theoretical 
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calculation same energy parameters eqn (17) are used. 

The plot of entropy of mixing(SM/R) verses 
concentration of antimony is shown in Fig. 3 for the 
both theoretical and observed values. From figure, it is 
observed that theoretical values   are in good agreement 
with observed values. 

Fig. 3: Entropy of mixing(SM/R) vs concentration of 
antimony(CSb) in liquid alloy at 1250K 

 
Fig. 4: Chemical activity  vs concentration of antimony (CSb) 
in liquid alloy at 1250K 

3.1.4. Chemical activity 

The deviation from ideal behavior of alloys can be 
explained  by chemical activitities. The eqns (8) and (9) 
are used for theoretical calculation of chemical activity 
of constituent elements of alloy Ag-Sb. Fig. 4 shows 
the observed and theoretical values of chemical activity 
of the alloy.There is good aggrement between 
experimental and thheoretical values of activity of Ag 
and Sb in Ag-Sb alloys at 1250K at all concentrations 
of Sb. 

3.2 Structural Properties 

Concentration fluctuation in long wave length limit 

One of the important function for the study of nature  
of atomic order of the binary liquid is considered as the 

Concentration fluctuations in the long-wavelength 
limit(Scc(0)) because it removes difficulties in 
diffraction experiment(Bhatia & Thornton, 1970). For 
given concentration if Scc(0) > Sidcc(0), the alloy is 
expected to have  tendency of segregating while if 
Scc(0) < Sidcc(0), the expected nature is complex 
formation .The experimental  and theoretical values of 
Scc(0) at different concentrations of  element antimony 
are obtained from eqns (10) and (11) respectively. The 
plot of experimental and theoretical along with ideal 
values of Scc(0) verses concentration is shown in Fig. 
5. 

Fig. 5: Concentration fluctuation in long wavelength 
limit(Scc(0))  vs concentration of antimony (CSb) in liquid 
alloy at 1250K 

 
Fig. 6: Waren-Cowley short range order parameter vs 
concentration of antimony (CSb) in liquid alloy at 1250K 

Warren- Cowley short range order parameter 

The Warren-Cowley  short-range orderparameter 
(α1) is one of the useful parameter to quantify thedegree 
of chemical order in the alloy melt. It provides 
information of the local arrangement of the atoms in 
the molten alloys. For the equi-atomic composition, the 
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Warren-Cowley short range orderparameter is found to 
be -1 ≤ α1 ≤ 1. Negative values of α1 indicate ordering 
nature in the melt, which is complete if α1= -1. On the 
other hand, positive values of α1 indicate segregating 
nature, which is completeonly if α1 = 1. But α1 = 0, 
indicates the random distribution of the atoms in the 
mixture. The Scc(0) and α1 have been computed as a 
function of concentration of Sb using Eqns. (12) and 
(13) respectively. The plot of  theoretical value of α1 

verses concentration of Sb is shown  in Fig. 6.  

The Fig. 6 also shows that α1 is between 
concentrations 0 to 0.62 of Sb which is the indication 
of unlike atoms pairing between constituent atoms. 

3.3 Diffusivity 

In terms of diffusion coefficient ratio, mixing 
behavior of liquid alloys can also be explained at the 
microscopic level. The relationship between Scc(0) 
and the diffusivity is expressed by the ratio of the 
mutual and self-diffusion coefficients (DM/Did) which 
indicates the mixing behavior of the alloys, i.e., the 
tendency for heterocoordination (DM/Did> 1) or 
homocoordination nature ofatoms  (DM/Did< 1) or ideal 
mixing(DM/Did = 1).  

Fig. 7: Diffusion coefficient ratio vs concentration of 
antimony (CSb) in liquid alloy at 1250K 

The calculated values of Scc(0) are used in eqn. (15) 
to determine the ratio of the mutual and intrinsic-
diffusion coefficients(DM/Did). Fig. 7 shows the plot of 
DM/Did against the concentration of antimony. In the 
figure, the value of DM/Did is found to be less than 1 in 
the range of concentration, which is indicative of the 
phase separarion in the mixture. A maximum value of 
DM/Did = 2.39 for concentration of Sb = 0.3 confirms  
tendency for chemical ordering, observed by the Scc(0) 
and chemical short range orded parameter. 

4. Conclusions 

The thermodynamic properties of Ag-Sb alloy at 
melting temperature 1250K are examined on the basis 
of Quasi- lattice model. The model successively 
explains concentration dependent nature of the alloys 
by assuming Ag3Sb complex in melt. From analysis it 
is justified that the alloy is moderately interacting in 
nature and hence it doesn’t have strong tendency of 

compound formation. The energy parameters depend 
on temperature. 
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ABSTRACT 

This research explores mixing behaviour of liquid In – Tl system through 
thermodynamic and the structural properties on the basis of Complex Formation 
Model. The properties like surface tension and viscosity have been analyzed 
through simple statistical model and Moelwyn – Hughes equation. The 
interaction parameters are found to be positive, concentration independent and 
temperature dependent. Theoretical results are in a good agreement with the 
corresponding literature data which support homo-coordinating tendency in the 
liquid In-Tl alloy.  
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1. Introduction 

 

Indium is a substance which is used in solder alloys 
which are applied in electronics for assembling 
semiconductor chips to a base and hybrid integrated 
circuits and to seal glass to metal in vacuum tubes. 
Fusible indium alloys are used to bend thin walled 
tubes without wrinkling the wall or changing the 
original cross-section. These alloys are not only 
used in fire control system, restraining links that 
hold alarm, water valve and door operating 
mechanism but also used as temperature indicators 
in situations where other methods of temperature 
measurements are impracticable and infeasible [1]. 

Indium is also used in nuclear reactor control rod 
alloys, low pressure sodium lamps and alkaline 
batteries. Additions of indium to lead–tin bearings 
are utilized in piston type aircraft engines, high 
performance automobile engines and in turbo–

diesel truck engines. The addition of indium to gold 
dental alloys recuperates their mechanical 
properties and increases resistance to discoloring. 
Small amount of indium is used to improve the 
machinability of gold alloys for jewelry [1].The 
indium–thallium alloy is a classic type of shape 
memory alloy with a low melting temperature. It 
has wide range of practical applications in the field 
of metallurgy which includes the use in 
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thermostats, hydraulic lines and electrical circuits 
[2]. Thallium alone is improper for direct use 
because of its properties of toxicity, unfavorable 
mechanical properties and significant tendency to 
oxidize. Thallium contains the most constant 
atomic vibration so far experimented. This property 
of Tl preceded it to be used in atomic clocks. 
Thallium immediately forms alloys with most other 
metals. There is incomplete mutual insolubility 
with iron and limited solubility in the liquid state 
with copper, aluminum, zinc, arsenic, manganese 
and nickel. Gold, silver, cadmium and tin formulate 
simple eutectic point with thallium. Thallium also 
forms binary alloys with antimony, barium, 
calcium, cerium, cobalt, germanium, lanthanum, 
lithium, magnesium, strontium, tellurium, bismuth 
and indium. The ternary alloys of thallium Tl–Pb–

Bi, Tl–Al–Ag, In–Hg–Tl, Sn–Cd–Tl, Bi–Sn–Tl and 
Bi–Cd–Tl are used as semiconductors in ceramic 
compounds. Thallium has good wear resistance 
when it is used in bearing shafts. Thallium 
containing alloys are frequently recommended for 
bearings, electronics industry such as in solid state 
rectifiers, electrical fuses and soldering materials 
[1]. The study of In-Tl alloy is also useful to 
investigate the corresponding higher order alloy 
through different approaches [3]. There is difficulty 
in studying the properties of alloys in liquid state 
due to lack of long range atomic order. Therefore, 
theoreticians have exercised different models to 
understand the properties of various binary liquid 
alloys [4–22]. The different properties were studied 
at fixed temperature of 723 K through different 
models. In present work, we have explored the 
energetic of In – Tl alloy at a temperature of 723K 
using complex formation model [23]. The 
outcomes are analyzed and compared with 
literature data [24] to explicate the accuracy of this 
method in thermodynamic and structural 
description of the presented binary system. 
 
 

2. Theory 
 

Thermodynamic properties 
 

If a binary alloy contains NA = x number of A 
atoms and NB = (1-x) number of B atoms, so that 

total number of atoms is N = NA + NB. When 
components A and B are amalgamated together to 
form a binary A-B solution, thermodynamic 
properties are changed. The liquid alloy is 
considered to be ternary mixture of three species; A 
atom, B atom and chemical complex AuBv, is also 
called conformal solution. The number of free 
atoms will be reduced due to compound formation 
in the melt. Now for n1g atoms of A, n2g atoms of 
B and n3g atoms of AuBv, 
 

𝑛1 = 𝑥 − 𝑢𝑛3 and 𝑛2 = (1 − 𝑥) − 𝑣𝑛3  (1) 
 

The total number of atoms after mixing can be 
given as   
 

𝑛 = 𝑛1 + 𝑛2 + 𝑛3 = 1 − (𝑢 + 𝑣 − 1)𝑛3 (2) 
 

The free energy of mixing of the binary A-B 
mixture can be written as [23],  
 

𝐺𝑀 = −𝑛3𝑔 + 𝐺′     (3) 
 

Here,−𝑛3𝑔 stands for lowering of free energy due 
to compound formation, g is the formation energy 
of complex. 𝐺′ is the free energy of mixing of the 
ternary mixture of A, B and AuBv. If the ternary 
mixture is an ideal solution, 
 

𝐺′ = 𝑅𝑇 ∑ 𝑛𝑖𝑙𝑛 (
𝑛𝑖

𝑛
)     (4) 

 

If the effects of differences in sizes of the various 
constituents in the mixture cannot be ignored and 
the interaction 𝜔𝑖𝑗 are small but not zero, the 
theory of regular solutions in the zeroth 
approximation [25] or the conformal solution 
approximation [26] is valid. For regular solution 
 

𝐺′ = 𝑅𝑇 ∑ 𝑛𝑖𝑙𝑛 (
𝑛𝑖

𝑛
) + ∑ 𝜔𝑖𝑗 (

𝑛𝑖𝑛𝑗

𝑛
)  (5) 

 

This equation is concerned to conformal solution 
approximation. Where 𝜔𝑖𝑗= 0 (for i = j) are termed 
as the interaction energies and by definition are 
independent of concentration, although they are 
depended upon temperature and pressure. 
Now the expression for free energy of mixing GM 
for the compound forming binary alloy is  
 

𝐺𝑀 = −𝑛3𝑔 + 𝑅𝑇 ∑ 𝑛𝑖𝑙𝑛 (
𝑛𝑖

𝑛
)3

𝑖=1 +

∑ ∑ (
𝑛𝑖𝑛𝑖

𝑛
)𝑖<𝑗 𝜔𝑖𝑗 (6) 
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The expression for heat of mixing HM is given 
by[23] 
𝐻𝑀 =  𝐺𝑀 − 𝑇 (

𝜕𝐺𝑀

𝜕𝑇
)

𝑃
     (7) 

Substituting for GM, 

𝐻𝑀 = −𝑛3𝑔 + 𝑅𝑇 ∑ 𝑛𝑖𝑙𝑛 (
𝑛𝑖

𝑛
)

3

1

+ ∑ ∑ (
𝑛𝑖𝑛𝑗

𝑛
) 𝜔𝑖𝑗

𝑖<𝑗

− 𝑇
𝜕

𝜕𝑇
[−𝑛3𝑔 + 𝑅𝑇 ∑ 𝑛𝑖

3

𝑖=1

𝑙𝑛 (
𝑛𝑖

𝑛
)

+ ∑ ∑ (
𝑛𝑖𝑛𝑗

𝑛
) 𝜔𝑖𝑗

𝑖<𝑗

] 

𝐻𝑀 = −𝑛3 [𝑔 − 𝑇 (
𝜕𝑔

𝜕𝑇
)

𝑃
] +

1

𝑛
∑ ∑(𝑛𝑖𝑛𝑗)𝑖<𝑗 [𝜔𝑖𝑗 −

 𝑇 (
𝜕𝜔𝑖𝑗

𝜕𝑇
)

𝑃
]     (8) 

The expression for entropy of mixing SM can be 
obtained as [23] 

𝑆𝑀 =  𝑛3
𝜕𝑔

𝜕𝑇
 − 𝑅 ∑ 𝑛𝑖𝑙𝑛

𝑛𝑖

𝑛
 − ∑ ∑

𝑛𝑖𝑛𝑗

𝑛
 

𝜕𝜔𝑖𝑗

𝜕𝑇𝑖<𝑗
3
𝑖=1

        (9) 
The equilibrium value of 𝑛3 at a given pressure and 
temperature is given by[23] 
(

𝜕𝐺𝑀

𝜕𝑛3
)

𝑇,𝑃,𝑁,𝐶
= 0               (10) 

Substituting the value of GM from Equation (6) and 
after some algebraic calculation 
𝑙𝑛(𝑛3𝑛𝑢+𝑣−1𝑛1

−𝑢𝑛2
−𝑣) + 𝑌 =

𝑔

𝑅𝑇
            (11)  

The Equation (11) is called equilibrium equation, 
where 
𝑌 = [

𝑛1𝑛2

𝑛2
(𝑢 + 𝑣 − 1) − 𝑢

𝑛2

𝑛
− 𝑣

𝑛1

𝑛
]

𝜔12

𝑅𝑇
+

[
𝑛2𝑛3

𝑛2 (𝑢 + 𝑣 − 1) − 𝑣
𝑛3

𝑛
+

𝑛2

𝑛
]

𝜔23

𝑅𝑇
+

          [
𝑛1𝑛3

𝑛2 (𝑢 + 𝑣 − 1) − 𝑢
𝑛3

𝑛
+

𝑛1

𝑛
]

𝜔13

𝑅𝑇
           (12) 

 

Structural Properties 
 

The concentration fluctuation at long wavelength 
limit is of good interest because any deviation from 
ideal value 𝑆𝑐𝑐

𝑖𝑑  (0)  is significant in describing the 
nature of ordering and phase segregation in molten 
alloys. This has been used to investigate the nature 

of atomic order. The concentration fluctuation at 
long wavelength limit is related with free energy of 
mixing by the expression [27],  
𝑆𝑐𝑐(0) =

𝑅𝑇

𝜕2𝐺𝑀
𝜕𝑐2

               (13)

  
𝑆𝑐𝑐(0) =

𝑅𝑇

𝑅𝑇 ∑ (
(𝑛𝑖

′)
2

𝑛𝑖
−

(𝑛′)
2

𝑛
)3

𝑖=1 +2𝑛 ∑ ∑ 𝜔𝑖𝑗(
𝑛𝑖
𝑛

)
′
(

𝑛𝑗

𝑛
)

′

𝑖<𝑗

        

           (14) 
Theoretically computed values of  𝑆𝑐𝑐(0) can be 
compared with the observed values computed from 
activity data by the expression, 

𝑆𝑐𝑐(0) = (1 − 𝑥)𝑎𝐴 (
𝜕𝑎𝐴

𝜕𝑐
)

𝑇,𝑃,𝑁

−1
= 𝑥𝑎𝐵 (

𝜕𝑎𝐵

𝜕𝑐
)

𝑇,𝑃,𝑁

−1

                (15) 
The ideal value of Scc(0) can be expressed as, 
𝑆𝑐𝑐

𝑖𝑑(0) = 𝑥(1 − 𝑥)              (16) 
The Warren–Cowley short range order parameter 
quantify the degree of local order in the binary 
alloy [28,29]. The theoretical values of this 
parameter can be calculated as 
α1 =  

(s−1)

s(z−1)+1
 ,S =  

Scc(0)

Scc
id(0)

                       (17) 

where z is coordination number, which is taken as 
10 for our calculation. 
 

Transport Properties 
 

The mixing behaviour of the alloys forming molten 
alloy can also be studied at the microscopic level in 
terms of coefficient of diffusion. The mutual 
diffusion coefficient (DM) of binary liquid alloys 
can be expressed in terms of activity (ai) and self- 
diffusion coefficient (Did) of pure component with 
the help of Darken’s equation [30] 
𝐷𝑀 =  𝐷𝑖𝑑𝑥

𝑑𝑙𝑛𝑎𝑖

𝑑𝑥
                        (18)      

with 𝐷𝑀 = 𝑐𝐴𝐷𝐵 + 𝑐𝐵𝐷𝐴 
where DA and DB are the self – diffusion 
coefficients of pure components A and B 
respectively, 
The expression for DM in terms of Scc(0) can be 
given as 
𝐷𝑀

𝐷𝑖𝑑
=  

𝑆𝑐𝑐
𝑖𝑑(0)

𝑆𝑐𝑐(0)
                           (19) 
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The mixing behaviour of liquid alloys at 
microscopic level can also be understood in terms 
of viscosity. The Moelwyn – Hughes equation for 
viscosity of liquid alloy [31] is 
𝜂 = 𝜂𝑖𝑑 [1 − 𝑥𝐴𝑥𝐵 (

2𝑔

𝑅𝑇
)]             (20) 

with 
𝜂𝑖𝑑 = 𝑥𝜂𝐴 + (1 − 𝑥)𝜂𝐵 
where 𝜂𝑖 is the viscosity of pure component i. At 
temperature T, it is given by [32] 
𝜂𝑖 = 𝜂𝑖0exp (

𝐸

𝑅𝑇
)              (21) 

Here 𝜂𝑖0 a constant in the unit of viscosity and E is 
the activation energy. 
 

Surface Properties 
 

The surface properties of the liquid mixture give 
insight into the metallurgical phenomenon, such as 
crystal growth, wielding, gas absorption and 
nucleation of gas bubbles [33]. The expressions for 
surface tension proposed by Prasad et al., [34,35], 
has been reduced in the simple form using zeroth 
approximation as 
 

𝜏 = 𝜏𝐴 +
𝑘𝐵𝑇

𝜉
𝑙𝑛

𝑥𝑠

𝑥
+

𝑔

𝜉
[𝑝(1 − 𝑥𝑠)2 +

(𝑞 − 1)(1 − 𝑥)2]             (22) 

𝜏 = 𝜏𝐵 +
𝑘𝐵𝑇

𝜉
𝑙𝑛

(1−𝑥𝑠)

(1−𝑥)
+

𝑔

𝜉
[𝑝(𝑥𝑠)2 + (𝑞 − 1)(𝑥)2]

               (23) 
where 𝜏𝐴 and 𝜏𝐵 are the surface tensions of pure 
components A and B respectively, 𝑥 and 𝑥𝑠 are the 
bulk and surface concentration of the components 
of alloy, p and q are called coordination fractions, 
which are defined as the fraction of the total 
number of nearest neighbors made by atom within 
its own layer and that in the adjoining layer. The 
coordination fractions p and q are related to each 
other by the relation 
𝑝 + 2𝑞 = 1, for closed packed structure, 𝑝 = 0.5 
and 𝑞 = 0.25 
 

The expression for the mean atomic surface area 𝜉 
is  
𝜉 = ∑ 𝑐𝑖𝜉𝑖               (24) 
 

The atomic surface are for each component is  

𝜉𝑖 = 1.102 (
𝛺𝑖

𝑁𝐴
)

2/3
              (25) 

 

where 𝛺𝑖is the molar volume of the component i 
and 𝑁𝐴represents Avogadro number. Equating 
equations (22) and (23), we can solve it for 𝑥𝑠 as 
the function of x and hence compositional 
dependence of surface tension can be evaluated. 
where 𝜏𝐴 and 𝜏𝐵 are the surface tensions of pure 
components A and B respectively, 𝑥 and 𝑥𝑠 are the 
bulk and surface concentration of the components 
of alloy, p and q are called coordination fractions, 
which are defined as the fraction of the total 
number of nearest neighbors made by atom within 
its own layer and that in the adjoining layer. The 
coordination fractions p and q are related to each 
other by the relation 
𝑝 + 2𝑞 = 1, for closed packed structure, 𝑝 = 0.5 
and 𝑞 = 0.25 
The expression for the mean atomic surface area 𝜉 
is  
𝜉 = ∑ 𝑐𝑖𝜉𝑖               (24) 
The atomic surface are for each component is  

𝜉𝑖 = 1.102 (
𝛺𝑖

𝑁𝐴
)

2/3
              (25) 

where 𝛺𝑖is the molar volume of the component i 
and 𝑁𝐴represents Avogadro number. Equating 
equations (22) and (23), we can solve it for 𝑥𝑠 as 
the function of x and hence compositional 
dependence of surface tension can be evaluated. 

 

3. Results and Discussion 
 

Thermodynamic properties 
 

The experimental data on the thermodynamic 
properties as well as phase diagram information 
[24] have been used for the calculation of order 
energy parameters for liquid phase In–Tl system. 
The data set of the Gibbs energy of mixing (GM) 
were taken as input data to calculate by the CFM 
the interaction energy parameters, i.e. g, ω12, ω13, 
ω23. The starting values of g/RT and ωij/RT were 
obtained as suggested in ref. [23]. Equilibrium 
Equation (11) along with Equations (1) and (2) 
were applied to compute the number of complexes, 



I. B. Bhandari et al. / BIBECHANA 18 (1) (2021) 149-158  

153 
 

n3, as a function of concentration. The values of 
interaction energy parameters were adjusted to give 
the concentration dependence of free energy of 
mixing which fits well with the corresponding 
thermodynamic data. From the phase diagram [24] 
In-Tl alloy is expected to aggregate with 
stoichiometry In-Tl ( u = 1, v = 1).The calculations 
were done at temperature of 723 K. The interaction 
energy parameters for In–Tl liquid alloys are found 
to be g = 0.755 RT, ω12 =0.476 RT, ω13=1.610 RT 
and ω23= 1.481 RT. The positive interaction 
energies imply the repulsion between the 
corresponding species. 
 

The concentration dependence of the equilibrium 
values of chemical complexes, n3, (Fig. 1) displays 
the symmetry with the maximum value of 0.4178 at 
equiatomic composition. The curve describing the 
Gibbs free energy of mixing of the In–Tl liquid 
phase is symmetric with respect to the equiatomic 
composition (Fig. 2). Theoretical calculation of free 
energy of mixing for In-Tl liquid alloy shows that 
In - Tl alloy in liquid state is weakly interacting or 
homo-coordinating system. There is an excellent 
agreement between the experimental and calculated 
integral free energies. Very poor agreement of 
calculated values of HM and SM with experimental 
simply indicates the importance of the dependence 
of interaction energies on temperature. To account 
this, we have used Equations (8) and (9) to 
determine the variation in energy parameters with 
respect to temperature from experimental values of 
HM and SM [24]. The temperature dependent 
interaction energies at T=723K are found to be  
1

𝑅

𝜕𝑔

𝜕𝑡
= 0.845,

1

𝑅

𝜕𝜔12

𝜕𝑡
= 0.383,

1

𝑅

𝜕𝜔13

𝜕𝑡
= 1.493,

1

𝑅

𝜕𝜔23

𝜕𝑡
= 1.430 

It is found from the present analysis that the heat of 
mixing and entropy of mixing both are positive at 
all concentrations. Our theoretical calculation 
shows that the maximum value of the heat of 
mixing is 0.0512 RT at xIn = 0.6 (Fig.3) and the 

maximum value of entropy of mixing is 0.6107 at 
xIn = 0.5 (Fig.4). There is excellent agreement 
between experimental and calculated values of HM. 
The calculated values of SM deviates from 
experimental values by maximum percentage of 
8.31 at xIn = 0.8 and by minimum percentage of 
5.56 at xIn = 0.4. This deviation is because of the 
propagation of error from previous calculation. 
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Fig.1: Number of complexes (n1, n2, n3) vs. 
concentration xIn of liquid In - Tl alloy at 723K. 
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Fig. 2: Free energy of mixing (GM/RT) vs. 
concentration (xIn) of liquid In - Tl alloy at 723K. 

 

Structural Properties 
 

It has been reported that when Scc(0) < Scc
id(0), the 

existence of chemical ordering leading to complex 
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formation is expected while Scc(0) > Scc
id(0), is an 

indication of segregation. The same interaction 
parameters used in the calculation of the 
thermodynamic properties were employed in the 
calculations of Scc(0) using Equation (14) while the 
experimental values of Scc(0) were obtained from 
Equation (15) using the experimental activity data. 
The results obtained from the above computations 
are plotted in Fig. (5). It is found that  Scc(0) >

Scc
id(0) throughout the entire concentration range, 

this also confirms the presence of chemical 
segregation or a preference for like atoms to pair. 
The value of short range order parameter is positive 
through the whole concentration range which 
indicates that the alloy is segregating at all 
compositions. The value of short range order 
parameter has been found maximum (= 0.02438) at 
xIn = 0.5 at 723 K (Fig. (6)). 
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Fig. 3: Heat of mixing (HM) vs. concentration of 
indium (xIn) in the liquid In - Tl alloy at 723K. 
 

Transport Properties 
 

The calculated values of Scc(0)) by Equation (17) 
can be applied to evaluate the ratio of the mutual 
and intrinsic-diffusion coefficients (DM/Did) using 
Equation (19), against the concentration of indium. 
We note that the ratio of diffusivities can also be 
used to indicate levels of order in the liquid binary 
alloys. The presence of chemical order is indicated 
by DM/Did>1. Similarly, DM/Did<1 suggests the 
tendency for segregation. Fig. (7) shows the plots 

DM/Did  against concentration of indium. It can be 
observed that the ratio DM/Did is less than 1 
throughout the whole concentration range. This 
indicates the homo – coordinating tendency in In–

Tl alloys at the temperature of investigation. It is 
also noticed that DM/Did exhibits maximum peak at 
around the equi-atomic composition. The result 
predicted by DM/Did  is in agreement with the results 
obtained from the free energy of mixing, 
concentration fluctuations and CSRO parameter. 
The viscosity of the In–Tl liquid alloy has been 
calculated numerically using Equation (20). From 
the plot of η verses bulk concentration of indium 

(Fig. 8) small negative deviation from the linear 
law (Raoult's law) in viscosity isotherms η(x) has 

been inspected.  
 

Surface Properties 
 

The surface concentrations and surface tension of 
In–Tl alloy have been computed numerically using 
Equations (22) and (23). The values of densities 
and surface tension at melting temperature (T0) of 
pure atoms are taken from ref. [32]. These values 
have been optimized at required temperature (T) by 
using the expressions 
𝜌𝑖(𝑇) = 𝜌𝑖

0 + (𝑇 − 𝑇𝑖
0) 𝑑𝜌𝑖 𝑑𝑡⁄             (26) 

 

𝜏𝑖(𝑇) = 𝜏𝑖
0 + (𝑇 − 𝑇𝑖

0) 𝑑𝜏𝑖 𝑑𝑡⁄            (27) 
 

where 𝑑𝜌𝑖 𝑑𝑡⁄  and 𝑑𝜏𝑖 𝑑𝑡⁄  represent temperature 
coefficients of density and surface tension 
respectively for the components of the metal alloys. 
The computed values of surface concentration for 
molten In–Tl alloys at 723 K are depicted in Fig. 
(9). Surface concentration of indium in In–Tl alloys 
is found to increase with the increase of bulk 
concentration of In. The computed surface tension 
for In–Tl alloys at 723 K is less than ideal values at 
all concentrations of indium; i.e., there is negative 
departure of surface tension from ideality (τ = 

τAx+τB(1−x)) throughout the bulk concentrations of 
indium in In–Tl alloys (Fig. 10). For the In-Tl melt, 
the surface tension of Tl is smaller than that of In 
atom. Therefore, Tl atoms having lower surface 
tension segregates on the surface phase but In 
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entire composition.  
 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4: Entropy of mixing (SM) vs. concentration of 
indium (xIn) in the liquid In - Tl alloy at 723K. 
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Fig. 5: Concentration fluctuation at long 
wavelength limit (Scc(0)) vs. concentration of 
indium (xIn) in the liquid In - Tl alloy at 723K. 
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Fig. 6: Chemical short range order (α1) vs. 
concentration of indium (xIn) in the liquid In - Tl 
alloy at 723K. 
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Fig. 7: Ratio of mutual and intrinsic diffusion 
coefficients (DM/Did) vs. concentration of indium 
(xIn) in the liquid In - Tl alloy at 723K. 
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Fig. 8: Viscosity (η) vs. concentration of indium 
(xIn) in the liquid In - Tl alloy at 723K. 
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Fig. 9: Surface concentration of indium ( xIn
s ) vs. 

bulk concentration of indium (xIn) in the liquid In - 
Tl alloy at 723K. 
 

4. Conclusions  
 

The theoretical analysis of the thermodynamic 
properties reveals that there is a tendency of like 
atom pairing in the liquid In–Tl alloys at all 
concentrations. The ordering energy is found to be 
positive and temperature dependent. The study of 

concentration fluctuation in long wavelength limit 
and CSRO show that there is tendency of phase 
separation in In –Tl liquid alloy. Negative deviation 
of viscosity isotherms from Raoult law is observed. 
Viscosity of the alloys decreases with increase in 
the concentrations of indium. The ratio of diffusion 
coefficients (DM/Did) is found to be greater than one 
at all compositions which also indicates segregating 
tendency of the system. At the temperature of 
investigation, the surface tension increases with the 
increase in the bulk concentration of In. The 
surface tension of the liquid In–Tl alloy is found to 
be smaller than ideal values. 
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Fig. 10: Surface tension (τ) vs. bulk concentration 
of indium (xIn) in the liquid In - Tl alloy at 723K. 
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ABSTRACT 

Concentration-dependent thermophysical properties of molten Mg-Pb and Mg-Ga alloys at 1000 K was compared using 

the Redlich Kister equation by optimizing exponential interaction energy parameters based on the R-K polynomials 

framework.  The mixing behavior was investigated by giving more emphasis to the role of temperature-dependent 

interaction energy parameters. Our study shows that the magnesium gallium alloy is slightly interacting than the 

magnesium lead alloy. The surface tension and viscosity of both alloys was compared using the Butler equation as 

improved by Kaptay and KRP (Kozlov-Ronanov-Petrov) approach respectively. The surface tension of Mg-Pb liquid 

alloy increases but decreases in Mg-Ga alloy with an increase in the concentration of Mg. The viscosity has a nonlinear 

variation for both alloys with the increase in the concentration of magnesium. 

Keywords: Artificial miscibility gap, Energy parameters, Polynomials, Surface tension, Viscosity. 

INTRODUCTION 

Due to the dramatic change in the behavior of various 

useful properties of alloys than constituent elements, the 

alloys have wide application in industries. But it is tedious 

and time-consuming to study all properties 

experimentally. Different theoretical models have been 

developed to explore the thermodynamic behaviors of the 

binary molten alloys (Bhatia & March, 1975;  Bhatia & 

Singh, 1984; Singh & Mishra, 1988). The limitation of 

such models is that they can predict the behavior of alloys 

nearly at melting temperature. 

The alloys in the molten state are studied in metallurgy 

and industry for high-temperature application as well. 

Hence the mixing behavior of elements of the alloys at 

high temperatures was considered a prime concern to all 

metal physicists, metallurgists, and chemists (Shrestha et 

al., 2017). The Redlich-Kister (R-K) equation (Redlich & 

Kister, 1948)  is considered an important tool to 

understand the thermodynamic property like excess Gibbs 

free energy of binary molten alloy at high temperatures. 

The equation was formulated using linear temperature-

dependent energy interaction parameters called R-K 

polynomials. 

But there arises an artificial miscibility gap or artifact in 

some binary alloys using such linear interaction 

parameters for the high-temperature study of the alloys 

(Mehta et al., 2020;  Gohivar et al., 2020). To avoid the 

problem raised by artifact, theoretician Kaptay (2017) 

suggested modifying the temperature-dependent linear 

interaction parameter to exponential parameter in the R-K 

polynomials framework where the parameters are 

exponentially dependent on temperature. 

The present work aims to compare the concentration 

dependence of different properties of molten alloys Mg-

Pb and Mg-Ga at temperature 1000 K by optimizing 

exponential temperature-dependent interaction parameters 

of both the alloys in the R-K polynomials framework as 

suggested by Kaptay (2004). Magnesium and its alloys 

when used in the automobile industry contribute 

remarkably to the fuel economy as well as the 

conservation of the environment. The latest technology in 

the coating as well as alloying of magnesium has reduced 

the creep and corrosion resistance behavior of the alloys at 

elevated temperature and corrosive environments 

(Kulekci, 2008). The properties of the alloys under the 

investigation include excess Gibb's free energy, enthalpy, 

entropy, chemical activity, concentration fluctuation in 

long-wavelength limit, surface tension, and viscosity. 

These studies provide knowledge of the interaction, bond 

strength, and stability of phases (Panthi et al., 2021). 

On the other hand, the knowledge of the structural 

adjustment of constituent atoms in the molten alloys is 

pictured out by the qualitative study of microscopic 

function; the concentration fluctuation in the long-

wavelength limit (Scc(o)). Similarly, the information of 

surface, as well as transport nature of alloys are provided 

by surface tension and viscosity ( Koirala, 2018; Koirala 

et al., 2014; Singh & Koirala, 2015). Here, it tried to 

study the surface tension and viscosity of the alloys using 

the Butler equation as improved by Kaptay ( 2019) and 

Kozlov et al. (1983) approaches. 
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THEORETICAL MODEL AND DATA 

The excess Gibbs free energy (ΔG
xs

), enthalpy (ΔH), and 

the excess entropy (ΔS
xs

) of a binary alloy are related by 

the standard relation as;  

 

Similarly, the excess Gibbs free energy of an alloy is 

given by the R-K equation (Redlich & Kister, 1948) as; 

 

Where c1 and c2 are the concentration of the constituent 

elements of the alloy and Li is the linear temperature-

dependent interaction parameter between the components 

of an alloy known as R-K polynomial. It is related to 

temperature (T), enthalpy like semi-empirical coefficient 

(ai) and entropy like semi-empirical coefficient (bi) of R-K 

Polynomials as; 

 

The total Gibbs free energy of an alloy is related to the 

excess Gibbs free energy and ideal Gibbs energy of the 

alloy as; 

  

 

From equations (2) and (3) 

 

From equations (1) and (5), we get 

 

 

According to Kaptay (2004), the exponential temperature-

dependent interaction parameters of a binary alloy can be 

written  as; 

 

Where, hi(j/mol) and ti (K) are semi-empirical parameters. 

From equations (1), (5), (6), and (7), the derivations for 

enthalpy and excess entropy of a binary liquid alloy are 

obtained as shown below. 

  

 

The entropy of mixing is given by the standard formula as 

 

The structural arrangement of the atoms of an alloy in 

terms of concentration fluctuation in the long-wavelength 

limit (Scc(o) is calculated from the standard relation as; 

 

 From equations (1), (4), (9), (10) and (12)), we get. 

 

 

 

In liquid, the viscous flow depends on the cohesive 

interaction, and this interaction results from the grouping 

of geometric and electronic shell effects (Starace et al., 

2008). The KRP equation for liquid alloy was developed 

to consider the cohesion interaction in terms of the 

enthalpic effect to incorporate the viscous flow in the 

liquid alloy. The equation at temperature T is expressed 

as; 

 

Where, ղ and  (i=1,2), are the viscosity of the alloy and 

viscosity of individual components respectively. The 

change in  viscosity with temperature for the metals is 

given as (Brandes & Brook, 2013); 

 

Where, ηo and E for metal are constants and their units are 

similar to the unit of viscosity and energy per mole, 

respectively. 

The surface tension of an alloy by the Butler equation as 

improved by Kaptay at temperature (T) is 
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Where,  are surface tension and molar surface 

area of pure liquid metal,  is the partial molar surface 

area of component i respectively.  , and   are 

the partial excess free energy of mixing in the surface and 

bulk of constituent components of the alloy, respectively.  

The partial excess Gibbs energy of  a component of an 

alloy is related to the excess Gibbs energy by the relation 

given below (Egry et al., 2010). 

 

Where,  is the Kronecker delta function. 

The molar surface area of each  metal is expressed  as 

(Kaptay, 2008); 

 

Where,   , and N is molar mass, the density of each 

pure metal at its melting temperature, geometrical 

constant, and Avogadro’s number, respectively. The 

expression of the geometrical constant is given as; 

 

Where,   and  are volume and surface packing 

fractions, respectively. The values of these packing 

fractions depend on the type of crystal structure of every 

pure component of alloys. The  surface tension (  and 

density ( ) of metal  at temperature T are expressed as 

(Brandes & Brook, 2013); 

 

 

Where,  are surface tension and density of the 

metal at its melting temperature ( , respectively. The 

terms   and    are temperature derivatives of surface 

tension and density, respectively. 

RESULTS AND DISCUSSION 

The exponential temperature-dependent interaction 

parameters for the alloys Mg-Pb and Mg-Ga were 

optimized using equation (8). The parameters for both 

alloys are given in Table 1. 

Table1. The exponential temperature-dependent interaction parameters of molten Mg-Pb and Mg-Ga alloys 

Mg-Pb Mg-Ga 

K0= -37785.91exp(-7.16783x10
-5

T) K0= -40495.1exp(-5.9256x10
-5

T) 

K1= 22239.43exp(-1.8401x10
-4

T) K1= -12829.43exp(-2.4428x10
-4

T) 

K2= 505013.86exp(-8.7964x10
-3

T) K2= 31004.45exp(-8.9101x10
-3

T) 

K3= -60866.13exp(-3.5504x10
-3

T)  

K0, K1, K2, and K3 are zeroth, first, second and third-order of exponential temperature-dependent interaction parameters, respectively 

The parameters thus optimized were used to compare 

different properties of binary alloys Mg-Pb, and Mg-Ga at 

temperature 1000 K. During the calculation of parameters, 

it did not apply statistical method like mean square 

deviation or others for the best fit, and hence the 

parameters used here are considered as appropriate for the 

study. 

Thermodynamic properties 

For the theoretical analysis of the thermodynamic 

property, we considered equations (5), (9), and (11) as 

mentioned above.  The excess Gibbs free energy of the 

molten alloys was computed by the R-K polynomials 

framework. The computed excess free energy of mixing 

for both alloys is shown in Fig. 1. 

 

Fig. 1. Excess Gibbs free energy of mixing vs. 

concentration of Mg 
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It was observed that below 0.7 concentration of Mg, the 

alloy Ga-Mg seemed to be more interacting but above the 

0.7 concentration of Mg, it was slightly less interacting 

than the alloy Mg-Pb. Similarly, the computed values of 

enthalpy of mixing for both the alloys are shown in Fig. 2 

which tells that the enthalpy of mixing of Mg-Ga is more 

negative up to 0.7 concentration of Mg than the alloy Mg-

Pb. Thus from both Figs. 1 and 2, it can be said that the 

binary liquid alloy Mg-Ga seems to be more interacting at 

a lower concentration of Mg, whereas it is nearly equally 

interacting with Mg-Pb at a higher concentration of Mg 

for both the alloys. 

 

Fig. 2. Enthalpy of mixing vs. concentration of Mg 

The computed values of entropy of mixing which mainly 

provide knowledge of constitutive molecular properties or 

specific molecular effects in the mixture, for both the 

alloys are shown in Fig. 3. It is clear from the figure that 

the entropy change of mixing for both the alloys remains 

nearly the same. 

 

Fig. 3. The entropy of mixing vs. concentration of Mg 

Structural properties 

There is no direct way to distinguish the grouping of 

constituent atoms of the mixture. Thus, the identification 

of the arrangement of atoms in an alloy is very difficult. 

However, experimentally the local arrangement of atoms 

of a constituent of the mixture can be studied by 

diffraction method, but it is a difficult task too. To 

overcome this problem and to study the arrangement of 

constituent atoms theoretically, the determination of 

Concentration fluctuations in long-wavelength limit Scc 

(0) was considered an important tool (Bhatia & Thornton, 

1970). At a given concentration, the alloy is said to have 

the complex tendency if   , whereas it has 

the segregating tendency if  ). 

The computed values of (Scc(0) at various concentrations 

of magnesium for both alloys are given in Fig. 4. Figure 

cleared that at about 0.15 concentration of Mg, the alloy 

Pb-Mg has segregating tendency but above this 

concentration of Mg, it showed an ordering nature. The 

alloy Mg-Ga has an ordering nature within the entire 

concentration of Mg. 

 

Fig. 4. Concentration fluctuation in long-wavelength limit 

vs. concentration of Mg 

Viscosity 

Viscosity is considered an important atomic transport 

property of liquid alloys. We used the KRP equation for 

the comparison of the atomic transport behavior of Mg-Pb 

and Mg-Ga alloys at 1000 K as a function of 

concentration. The viscosity of the alloys thus computed 

is compared in Fig. 5. The viscosity of Mg-Pb alloy was 

found to be more than Mg-Ga alloy with the increase in 

the concentration of Mg. But for both the alloys the 

viscosity increased up to 0.6 concentration of Mg and then 

it decreased beyond that concentration of Mg. 

Surface tension 

To calculate the surface tension by the improved 

derivation of the Butler equation, the densities, partial 

excess Gibbs free energies, and surface tensions, and the 

component metals at the temperature of the investigation 

are required. Surface tensions and densities of constituent 

metals at 1000 K were calculated from their values at 
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respective melting temperatures by using equations (20) 

and (21), respectively. For the unknown or negligible 

excess molar volume of the alloy, the partial molar 

volume was replaced by the molar volume of the pure 

component and hence the partial surface area (  of each 

component was replaced by surface area ( ) of the same 

pure component (Kaptay, 2020, 2019). 

 

Fig. 5. Viscosity vs. concentration of Mg 

Figure 6 is the graph of computed values of surface 

tension of binary liquid Mg-Pb and Mg-Ga alloys. In the 

case of alloy Mg-Ga, the surface tension decreased 

whereas it increased for the alloy Mg-Pb alloy with the 

increase in the concentration of Mg indicating that the Mg 

atoms tend to remain on the surface in the case of Mg-Ga 

alloy whereas the lead atoms show the tendency to remain 

on the surface of Mg-Pb alloy. 

 

Fig. 6. Surface tension vs. concentration of Mg 

CONCLUSION 

The comparison of the thermodynamic, structural, and 

microscopic behavior of binary liquid magnesium lead 

and magnesium gallium alloys at 1000 K alloy under the 

assumption of exponential temperature-dependent 

interaction parameters explains that the magnesium 

gallium is somewhat interacting than magnesium lead 

alloy. The theoretical study shows that the magnesium 

gallium alloy has more ordering nature within the whole 

range of concentration. The surface tension of the Mg-Ga 

alloy decreases but it increases in the case of Mg-Pb alloy 

but viscosity at first increases and then decreases with an 

increase in the concentration of magnesium. 
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