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ABSTRACT

Alloys are produced by combining two or more metals, and they often develop from
their liquid states. Only a small number of metals are used in their pure form; the
majority of applications use alloys instead because they have distinctive qualities above
and beyond those of the component metals. In the study of liquid science, it is essential
to comprehend the properties of liquid alloys because most solid alloys are produced
by cooling them from the corresponding liquid states. Liquid alloys are regarded as
disordered materials because they lack long-range atomic or magnetic organization.
Because disordered materials show a wide range of atomic configurations, this topic is
of significant interest to both theoretical and experimental researchers. They have long
sought to comprehend the anomalies in the mixing properties of liquid alloys in order
to fully comprehend alloying behavior. Theoretical methods can reduce the amount of
time and effort necessary and are quite useful in forecasting the mixing properties. So,
we have created focused on a theoretical model to study how alloys behave when they
are molten. Commonly, the effectiveness of binary alloy is assessed based on observed
thermo-physical characteristics that depart from the ideal mixing state. Departures from
ideality manifest as asymmetries in thermodynamic and structural characteristics away
from equiatomic composition and are typically attributed to one or more of the following:
the size effect, different electronegativity, interactions between solute and solvent atoms,
complex formation, or a combination of these factors. The binary liquid alloys can be
divided into two categories symmetric and asymmetric, based on the symmetry of the
curves reflecting the thermodynamic and microscopic functions.

Numerous theoretical approaches have been devised and implemented to examine the
thermodynamic and structural properties of binary systems. The Complex Formation
Model (CFM) is founded on a fundamental theoretical model. This model makes it
possible to express the energetics of a system in terms of the interaction parameters that
reproduce the system’s thermodynamic properties, as well as the ordering and phase
separation processes that are observed in liquid binary alloys. The CFM makes the
assumption that, if compounds are formed in the solid state at one or more stoichiometric
compositions, then it follows that they are very likely to exist in the liquid state at those
same compositions. The alloying behavior of binary solutions can be investigated by
making the assumption that complexes are present near to melting points. The molten
alloy is considered to be composed of a ternary mixture of A and B atoms, as well as a
number of chemical complexes 𝐴𝑝𝐵𝑞 in chemical equilibrium with one another. In this
case, p and q are both pairs of small integers that stand for stoichiometric indices of the
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complex.

In the present work, we have examined and explained the mixing behavior of two liquid
binary alloys based on Bi, such as Bi-Mg at 975 K and Bi-Pb at 700 K, as well as two In-
based alloys, such as Cu-In at 1073 K and In-Pb at 673 K, using the CFM framework. For
the aforementioned liquid alloys at a given temperature, the thermodynamic properties,
such as free energy of mixing (𝐺𝑀), enthalpy of mixing (𝐻𝑀), and entropy of mixing
(𝑆𝑀), structural properties, such as concentration fluctuation in long wave length limit
(𝑆cc(0)) and chemical short range order parameter (𝛼1), and transport property, such
as ratio of diffusion coefficients (𝐷𝑀/𝐷id), have been examined. We have calculated
the interaction energy parameters (Ψij, 𝑖, 𝑗 = 1, 2, 3, 𝑖 ≠ 𝑗), the energy of complex
formation (𝜒), and the number of complexes (𝑛3) for this purpose. These parameters
are used to compute the free energy of mixing (𝐺𝑀/𝑅𝑇) for each system. Enthalpy
of mixing (𝐻𝑀/𝑅𝑇) and entropy of mixing (𝑆𝑀/𝑅) have been calculated using these
parameters and their temperature coefficients

(
𝜕Ψij/𝜕𝑇 and 𝜕𝜒/𝜕𝑇

)
. Comparing the

thermodynamic characteristics of the selected systems, it can be seen that they are in
very well agreement with the experimental data reported in the literature. The Bi-Mg
system is the most interactive, followed by the Cu-In and Bi-Pb systems, according to a
comparison of structural properties (𝑆cc (0) and 𝛼1), the ratio of diffusion coefficients
(𝐷𝑀/𝐷id), using the same interaction parameters, and thermodynamic properties. The
analysis of these mixing characteristics in the In-Pb liquid alloy, however, shows that
segregation does occur in this alloy.

We have also used the Budai-Benko-Kaptay (BBK) model to study the viscosity (𝜂) of
the selected liquid alloys. For the liquid alloys of Bi-Pb and In-Pb, symmetric viscosity
isotherms have been reported; however, Bi-Mg and Cu-In exhibit asymmetry. Within the
framework of the updated Butler model, the surface properties of the aforementioned
binary alloys, such as surface concentration

(
𝑐𝑠
𝑖

)
and surface tension (𝜎), have been

investigated. Theoretical analyses show that the component in binary liquid alloys whose
surface concentration values are higher than the corresponding ideal values segregates
across the surface.

It is found that the interaction parameters depend on temperature rather than concentra-
tion. To optimize the values of interaction parameters at high temperatures, temperature
coefficients and their values at a certain temperature are used. The mixing characteristics
of Bi-Pb liquid alloys at 900 K, 1100 K, 1300 K, and 1500 K have been investigated using
these optimized values of interaction parameters. The compound-forming propensity
of binary liquid systems diminishes with increase in temperature, according to the high
temperature investigation of Bi-Pb liquid alloy. The properties of binary liquid alloys at
the needed temperature can be carried using this expanded CFM, which is expected to
be highly helpful in future work.
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केही मिश्रण बनाउने binary तरल मिश्रहरु (Bi-Pb, Cu-In आदि) को मिमिने 
व्यवहारको अध्ययन

शोधिार

मिश्र दईु वा दईु भन्दा वढी धातुहरु संयोजन गरेर उत्पादन गररन्छ र ततनीहरु प्राय तरल 
अवस्थाबाट बनाइन्छ । केवल थोरै संख्यािा शुद्ध धातुहरु प्रयोग गररन्छ, धेरै जसो
applications िा मिश्रहरु प्रयोग हुन्छन ककनकक ततनीहरूसंग शुद्ध धातुहरूको भन्दा ववमशष्ट 
गुणहरू हुन्छन ्। तरल ववज्ञानको अध्ययनिा तरल मिश्रका गुणहरु बुझ्नु आवश्यक छ 
ककनकक धेरै ठोस मिश्रहरु सम्बन्न्धत तरल मिश्रहरुबाट चिसो गरेर उत्पादन गररन्छ । 
तरल मिश्रलाई अव्यवन्स्थत पदाथथको रूपिा मलइन्छ ककनकक तयनीहरूिा लािो दरुीको
आणववक वा िुम्बकीय संगठनको अभाव छ । तयनीहरुिा धेरै ककमसिको आणववक 
संरिना हुन्छ त्यसैले यो ववषय सैद्धान्न्तक तथा प्रयोगात्िक अनुसन्धान कताथहरूको 
लाचग िहत्वपूणथ िासोको ववषय छ। अनुसन्धानकताथहरूले लािो सियदेखि तरल मिश्रको 
मिमसने गुणहरुिा हुन ेanomalies  हरु बुझ्न िोजेका छन ्ताकक मिश्रको गुणहरुलाई पूणथ 
रुपिा बुझ्न सककयोस । सैद्धान्न्तक ववचधहरुबाट थोरै सिय र प्रयासिा मिश्रको गुणहरु
अनुसन्धान गनथिा उपयोगी हुने भएकोले हािीले सैद्धान्न्तक ववचधबाट अध्ययन गरेका 
छौ । Binary मिश्रको गुणहरु र प्रभावकाररता अध्ययन गनथ thermophysical ववशषेताहरुको
आधारिा िूलयांकन गररन्छ जुन ideal मिश्रबाट फरक पने गुणहरुको आधारिा हुन्छ र 
यी फरक पने गुणहरुको कारणिा तनम्न िध्ये एक वा बढीलाई शे्रय ददइन्छ आकार 
प्रभाव, electronegativity को फरक, घोलक र घुमलत बबिको अन्तरकिया, complex बन्न े
न्स्थतत वा यी कारकहरुको संयुक्त अन्तरकिया । Thermodynamic र
microscopic  गुणहरुको रेिाचित्रको आधारिा binary तरल मिश्रलाई symmetric र
asymmetric वगथिा ववभाजन गनथ सककन्छ । Binary  मिश्रहरुको thermodynamic

र संरिनात्िक गुणहरुको अध्ययन गनथ धेरै सैद्धान्न्तक ववचधहरु बनाइएको र कायाथन्वयन 
गररएको छ । जसिध्ये complex formation model (CFM) एक आधारभुत सैद्धांततक
ववचधको रुपिा स्थावपत छ । यो model बाट thermodynamic प्रयोगात्िक data हरु प्रयोग 
गरी interaction parameter हरु पत्ता लगाइन्छ र मिश्र बन्ने वा नबन्ने कुराको तनन्श्ित 
गनथ सककन्छ । CFM को अनुसार यदद यौचगक हरु एक वा वढी stoichiometric

concentration िा ठोस पदाथथको रुपिा बन्न सक्छ भने त्यही concentration िा तरल 
अवस्थािा पतन बन्न सक्छ । binary मिश्रहरुको अध्ययन तततनहरुको पन्ललने तापिििा 
गररएको छ । CFM ले तरल मिश्रलाई A तत्व, B तत्व र ApBq पदाथथको ternary मिश्रको 
रुपिा िानेको छ जहााँ ततनीहरु एक आपसिा रासायतनक सन्तुलनिा हुन्छन   । यहााँ p

र q दवुै साना पूणाांकहरु हुन जुनले stoichiometric सूिकांक जनाउाँछन।
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यो अध्यानिा CFM प्रयोग गरी Bismuth िा आधाररत दईुवटा Bi-Mg र Bi-Pb तरल binary

मिश्रको अध्ययन 975 K  र 700 K िा गरेका छौं । साथ ैदईुवटा Indium िा आधाररत
Cu-In र In-Pb मिश्रहरुको अध्ययन 1073 K र  675 K िा गरेका छौं । यस उदे्दश्यको 
लाचग, हािीले interaction energy parameters (Ψij, i, j=1, 2, 3,  i≠j), formation energy of

complex (χ) र complex number (n3) तनधाथरण गरेका छौं। तय  parameter हरु प्रयोग गरी 
िाचथ उललेखित प्रत्येक मिश्र हरुको free energy of mixing  (GM/RT) तनकामलएको छ। यी 
प्यारामिटरहरू साँगै ततनीहरूका temperature coefficients (∂Ψij⁄∂T र ∂χ⁄∂T) प्रयोग गरी 
मिश्रणको enthalpy of mixing (HM/RT) र entropy of mixing (SM/R) को अध्ययन गररएको 
छ। CFM प्रयोग गरी हािीले गरेको अध्ययन पूवथ प्रकामशत प्रयोगात्िक अनुसन्धानसाँग
िेल िाएको छ । संरिनात्िक गुणहरु जस्तै concentration fluctuation at long wave

length limit (Scc(0) chemical short order parameter (𝛼1) transport properties जस्तै
diffusion coefficient (DM /Did ) हरुको अध्ययन उदहाँ interaction parameter हरुको प्रयोग 
गरी गररएको छ । हाम्रो अध्ययन अनुसार Bi-Mg मिश्र सबैभन्दा interactive हो र 
त्यसपतछको interactive िा Cu-In र  Bi-Pb ििशः पदथछन । यसै अध्ययनले In-Pb को मिश्र
िादहाँ नबन्न े देिाउाँदछ । ितुनएका मिश्रहरुको viscosity को अध्ययन
Budai-Benko-Kaptay (BBK) ववचधबाट अध्ययन गररएको छ । Bi-Pb र In-Pb को लाचग
viscosity को graph symmetric पाइयो भन ेCu-In र Bi-Mg को िादह asymmetric पाईयो ।
Surface concentration र surface tension को अध्ययन George-Kaptay ले पररिाजथन गरेको
Butler model बाट गररएको छ । यो अध्ययनको अनुसार जुन तत्वको surface

concentration सम्वन्न्धत bulk concentration भन्दा बढी हुन्छ त्यो तत्व मिश्रको सतहिा
segregate हुन्छ । Interaction parameter हरु concentration िा तनभथर हुदैनन ्तर तापिििा 
िााँदह हुन्छन । हािीले CFM लाई ववस्तार गरी Bi-Pb मिश्रको लागी interaction parameter

हरुको िान उच्ि तापिहरु जस्तै 900 K, 1100 K, 1300 K र 1500 K को लागी पत्ता
लगायौँ र Bi-Pb मिश्रको गणुहरु यी तापििहरुिा अध्ययन गयौ । यो अध्ययन अनुसार 
तापिि बढाउाँदा binary मिश्रहरु बन्ने प्रवतृत घट्दै जाने देखिन्छ । ववस्ताररत CFM प्रयोग 
गरी आवश्यक तापिििा गनथ सककने यो अध्ययन भववष्यको कािका लाचग अत्याचधक 
सहयोगी हुने ववश्वास गररन्छ ।
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CHAPTER 1

INTRODUCTION

1.1 Background of Alloys

In general, a single crystal of highly pure metal is soft and flexible. Because this may
not be desired, most metals are utilized in the form of alloys. The word “alloy” comes
from the Latin word “alligare”, which means “to bond to” (Matson & Orbaek, 2013).
Combining a metal with other metals, nonmetals, or metalloids results in an alloy. Alloys
are employed because they have unique characteristics that make them more appealing
than pure metals. Some alloys, for example, have high strength, while others have low
melting temperatures, are particularly corrosion resistant, or have favorable magnetic,
thermal, or electrical properties (Callister & Rethwisch, 2018). Copper and zinc are used
to make brass. Steel is a nonmetal alloy made up of iron and carbon. Steel is alloyed
with other metals to create alloy steels; stainless steel, for example, is chromium-nickel
steel. Ferrosilicon is an iron and silicon alloy. Amalgams are mercury-containing alloys
(Smith, 1970). Only a few metals are utilized in their pure form; copper is used in
electrical applications as pure metal, while it is used in construction applications as an
alloy (Wright, 2011). A pure metal has a high electrical conductivity, whereas an alloy
is typically harder and has a lesser conductivity. Chemically, pure metals are reactive.
Pure metals corrode as a result of moisture and gasses in the atmosphere. Metals in alloy
form, on the other hand, are more corrosion resistant. They improve the durability and
usability of metals. They get a lot of tensile strength. The qualities of alloy mixtures are
difficult to anticipate based on knowledge of the individual metals (Bauccio et al., 1993;
Mills, 1922). Copper and nickel, for example, both have strong electrical conductivity,
but they combine to make alloys with extremely low conductivity, making them useful as
electrical resistance lines (Davis et al., 2001). Corrosion resistance, oxidation resistance
at raised temperatures, abrasion or wear resistance, good bearing qualities, creep strength
at elevated temperatures, and impact toughness are some of the other attributes that alloys
can acquire to a far greater degree than pure metal (Habashi, 2008).
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1.2 General Methods of Preparation of Alloys

Alloys are formed by melting the primary metal in liquid form and dissolving it in an
exact proportion with another metal or metals. After that, the mixture is allowed to cool
and harden. There are numerous metal alloys and their use in our daily lives. When
metals are alloyed with different elements, their qualities such as corrosion resistance,
conductivity, modulus of elasticity, ductility, and hardness can be improved (Dossett &
Boyer, 2006). Alloys are prepared in one of following four ways (Angelo & Subramanian,
2008; Habashi, 2008):

1) Melting and combining the components. This is the most used method. Except
for a few metals, such as iron and lead, all metals are miscible in their molten
condition.

2) Combining and crushing the ingredients in powder form.

3) Electrolysis of a solution containing the components’ salts.

4) Simultaneous reduction of component metal oxides.

When molten alloys harden, they may remain soluble in one another or may separate
mechanically into intimate combinations of the pure constituent metals. Typically,
partial solubility exists in the solid state, and the structure is composed of a mixture of
saturated solid solutions. As a result, the behavior of metals during the alloying process
is classified as follows:

Completely soluble:

After the components are melted, they form a homogeneous mixture that remains ho-
mogeneous when the alloy solidifies. The two metals combine to form a substance
known as a “solid solution” or “mixed crystals” (Dossett & Boyer, 2006). The following
classifications are possible:

1) Solid-solution substitution: This is the case, for example, with copper and nickel.
By combining nickel and copper, new qualities are created that neither copper nor
nickel alone possesses. Nickel atoms are incorporated into the crystal structure of
copper. The grains of the alloy appear to be identical to those of copper. Gold and
silver, silver and platinum, nickel and chromium, cobalt and chromium, and lead
and antimony are further examples.

2) Solid-solution addition: This is the case, for example, with certain alloys con-
taining boron or carbon. Due to their short atomic radius, boron and carbon can
enter the metal’s crystal structure in interstitial places (Dossett & Boyer, 2006).
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Partially soluble:

This is the scenario when the components melt as a homogeneous mixture but solidify
as two or more distinct types of grains. These are solid solutions of the two metals in
varying amounts. For example, lead and tin, as well as some types of brass, a copper-zinc
alloy, have this structure (Habashi, 2008).

Insoluble:

This is the circumstance where the components melt together but separate during solid-
ification due to their insoluble nature; examples include cadmium and bismuth, as well
as gold and lead. Under specific conditions, a eutectic combination with a melting point
lower than both metals is formed, and when solidified, the eutectic alloy consists of an
intimate mixture of fine crystals of almost pure metals (Polak & Rubinovich, 2000).

Inter-metallic compounds:

In this situation, the metals combine to generate a compound that has a different crystal
and grain structure than either of the pure metals. When equal parts of calcium and
magnesium are melted together and allowed to cool slowly, the crystals that initially
precipitate from the liquid have the composition Ca3Mg4. Numerous similar compounds
are known, including MgZn2, CuZn, CuBe, AgCd, AuZn, LiHg3, and Cu5Sn, among
others (Friauf, 1927; Westbrook, 1977). While inter-metallic compounds are often hard
and brittle, their presence in trace levels in an alloy is advantageous. The toughness of
solid solutions is combined with the hardness of inter-metallic compounds in these alloys
(Nakamura, 1995; Westbrook, 1996). The alloy is not always formed of a single phase;
in most situations, it contains many phases. For instance, in an aluminum-copper alloy,
a trace of copper forms a solid solution with the aluminum, while the remainder of the
copper mixes with the aluminum to produce an inter-metallic compound made of two
aluminum atoms and one copper atom. Thus, the aluminum-copper alloy is composed
of three constituents: a significant amount of aluminum, a trace amount of copper in
solid solution, and minute particles of the inter-metallic compound (Westbrook, 1977).
Additionally, novel procedures for producing additional types of alloys are created,
including electron-beam refining, solidification, single crystal super-alloys, and metallic
glass (Habashi, 2008).
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1.3 Classifications of Alloys

1.3.1 Substitution and interstitial alloys

There are three major kinds of alloys based on how the alloying element is incorporated
into the metal. These are referred to as substitution alloys, interstitial alloys, and
interstitial and substitutional alloys as shown in Figure 1. In substitution alloys, the
parent metal’s atoms are literally replaced with atoms of a similar size from another
material. Brass is an example of a copper-zinc replacement alloy. In interstitial alloys,
the atoms of the injected metal are arranged in the interstitial location of the original
metal’s crystal lattice. Interstitial and substitutional processes coexist in certain alloys
(Dossett & Boyer, 2006).

Figure 1: Schematic diagram of substitutional and interstitial alloys (Dossett & Boyer, 2006).

1.3.2 Symmetric and asymmetric alloys

The divergence of alloy properties from the ideal mixing condition is explained in terms
of the energy interaction of the alloy’s constituent species. As a result of the pre-
ceding, the fundamental parameter for selecting a thermodynamic alloy is the degree
to which the thermodynamic characteristics of liquid alloys vary from the ideal values
(Adhikari, 2018). An alloy can be classified as a compound forming liquid alloy (hetero-
coordinated) or a segregating (homo-coordinated) system based on its divergence from
ideal thermodynamic parameters. Departures from ideality are visible as asymmetries
in thermodynamic properties away from equiatomic composition and are typically at-
tributed to one of the following factors: size effect, differences in electronegativity,
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interactions between solute and solvent atoms, or a combination of these factors (No-
vakovic et al., 2011; Adhikari, 2011; I. Koirala et al., 2014b). The industrial applications
of liquid alloys could also provide a strong basis for further research. In terms of the
symmetry of the curves representing thermodynamic functions 𝐺M, 𝐻M, 𝑆M, and so on,
the binary liquid alloys can be divided into two groups: symmetric and asymmetric.
This class includes binary liquid alloys such as K-Na, Fe-V, Fe-Ti, Al-Ga, Al-Ge, Si-Ti,
Al-Mn, In-Pb, In-Sn and so on (Akinlade & Boyo, 2004; Rafique & Kumar, 2007; No-
vakovic et al., 2008; Anusionwu, Adebayo, & Madu, 2009; Awe et al., 2011; Adhikari
et al., 2012b; I. Koirala et al., 2013; R. P. Koirala, Kumar, et al., 2014; Gohivar, Yadav,
et al., 2020). Figure 2 depicts the compositional dependency of free energy of mixing
in liquid Pb-Sb alloys at 905 K, which represent symmetric binary liquid alloys. The
experimental data are taken from literature (Hultgren et al., 1973). Whereas in the later
class of alloys, the thermodynamic functions are not symmetric at equiatomic compo-
sition, hence their extremum values are found at different stoichiometric compositions.
Binary liquid alloys such as Cd-Na, Pb-Te, Bi-Mg, Cu-Mg, Cd-Hg, Cu-Sn, Al-Sn etc are
classified as asymmetric (Akasofu et al., 2020; Shrestha, Singh, Jha, Singh, & Adhikari,
2017; Adhikari, Singh, et al., 2010; Bhandari, Koirala, & Adhikari, 2021; Godbole et
al., 2004; I. Koirala et al., 2015; Panthi et al., 2021). Figure 3 depicts the compositional
dependence of the Gibbs free energy of mixing of Bi-Mg liquid alloy at 975 K, which
represents the asymmetric class of alloy.

Figure 2: Free energy of mixing (𝐺𝑀 (RT)−1) versus concentration of Pb (𝐶𝑃𝑏) for Pb-Sb liquid alloy at
905 K (Bhandari, Panthi, & Koirala, 2021b).
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Figure 3: Free energy of mixing (𝐺𝑀 (RT)−1) versus concentration of Bi (𝐶𝐵𝑖) for Bi-Mg liquid alloy at
975 K (Bhandari, Koirala, & Adhikari, 2021).

1.4 Mixing Behavior of Binary Liquid Alloys

The mixing behavior of two metals that combine to produce binary alloys is a result of
the interaction of energetic and structural reorganization of the constituent atoms. When
A and B atoms are mixed, they can either prefer to remain self-coordinated, forming A-A
or B-B pairs, or they can develop a strong interaction between dissimilar atoms, forming
hetero-coordinated A-B pairings. All liquid binary alloys can be classified into two
broad categories based on their deviations from the additive rule of mixing (Raoult’s
law): segregating (positive deviation) and ordering or short-range ordered (negative
deviation) alloys (B. P. Singh et al., 2014; Bhatia & Hargrove, 1974; Novakovic et al.,
2008; R. N. Singh & Sommer, 1997; R. N. Singh, 1987; Adhikari et al., 2012a; Bhatia &
Singh, 1984). However, some liquid alloys do not fall neatly into either of the preceding
two categories. For example, the excess Gibbs energy associated with mixing 𝐺XS

M for
Ag-Ge and Cd-Na is negative in some compositions but positive in others (R. N. Singh
& Sommer, 1997). Additionally, in liquid alloys such as Au-Bi, Bi-Cd, and Bi-Sb, the
enthalpy of mixing (𝐻M) is a positive value, whereas 𝐺XS

M is a negative value. Bi-Pb
possesses positive𝐻M and𝐺XS

M values in the solid phase, but negative values in the liquid
phase. Additionally, some systems, such as Au-Ni and Cr-Mo, exhibit immiscibility in
the solid phase that is not readily apparent in the liquid phase (R. N. Singh & Sommer,
1997).

1.5 Significance of Research Work

To build new alloys and improve existing ones, it is necessary to have a detailed un-
derstanding of the thermodynamic variables of the constituent systems. To completely
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Figure 4: Illustration of (a) demixing and (b) mixing tendency in binary liquid alloys (Polak & Rubinovich,
2000).

grasp the observed behaviors, it may be necessary to have a thorough theoretical un-
derstanding of the structural readjustment and energy preferences of atoms in binary
liquid metallic systems, in addition to an understanding of the empirical metallurgical
structures (Anusionwu, 2003; R. N. Singh & Sommer, 1992a; Ogundeji et al., 2021; Awe
et al., 2011). These advancements have been made possible by integrating a number
of easy theoretical tools or models for explaining deviations and anomalies in terms of
hetero- or self-coordination species that can exist in liquid. Understanding the properties
of liquid alloys is critical in the study of liquid science, as the majority of solid alloys
are created through cooling from their respective liquid states. Though our everyday
experience attests to the division of matter into three distinct classical phases: solid,
liquid, and gas. Solids are hard and produce clear Bragg reflections when investigated by
diffraction. Diffraction tests have demonstrated that liquids in general, and metallic liq-
uids in particular, exhibit some form of short-range order (SRO), indicating the absence
of long-range order among the atoms or molecules (R. N. Singh, 1987; Bhatia & Singh,
1982a; Müller, 2003; Sommer, 1990). To model the thermodynamic, structural, and
surface properties of liquid binary alloys and liquid metals, it is necessary to know their
structures and the relevant forces that quantify inter-atomic interactions. This is why
many physicists, chemists, and metallurgists have been studying the mixing behavior of
two elemental metals producing a binary alloy (Akinlade et al., 1998; Kaban et al., 2003;
Adhikari, 2011; Arzpeyma et al., 2013; I. Koirala, 2018; Ogundeji et al., 2021; Bhandari,
Panthi, Gaire, & Koirala, 2021). Numerous theoretical approaches have been developed
and applied to the study of binary systems thermodynamic and structural features. Sev-
eral of these models include the complex formation model (Bhatia & Hargrove, 1974;
A. K. Mishra et al., 1994; Akinlade & Boyo, 2004; Prasad et al., 2007; Novakovic et
al., 2012, 2016; Bhandari, Panthi, & Koirala, 2021a), the electron theory (Ashcroft &
Stroud, 1978), and the ab-initio methods (Jank & Hafner, 1988; Kresse & Hafner, 1993),
which involve the computation of thermodynamic quantities using the pseudo-potential

7



formalism. The first is based on a basic theoretical model that enables the energetic
of a system to be expressed in terms of the interaction parameters that reproduce its
thermodynamic properties, as well as the ordering and phase separation processes ob-
served in liquid binary alloys. Additionally, thermophysical features such as surface
tension (Butler, 1932; Mekler & Kaptay, 2008; Kaptay, 2019), viscosity(Ganesan et al.,
1987; Kaptay, 2005b; Budai et al., 2005, 2007; R. N. Singh & Sommer, 2012), and
chemical diffusion (R. N. Singh & Sommer, 1997, 1998) can be defined. The purpose
of this work is to investigate the complex formation propensity and mixing behavior of
two binary liquid alloys based on Bi (Bi-Mg and Bi-Pb) and two binary liquid alloys
based on In (Cu-In and In-Pb) using theoretical models. The liquid alloys examined
have been discovered to have a wide variety of applications in a variety of fields. Lead
alloys such as Bi-Pb and In-Pb are primarily used in lead-acid ammunition batteries,
cable sheathing, sheet, pipe, and solder construction, bearings, gaskets, special castings,
anodes, fusible alloys, shielding, and weights. Due to lead alloys’ corrosion resistance,
their applications are also linked to the production of a protective corrosion coating
(Ilinčev, 2002). Despite their numerous beneficial applications, lead and its compounds
are compounded poisons and should be handled with caution. These compounds should
not be included in diets or other consumables (Fratesi et al., 1984). In–Pb alloys are
often recommended as alternative solders for soldering gold since they do not easily
leach or dissolve the metal. Additionally, due to their low melting points, In–Pb al-
loys are employed as contact alloys for metal–glass or metal–ceramic contacts (Minic
et al., 2001; Deloffre et al., 2004; Yu et al., 2006). Because elemental Pb and In are
difficult to volatilize, data collected at elevated temperatures are sufficiently realistic,
making it beneficial to research the characteristics of In–Pb melts. Lead-bismuth alloys
are advantageous due to their corrosion resistance and wear resistance (Barbin et al.,
2013). Lead-bismuth alloys are being investigated as a possible heat transfer medium
for nuclear power plants (Klement Jr, 1963; Kurata et al., 2002). The Bi-Mg system
is intriguing theoretically because it forms the stable inter-metallic complex Bi2Mg3

(Bhatia & Hargrove, 1974). Bi2Mg3 in liquid form is a well-known example of a liquid
semiconductor with a conductivity of 45 ohm−1cm−1. Binary Bi-Mg systems are also
fascinating for high temperature magnesium alloys. Magnesium alloys have generated
considerable interest in the automotive and aerospace industries recently due to their
low density in comparison to aluminum and steel alloys. Sn, Si, Sb, and Bi are being
evaluated as alloying elements for the development of novel magnesium alloys for use in
high-temperature applications (Jung et al., 2007; Paliwal & Jung, 2009). Additionally,
the Bi – Mg alloys may be used as phase change materials for thermal energy storage
(Chunju et al., 2012; Fang et al., 2016). Cu-In are potential candidates for Pb-free
solders in electronic packaging, which are gaining traction in the industry in response
to the growing demand for environmental protection (Liu et al., 2002). The primary
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objective of this work was to synthesize experimental and theoretical data in order to
establish a reasonable understanding between experimental results and theoretical ap-
proaches via a theoretical determination of a few binary liquid alloys’ thermodynamic,
structural, and transport properties. One objective was to deduce the role of enthalpic as
well as entropic effects on mixing, which is presented within the context of the complex
formation model. The two effects compete for control of the system’s degree of segrega-
tion/ordering. This has been investigated further in light of what is known about surface
and transport properties. R. N. Singh & Sommer (1992b) notified that the inter-atomic
pair potentials found in first principle theory have a clear relationship with the order
energy found as a free parameter in the complex formation model. These models are
then extended to predict the properties indicated previously at elevated temperatures

1.6 Motivation

Alloys have an unlimited number of uses in a variety of fields, including medical, mili-
tary, commercial, industrial, residential, manufacturing, and scientific research. Figure
5 demonstrates some of the industrial applications of alloys. The various categories of
liquid alloys are categorized according to their intended use. Bearing alloys are utilized
for metals that come into contact with another surface when compressed (Clarke &
Sarkar, 1979; Kostrivas & Lippold, 1999; Marrocco et al., 2006; Equey et al., 2011).
Certain alloys are resistant to corrosion due to their noble metal composition (Porter,
1994; Ghali, 2010; Akimoto et al., 2018). The precious-metal alloys are one of these
(Baran & Woodland, 1981; Givan, 2014). Other alloys are resistant to corrosion due to
the formation of a protective oxide film on the metal surface (Shih et al., 2000; Ruzankina
& Vasiliev, 2016). Dental alloys based on silver amalgam are composed primarily of
silver and contain trace amounts of tin, copper, and zinc for hardening purposes. Dental
alloys based on gold are favored over pure gold due to gold’s greater softness (Knosp et
al., 2003; Von Fraunhofer, 2013). Die-Casting alloys have low enough melting points
that they may be injected under pressure into steel dies in their liquid state (Wang et
al., 1995). These castings are employed in the manufacture of vehicle components as
well as office and domestic equipment with relatively complex shapes (Vinarcik, 2002).
Fusible alloys are a class of alloys with melting temperatures lower than that of tin
(232◦C). The majority of these materials are mixtures of metals with low melting points,
including tin, bismuth, and lead. Fusible alloys are used as solder, in safety sprinklers
that automatically spray out water when the alloy melts due to the heat of a fire, and
in fuses that interrupt an electrical circuit when the current exceeds a certain threshold
(Schwartz, 2002, 2014). In power plants, jet engines, and gas turbines, high-temperature
or refractory alloys with high strengths at elevated temperatures are required. Further-
more, these alloys are resistant to oxidation caused by fuel-air combinations and steam
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(R. Tanaka, 2000; Muktinutalapati, 2011).

Figure 5: Schematic diagram demonstrating industrial applications of the alloys.

Both nickel-base and cobalt-base alloys, collectively referred to as super alloys, are ca-
pable of performing useful activities at temperatures from 800 to 1100◦𝐶 (Reed, 2008).
Metals are joined together through the application of joining alloys during welding, braz-
ing, or soldering. The brazing and soldering alloys are chosen to give a filler metal with
a melting point significantly lower than the joined parts (Campbell, 2011). Light-metal
alloys have become of great importance in the construction of transportation equipment
and as a result of their employment, the total weight of transportation equipment has been
reduced significantly. Aircraft building is one of the most common uses for light metal
alloys. The majority of light alloys are made up of aluminum and magnesium, which
have densities of 2.7 and 1.75 g/cm3, respectively (Polmear, 2005; Monteiro, 2014).
Low-expansion alloys, such as Invar (64% Fe, 36% Ni), maintain their dimensions over
the ambient temperature range (Shiga, 1996). They are particularly well-suited for use
in watches and other temperature-sensitive electronics (Harner, 1994). Magnetic alloys
are utilized in transformer and motor magnetic cores and must be easily magnetized
and demagnetized. Silicon-ferrite is a material that is frequently utilized in alternating
current applications. Permalloy (a nickel-iron alloy) and several similar cobalt-base
alloys have extremely high permeability’s at low field strengths and are consequently
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employed in the communications industry. Cobalt and rare-earth metal alloys are used
to make hard magnets (Strnat & Strnat, 1991; Hasegawa, 2001; Shokrollahi & Janghor-
ban, 2007; Shokrollahi, 2009). Metallic glasses and meta-stable crystalline alloys may
be the world’s strongest, toughest, most corrosion-resistant, most easily magnetizable
materials. The atomic size ratio of an alloy, its crystallization temperature and melting
point, and the enthalpy of formation of compounds all affect its capacity to produce a
metallic glass (Egami & Waseda, 1984; Suryanarayana & Inoue, 2017). Sterling sil-
ver is the most common precious metal alloy, comprising 92.5 percent silver and the
remaining copper. Copper strengthens and hardens the alloy, making it superior than
pure silver (Praiphruk et al., 2013; Ortiz-Corona & Rodriguez-Gomez, 2019). Yellow
gold is an alloy of Au, Ag, and Cu with a ratio of roughly 2:1:1. White gold is an alloy
containing between ten and eighteen karats of gold with the remainder of nickel, silver,
or zinc (Rapson, 1990; Cretu & Van Der Lingen, 1999). Internal prostheses, i.e., surgi-
cal implants such as artificial hips and knees, are made of prosthetic alloys. The most
often used prosthetic alloys are corrosion-resistant high-strength ferrous, cobalt-based,
or titanium-based alloys (Semlitsch & Willert, 1980; Jovanović et al., 2007). When
heated or cooled, shape-memory alloys retain their shape. This thermoelastic feature is
due to the fact that when they are cooled or heated, they undergo a reversible change
in crystal structure that does not involve diffusion. They are suitable for thermostats as
well as couplings on hydraulic lines and electrical circuits (Van Humbeeck, 1999, 2001).
At low temperatures, superconducting alloys exhibit no resistance to the flow of electric
current. This feature enables advancements in technology, such as the development of
powerful magnetic fields (Yao & Ma, 2021). Thermocouple alloys are extremely useful
for temperature measurements ranging from 20◦ C to several hundreds (Pollock, 2018).
Certain alloys with a wide range of applications are categorized according to their metal
constituents. Aluminum, bismuth, indium, copper, zinc, tin, nickel, magnesium, tita-
nium, chromium, silver, gold and so on alloys are employed in a wide variety of vital
applications (Habashi, 2008).

Many researchers have concentrated their efforts on understanding the properties of
binary liquid alloys. Some of the early initiatives were experimental in nature (Kleppa
& Thalmayer, 1959; Alcock et al., 1969; Brillo et al., 2006; Arzpeyma et al., 2013;
Kobatake et al., 2015), while others were more theoretical in nature (Faber & Ziman,
1965; Bhatia & Hargrove, 1974; Prasad & Jha, 2005; Awe et al., 2011; B. P. Singh et
al., 2014; Shrestha, Singh, Jha, Singh, & Adhikari, 2017; Gohivar, Yadav, Koirala, &
Adhikari, 2021a). Recent advancements in the use of liquid alloys and their composites
in a wide range of high-temperature applications necessitate a better understanding of
the thermodynamic and dynamical properties of liquid alloys to aid in the development
of new alloys and the improvement of existing ones (Müller, 2003; Novakovic & Tanaka,
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2006; Awe et al., 2011; R. P. Koirala, Kumar, et al., 2014). As a result, theoretical study on
several binary liquid alloys at fixed and higher temperatures is currently lacking, which
would provide data on thermophysical properties that may be utilized to investigate
further prospects of binary liquid alloy.

1.7 Objectives

The general objective of this work is to:

study of the mixing behavior of some binary liquid alloys (Bi-Pb, Cu-In etc.)

The specific objectives of the proposed work are:

1) to study the thermodynamic behavior of liquid alloys (Free energy, enthalpy and
entropy of mixing).

2) to study the structural dependence of binary liquid alloys ( concentration fluctua-
tion in long wavelength limit and chemical short range order parameter).

3) to study the transport properties of liquid alloys (diffusion coefficient and viscos-
ity).

4) to study the surface properties of liquid alloys (surface concentration and surface
tension).

1.8 Outline of Thesis

Using the complex formation model, the thermodynamic properties, including free
energy of mixing (𝐺𝑀), enthalpy of formation (𝐻𝑀), and entropy of mixing (𝑆𝑀) of Bi-
Mg, Bi-Pb, In-Pb, and Cu-In binary liquid alloys have been investigated. The extended
CFM is employed to examine structural features such as concentration fluctuation in long
wavelength limit (Scc(0)) and chemical short range order parameter (𝛼1). The model is
extended to investigate the diffusion coefficient of the previously mentioned binary liquid
alloys. Transport properties such as viscosity have been studied within the framework of
the Budai-Benko-Kaptay (BBK) model. By using improved Buttler’s equation, surface
properties such as surface concentration and surface tension have been investigated.
The models are further expanded in order to investigate the aforementioned features of
Bi-Pb liquid alloys at elevated temperatures. The study of thermo-physical properties
of binary liquid alloys at different temperatures remains an active area of research in
the field of material science, as it has a rising number of applications in numerous
disciplines of science and industry. This study investigates the various thermophysical
properties of binary liquid alloys and the degree of ordering or segregation in the chosen
binary systems. In addition, a comparison is made between the theoretical results and
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the available experimental results, and it is determined that the results are qualitatively
in agreement.

This thesis work is organized as follows:
Chapter-1: Introduction, the chapter discusses the introduction to alloys, background
of alloys, general methods of alloy preparation, types of alloys, introduction to the pre-
sented research work, and the motivation for the work.
Chapter-2: Literature review, in this part, the literature review of study of binary liquid
alloys with numerous models have been presented.
Chapter-3: Material and methods, here the chapter provides the insight of fundamental
concept of complex formation model, BBK model and Buttler equation. The extension
of complex formation to analyse chemical short range order parameter and diffusion
coefficient has also been presented.
Chapter-4: Results and discussion, this section discusses the obtained results and their
interpretations.
Chapter-5: Conclusion and recommendation, conclusions of the study and recommen-
dations for the future work have been presented.
Chapter-6: Finally, the work is summarized.
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CHAPTER 2

LITERATURE REVIEW

2.1 Background of Structure Factors

The structured characteristics of the electrical resistivity of binary alloys were examined
by introducing three new structure factors: 𝑆NN( ®𝑘), 𝑆cc( ®𝑘) and 𝑆Nc( ®𝑘). For liquid alloys,
the approximation is precise, while for solids it is simply approximate. These structure
factors were derived from the Fourier Transform of the local ion concentration and
number density. In the weak scattering approximation, the function, Γ( ®𝑘, 𝜔) describing
the scattering of an electron from the initial wave vector state ( ®𝑘1) to the final wave
vector state (®𝑘2) in the alloy is given by (Bhatia & Thornton, 1970).

Γ

(
®𝑘, 𝜔

)
= 1/ (2𝜋𝑁)

∫
𝑒(−𝑖𝜔𝑡)dt

〈
𝐴∗( ®𝑘, 0) 𝐴( ®𝑘, 𝑡)

〉
(2.1)

where 𝑁 represents the total number of atoms present in the crystal and Γ( ®𝑘, 𝜔) is related
to the alloy’s resistivity in the same way as it is in the case of pure metal (Bhatia &
Gupta, 1969). Here ℏ𝜔 = 𝐸 ®𝑘1

− 𝐸®𝑘2
and ®𝑘 = ®𝑘1 − ®𝑘2. The function 𝐴( ®𝑘, 𝑡) is defined as

𝐴( ®𝑘, 𝑡) =
∑︁
𝑗

𝑊 𝑗 (𝑘) 𝑒
(
𝑖®𝑘 · ®R 𝑗 (𝑡)

)
. (2.2)

Here ®𝑅 𝑗 (𝑡) is the position operator of the atom 𝑗 at time 𝑡, and 𝐴∗( ®𝑘, 0) is the complex
conjugate of the operator (𝐴( ®𝑘, 0)). The pseudo-potential matrix element (𝑊 𝑗 (𝑘)) of
the ion 𝑗 in the alloy is given by

𝑊 𝑗 (𝑘) =
∫

𝑒
𝑖 ®k·

(
®𝑟− ®𝑅 𝑗

)
V 𝑗

(
®𝑟 − ®𝑅 𝑗

)
𝑑3𝑟 (2.3)
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where the term (𝑉 𝑗 (®𝑟 − ®𝑅 𝑗 )) is the effective potential due to the 𝑗 th ion centered at ( ®𝑅 𝑗 ).
Equation 2.1 is simplified as (Bhatia & Thornton, 1970):

Γ

(
®𝑘, 𝜔

)
=

(
𝑊

)2
𝑆NN

(
®𝑘, 𝜔

)
+(𝑊1 −𝑊2)2 𝑆cc

(
®𝑘, 𝜔

)
+2𝑊 (𝑊1 −𝑊2) 𝑆Nc( ®𝑘, 𝜔) (2.4)

where𝑊1 = 𝑊1(𝑘),𝑊2 = 𝑊2(𝑘), and𝑊 = 𝑐𝑊1 + (1 − 𝑐)𝑊2.

Here, the structure factors 𝑆NN

(
®𝑘
)

, 𝑆cc

(
®𝑘
)

and 𝑆Nc

(
®𝑘
)

are functions of their respective

dynamic structure factors 𝑆NN

(
®𝑘, 𝜔

)
, 𝑆cc

(
®𝑘, 𝜔

)
, 𝑆Nc

(
®𝑘, 𝜔

)
, 𝜔 and 1/𝑇 .

𝑆NN

(
®𝑘
)
=

∫ [
𝛽𝜔

(exp(𝛽𝜔) − 1)

]
𝑆𝑁𝑁 ( ®𝑘, 𝜔)𝑑𝜔

here, 𝛽 = ℏ/𝑘𝐵T. After some simplification the expressions for structure factors are
obtained as,

𝑆NN

(
®𝑘
)
= 𝑁−1 ⟨𝑁∗(𝑘) 𝑁 (𝑘)⟩ ,

𝑆cc

(
®𝑘
)
= 𝑁 ⟨𝑐∗(𝑘) 𝑐(𝑘)⟩ and

𝑆Nc

(
®𝑘
)
= 𝑅𝑒 ⟨𝑁∗(𝑘) 𝑐( ®𝑘)

〉
Here 𝑁 ( ®𝑘) and 𝑐( ®𝑘) (number and concentration factors) refer to the same time and
hence need not be considered as quantum operators. The asterisk denotes the complex
conjugate in this case. All structure factors in liquid alloys are solely determined by
the magnitude 𝑘 of ®𝑘 only. It is also noted that the substantial temperature dependence
of an alloy’s resistivity at its critical point is due to the temperature dependence of
concentration fluctuations. For liquid alloys and some above the Debye temperature,
these structure factors have the property that at the long wave length limit (k→0), 𝑆cc (𝑘)
represents the mean square fluctuation in concentration (Bhatia & Thornton, 1970).

𝑆cc

(
®𝑘
)
= 𝑆

cc
(0) = 𝑁

〈
(Δc)2〉 (2.5)

Similarly, it was demonstrated at the long wavelength limit 𝑘 → 0 that (Bhatia &
Thornton, 1970),

𝑆NN

(
®𝑘
)
= 𝑆

NN
(0) =

〈
(ΔN)2〉 /𝑁 (2.6)

𝑆Nc

(
®𝑘
)
= 𝑆

Nc
(0) = ⟨Δ𝑁Δ𝑐⟩ (2.7)

Here,
〈
(Δc)2〉 represents the mean square fluctuation in concentration,

〈
(ΔN)2〉 rep-
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resents the mean square fluctuation in number, and ⟨Δ𝑁Δ𝑐⟩ represents the correlation
between the two fluctuations,Δ𝑐 andΔ𝑁 . The mean square fluctuations in concentration,〈
(Δ𝑐)2〉 is defined as (Ramachandrarao et al., 1984),

Δ𝑐 =
𝑐2Δ𝑁1 − 𝑐1Δ𝑁2

𝑁𝐴𝑉
(2.8)

where 𝑁𝐴𝑉 is the Avogadro’s number, Δ𝑁1 and Δ𝑁2 correspondingly represent the
fluctuation in the particle density of species 1 and 2. Further research was done on the
structure factors at zero wave number and how they can be changed into thermodynamic
variables (Bhatia & Hargrove, 1974). Bhatia & Thornton (1971) extended the idea of
structural factor in the long wave length limit of solid alloy by taking the complete
complement of stress and strain variables into consideration. Bhatia & March (1972)
extended the conformal solution theory to determine the liquidus curve of the binary
Na-K system with respect to the potassium atomic percentage. The formation of a
complex has been confirmed with the aid of a computed phase diagram.

2.2 Review and Technical Description of 𝑆𝑐𝑐(0)

If 𝑉1 and 𝑉2 are the partial molar volumes per atom of two different species, then the
dilation factor is defined as

𝛿 =
𝑉1 −𝑉2

𝑐1𝑉1 + 𝑐2𝑉2
(2.9)

Regular solution is one in which (𝛿) is small (𝛿 << 1 ). For such solution with no supper
lattice where the difference in partial volumes of components is very small, complex
formation model (CFM) or regular solution theory (RST) can be applied. When partial
molar volumes 𝑉1 and 𝑉2 differ significantly, the Flory formula is a more accurate
approximation (Bhatia & Hargrove, 1974). For this kind of solution without a super
lattice

𝑆cc (0) =
𝑐1𝑐2

1 − 2𝑐1𝑐2Ψ12/𝑅𝑇
(2.10)

For an ideal solution Ψ12 = 0. This is the random solution, which means that the resis-
tivity due to alloying is proportional to 𝑐 (1 − 𝑐) and temperature independent. Hence,
the long wave length limit of the partial structure factor contains direct information on
the ideality and non-ideality of the mixture. It is conceivable, in principle, to collect
information about the structural changes that take place as a result of alloy formation be-
cause there is a direct correlation between the atomic structure of liquid alloys and their
thermodynamic properties (Bhatia et al., 1973). When a single complex is formed, the
idea of 𝑆cc (0) is also used to study the thermodynamics of eutectie type liquidus curve
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in a compound forming binary system (Bhatia et al., 1974; Bhatia & March, 1975a).
Predel (1976) created a model that successfully describes the deviation from regular
behavior of various alloy systems such as Cd-Hg, Cd-Na, and Mg-Ca. Using argon,
sodium, potassium, and copper as reference liquids, Johnson et al. (1975) investigated
the dependence of concentration fluctuation on wave number. On the basis of complex
formation, structure factors for binary systems are obtained and used to the Li-Pb system
(Bhatia & Ratti, 1975). For metal salt solutions such as Na-NaCl at 1173 K and K-KBr
at 1033 K, the partial structure factor was studied as a function of concentration for small
𝑞 values (Durham & Greenwood, 1976).

The above mentioned type works for a variety of binary systems have been designed
and expanded to investigate their additional potential (Ratti & Bhatia, 1975; March et
al., 1976; Bhatia & Ratti, 1977; Ratti & Bhatia, 1977; Swamy et al., 1977; Bhatia &
March, 1978; Ratti & Bhatia, 1978; Bhatia et al., 1980; Bhatia & Singh, 1980; Alonso
& March, 1982). The binary liquid alloys in different prospect have been studied by
numerous researcher (Bhatia & March, 1979; Tamaki et al., 1982; Laty et al., 1978; Lee
& Aaronson, 1980; Alonso & Gallego, 1985).

2.3 Literature Methods

2.3.1 Complex formation model (CFM)

Bhatia & Hargrove (1974) developed the complex formation model on the basis of
conformal solution theory of Guggenheim (Guggenheim, 1952). The expressions for
free energy, enthalpy, entropy, activity and concentration fluctuation in long wave length
limit are presented. The model is successfully applied to Bi-Mg, Tl-Te, Cu-Sn and Ag-
Al liquid alloys. The model is applied in many way by numerous researchers. In Li-Pb
and Na-Pb liquid alloys, the electrical resistivity and entropy exhibit anomalous behavior
as a function of concentration. This anomalous behavior is explained by the complex
formation hypothesis (A. K. Mishra et al., 1990). The hetero coordination in Mg-Sn was
observed by R. N. Singh, Jha, & Pandey (1993) and that in K-Te by Akinlade (1994).
The mixing behavior was observed in Hg-Na and Hg-K (A. K. Mishra et al., 1994),
Hg-In (Attri et al., 1995), K-Bi (Akinlade, 1996) Hg-In (Attri et al., 1996) , Al-Mg
(Prasad et al., 1996), Thermodynamic and structural property of Al-Fe (Akinlade et al.,
2000), Mg-Zn (N. Jha et al., 2001), Li-Pb (Rukhaiyar et al., 2001), In -Cu (Akinlade &
Singh, 2002), Ca-Mg (P. P. Mishra et al., 2002), Te-Ga and Te-Tl (Awe et al., 2003),
Fe-V and Fe-Ti (Akinlade & Boyo, 2004), Cu-Mg (Godbole et al., 2004), Na-Cs (Boyo,
2005), Cd-Na (I. S. Jha & Singh, 2005). Salmon (1992) studied the 2:1 binary system’s
structure using the Bhatia-Thronton formalism (Bhatia & Thornton, 1970), which was
represented as MX2 ( MgCl2, CaCl2, SrCl2, BaCl2, NiCl2, NiBr2, NiI2, ZnCl2, GeSe2),
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where M is an electropositive chemical species, and X is an electronegative one.

On the basis of the CFM and the pseudo-potential technique, the alloying behavior
of a Cu-Mg alloy close to the melting point was explored. The former has been
used to calculate the microscopic functions, thermodynamic, surface, partial and total
structure factors. The latter was utilized to calculate the local screened factor required
for calculating the alloy’s electrical resistivity. The outcomes are in a fair degree of
agreement with the experiment (Kumar et al., 2005). The development of the chemical
complex CaMg2 served as the foundation for the investigation of the Ca-Mg alloy. On
this basis, the partial and total structure factors 𝑆ij (𝑘) and 𝑆 (𝑘) have been calculated
and analyzed. Additionally, the local screening factor and, subsequently, the electrical
resistivity of the alloy have been calculated using the Shaw model of pseudo potential. In
the context of the complex formation model, a number of thermodynamical properties,
including the heat of formation, entropy of mixing, concentration fluctuation at long
wavelength limit𝑆cc (0), and chemical short range order parameter (SRO), have also
been investigated (Kumar et al., 2006). It was found that in the case of the liquid alloy
Al-Mg, various factors such size difference and electronegativity difference are too small
to justify the asymmetric behavior. The reported asymmetry indicates that in the liquid
alloy, Al3Mg2 complexes occur. This suggests that, in any complexes stochiometric
composition lying at the certain composition other than equiatomic composition creates
asymmetry around stochiometric composition (A. K. Mishra & Milanarun, 2006). The
CFM is also applied to Au-In (Novakovic et al., 2006), Al-Co and Co-Ni (Novakovic
& Tanaka, 2006), Cd-Na (A. K. Mishra, 2007), Cu-Sn (Prasad et al., 2007), Cd-Zn
(Rafique & Kumar, 2007), Cu-In (Odusote, 2008), Bi-In (Novakovic et al., 2009), Na-
Cd (Chatterjee et al., 2011), Sb-Sn, (Novakovic et al., 2011), Al- Ti (Novakovic et al.,
2012), Hg-Pb and Hg-In (Sharma et al., 2013) liquid alloys.

Infinite dilute activity coefficients (𝑌∞) of binary liquids have been calculated using
a new approach. The method mainly involves utilizing a complex formation model
to calculate 𝑌∞’s using experimental thermodynamic integral free energy of mixing
data. Twenty-two binary alloys were chosen, and the computed activities for each were
compared to the experimental activities that were available. In most of the chosen alloys,
it was found that the findings of the suggested technique exhibited higher agreement with
experimental activity data. As a result, the method is recommended as an alternative and
more trustworthy method of determining𝑌∞’s of binary liquid alloys (Awe & Oshakuade,
2016). The CFM is further applied to explore the mixing behavior in Co-Si (Novakovic
et al., 2016), Bi-Sb, Bi-Sn and Sb-Sn (Adedipe et al., 2019), Ga-Zn (Bhandari et al.,
2019), Bi-Pb and In-Pb (Bhandari, Panthi, Koirala, & Adhikari, 2021) binary systems.

From Guggenheim’s quasi lattice model and Wilson’s local composition conception,
Vera et al. (1977) constructed a novel formula for the excess Gibbs energy of liquid
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mixture. The new equations are known as the local surface Guggenheim’s (LSG)
equation and the local composition Guggenheim’s equation (LCG). The new equations
only need two adjustable parameters for each binary, and there are no higher order
parameters needed for the equations to be extended to multi-component systems. Ab
initio method was used by R. N. Singh (1981) to determine the free energy of mixing and
the heat of mixing for a liquid alloy of NaK, KRb, and NaCs. The hard-sphere reference
system and pseudo potential theory were utilized for this study. It was noticed that
during alloying, the diameter of heavier elements decreases while the diameter of lighter
elements increases. It was also noted that the structural component of energy contributes
significantly to the free energy. Alonso & March (1982) used semi empirical theory to
develop a concentration dependent interchange energy Ψ(𝑐), which is a modification
of the concentration-independent interchange energy employed in conformal theory of
liquid solution. The concentration fluctuation in liquid Na-K alloy is then studied using
Ψ(𝑐). The model is also used to investigate the concentration dependence of heat of
formation in alkali metal liquid alloys such as Na-Cs, Na-Rb, Na-K, K-Cs, K-Rb, and
Rb-Cs (Gallego et al., 1983). A statistical model that permits the configurational entropy
of compound producing binary liquid alloys was established by Bergman and colleagues
(Bergman et al., 1982). The researchers compared the entropies that were calculated
based on ideal mixing with those that were calculated using the Flory model. The model
is applied to Tl-Te and Cu-Si alloys by making the assumption that the regular associated
solution is composed of A and B atoms along with their respective chemical associates,
𝐴𝑝𝐵𝑞. The thermodynamic data of liquid Hg-Na alloys were analyzed by Tamaki et
al. (1982) in terms of the concept of compound formation. In addition, the magnetic
susceptibility and resistivity of the same system were measured at 373 K.

2.3.2 Quasi chemical approximation (QCA)

To understand short range order (SRO) in a number of regular alloys, Bhatia & Singh
(1982a) modified the conformal solution model and hence the complex formation model
to the quasi-chemical approximation (QCA). To deal with SRO in alloys, they set up
the grand partition function. In a weak interaction approximation, Bhatia & Singh
(1982b) made the quasi-chemical approximation even easier to understand and used it to
describe Ag-Al alloy. Though conformal solution model (Longuet-Higgins, 1951) and
consequently complex formation model (Bhatia & Hargrove, 1974) have successfully
inferred 𝑆cc (0) using interchange energy, they did not provide any information about
SRO because the models neglects the extent of local ordering. Knowledge of 𝑆cc (0) as
well as the local ordering measured in terms of the Cowley-Warren short range order
parameter for the nearest neighbor shell can give insight on the phenomenon of easy
glass formation in numerous binary molten alloys (R. N. Singh, 1987).
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For use in molten alloys belonging to the weakly interacting compound family, such
as Ag-Al, Ca-Mg, Cu-Sn, Mg-Zn, etc., Bhatia & Singh (1984) further simplified the
QCA. In the event that no complexes are formed, the complex formation model, and
hence the quasi-chemical approximation, will be reduced to the conformal solution
expression. The formula for chemical short range order parameter (𝛼1) in the quasi-
chemical approximation may only be utilized for qualitative information at temperatures
below and close to the critical temperature. The quasi-chemical approximation is known
to perform poorly at 𝑇 ≤ 𝑇𝑐, even for alloys with long range order. However, can be
utilized more confidently for temperatures higher than 𝑇𝑐. The value of the short-range
order parameter in the compound forming system is determined by 1) A-B contacts that
are in the mixture outside the complex and 2) A-B contacts that lie within the complex
itself. It is also crucial to understand that coordination number (𝑧), which is typically
between 6 and 12 (𝑧 = 6, 8 and 12 for sc, bcc, and fcc), should not greatly influence
𝑆cc (0), but its inclusion is significant for SRO study. Within quasi lattice theory (QLT),
one can easily obtain the two approximations: the conformal solution and Flory’s, which
were used in Bhatia and Horgrove’s work (Bhatia & Hargrove, 1974) by setting 𝑧 = 2
and 𝑧 = ∞. The free energy expression in a quasi-lattice model is:

𝐺𝑚 =𝑅𝑇
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(2.11)

where 𝑛 = 𝑛1 + 𝑛2 + 𝑞3𝑛3 and 𝑞3 can be stated as follows for an open chained structure
of the complex:

𝑞3 = (𝑝 + 𝑞) − 2
(𝑝 + 𝑞 − 1)

𝑧
(2.12)

and

N = 𝑁 − 𝜉𝑛3, 𝜉 = 𝑝 + 𝑞 − 𝑞3 =
2(𝑝 + 𝑞 − 1)

𝑧

Setting 𝑧 = 2, equation 2.12, results 𝑞3 = 1 and N =𝑛1 + 𝑛2 + 𝑛3 = 𝑛. When these values
are substituted for equation 2.11, once we get,

𝐺𝑀 = 𝑅𝑇
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𝑛𝑖 ln
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∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψij (2.13)

This is the conformal solution formula for the ternary mixture’s free energy of mixing.
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For 𝑧 → ∞, the equations 2.11 and 2.12 permit us to write

𝐺𝑀 = 𝑅𝑇
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𝑛1 ln
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+ 𝑛2 ln
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)]
+
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𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψij (2.14)

This equation is commonly referred to as Flory’s formula for free energy. The quasi
chemical technique was modified by Pelton & Blander (1986) to account for the con-
centration dependence of numerous binary slag systems, such as CaO-SiO2, FeO-SiO2

and CaO-FeO. The calculations were expanded to include a ternary SiO2 − CaO − FeO
slag system. R. N. Singh et al. (1987) used quasi chemical theory to investigate the
activity, heat of mixing, concentration fluctuation in the long wave length limit 𝑆cc(0),
and chemical short range order parameter in Li-Mg alloys. As a result of considering
the exchange energy as a function of temperature, numerous thermodynamic quantities
are determined at high temperatures. The model is applied to investigate the energetic of
mixing in Mg-Sn and Cu-Sn (Prasad et al., 1995), As-Zn and As-Cd (Akinlade, 1998),
Zn -Au (Anusionwu, 2000), Cu-Zr and Cu-Si (Anusionwu & Adebayo, 2001) and weak
association in Li-Mg alloy (Anusionwu, 2002). QCA has been used to confirm the
possible compounds present in the liquid Cu-Hf alloys at 1650 and 1873 K. It was found
that CuHf2 is a more stable molecule at higher temperatures, despite the fact that its
existence appears to be more prevalent at lower concentrations of Hf (Anusionwu et
al., 2003). The structural, surface, and thermodynamic properties of Ge-Ga and Ge-Sb
liquid alloys were investigated and the QCA is extended to study the surface 𝑆cc(0)
as well (Anusionwu, 2004). The approximation is also used to observe the alloying
behavior in Cd-Mg, and Cd-Ga (A. K. Mishra & Milanarun, 2005), Ag-Cu (Novakovic,
Ricci, et al., 2005), Au-Sn (Novakovic, Ricci, et al., 2005), Ga-Sn and Ga-Zn (Ga-X)
(Novakovic & Zivkovic, 2005), Sb-Sn and In-Sn (Anusionwu, 2006) liquid alloys. All
thermodynamic and phase diagram data for the Mg-Si and Mg-Sn binary systems, as
well as the Mg-Sn-Si ternary system, were analyzed critically. To produce a single set
of model parameters for the Gibbs’s energies of the liquid as functions of composition
and temperature, all reliable data were simultaneously optimized. To describe the strong
ordering in Mg-Si and Mg-Sn liquids, the liquid phase was studied using the modified
Quasi chemical model (Jung et al., 2007). The Al-Ce, Al-Y, Al-Se, and Mg-Sc system
were subjected to rigorous critical analysis and optimization. For the liquid phase,
which displays a high level of short-range ordering, the modified quasi-chemical model
is applied. All of the accessible and credible experimental data, including phase dia-
grams, enthalpies of mixing in liquid alloys, and heats of intermetallic phase formation,
are accurately reproduced within the experimental error limitations (Kang et al., 2008).
The mixing behavior of an In-Sn liquid alloy was investigated using the quasi-chemical
approximation and the complex formation model, with the compound assumed to be
energetically favorable. At equi-atomic composition, the thermodynamic functions of
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mixing exhibit symmetry, whereas the microscopic functions and diffusivities exhibit
asymmetrical behavior (Novakovic et al., 2008). The applications of QCA were made on
Ga-Sn, Ga-Mg and Al-Ga (Awe et al., 2008), Al-Ga and Al-Ge (Anusionwu, Adebayo,
& Madu, 2009), Cu-B (Passerone et al., 2009) , Si-Ti (Awe et al., 2011), Al-Cr and
Cr-Ni (Novakovic et al., 2011), Na-K (Adhikari et al., 2012b), Ge-Si (Amore et al.,
2014), Fe-Cr (Novakovic & Brillo, 2014) and Al-X (Al-Sn, Al-Ge, Al-Cu) (Odusote,
2014) liquid systems to observe their mixing behavior. At 673 K, the Gibbs free energy,
enthalpy, entropy, and activity as well as the concentration fluctuation in the long wave
length limit and chemical short range order parameter of the Tl-Na alloy have been stud-
ied. The viscosities of the alloy determined using the BBK model, Singh and Sommer’s
formulation, and the Kaptay equation were compared. The results of the surface tension
calculation show that the results from the layered structure approach and the compound
formation model are reasonably in agreement in the Tl-rich side of the composition
and are in good agreement in the Na-rich side, whereas those obtained from the Butler
equation show a noticeable deviation in the intermediate compositions. The Tl-Na melt
has been observed to have hetero-coordination in the complete range of concentrations
and has been found to be a significantly interacting system by negative divergence from
the Roultian behavior (I. S. Jha et al., 2016). The approximation is further continued to
employee in Ag-Ge (Delsante et al., 2019), Au-X (X = Cu, Zn, Pb, Ni, Sn, Al) (Odusote
& Popoola, 2019) and Bi-Sn (Giuranno & Novakovic, 2020) binary systems to explore
their thermophysical characteristics.
The time of flight (ToF) spectrometer was used to conduct the neutron scattering experi-
ment (Soltwisch et al., 1983). The authors reported quasi-elastic neutron scattering data
that yield experimental knowledge regarding the microscopic dynamics of concentration
fluctuation. A different method for determining concentration dependent interaction
energy 𝑊 (𝑐) is also described. In accordance with the conformal solution model, for
𝑞 = 0 we have,

𝑆cc (0) =
𝑆
(ideal)
cc (0)

1 + 2𝑊 (𝑐) 𝑆(ideal)
cc (0)/𝐾𝐵𝑇

(2.15)

where𝑊 (𝑐) is proportional to enthalpy of mixing 𝐻𝑀

𝑊 (𝑐) = 𝐻𝑀

𝑁𝑐𝐴𝑐𝐵

Excess thermodynamic fluctuations, structure factors, and concentration fluctuations in
Na-Rb, Na-Cs, K-Rb, and Rb-Cs liquid alkali alloys were examined in the framework
of Vander Waals theory, where a liquid alloy was treated as a mixture of hard spheres
immersed in a homogeneous background potential (Y. Tanaka et al., 1983).
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The conformal solution theory was widely applicable to the mixtures in which the
difference in volume between the species was not significant. However, for systems
such as Na-Cs and Na-Rb in which the volume ratio is large (≈ 3), Bhatia & March
(1975b) offered an alternate method and successfully explained the size effects in a
Na-Cs liquid alloy by considering only one interaction energy parameter. In 1984,
R. N. Singh & Bhatia (1984) introduced the temperature-dependent interaction energy
(W) and investigated the entropy and free energy of mixing of Na-Cs liquid alloy. The
size impact in the Na-Cs system was resolved by inserting a temperature-dependent
interaction energy term. The dependence of 𝑆𝑐𝑐 (0) on temperature is also studied. The
size effect in the Na-Cs liquid alloy in terms of 𝑆𝑐𝑐 (0) had been explained through
various approaches as demonstrate in figure 6. The open circles are theoretical at 𝑇 =
384 K (Y. Tanaka et al., 1983), the full circles are for theoretical at 𝑇 = 383 K (Bhatia
& March, 1975b), the stars are experimental at 𝑇 = 383 K (Ichikawa et al., 1974), solid
curves are theoretical with 𝑇 = 383 K (R. N. Singh & Bhatia, 1984), the broken curves
are experimental at 473 K (Neale & Cusack, 1982) and the plus signs are from neutron
diffraction experiment at 373 K. (Huijben et al., 1979).

Figure 6: Concentration fluctuations (𝑆𝑐𝑐 (0)) for Na-Cs system (Y. Tanaka et al., 1983; Bhatia & March,
1975b; Ichikawa et al., 1974; R. N. Singh & Bhatia, 1984; Neale & Cusack, 1982; Huijben et al., 1979).
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2.3.3 Quasi lattice theory (QLT)

Bhatia & Singh (1984) demonstrated that the thermodynamic properties of compound
forming 𝐴 − 𝐵 alloys are able to be explained by using a quasi-lattice picture. In this
picture, the alloy is viewed as a pseudo ternary mixture of 𝐴 atoms, 𝐵 atoms, and
𝐴𝑝𝐵𝑞 complexes, all of which are in equilibrium with one another. It is assumed that
all atoms occupy lattice positions. Each location has 𝑧 closest neighbors. If the size
difference between two types of atoms 𝐴 and 𝐵 is less than fifty percent, each atom can
be considered a monomer. The large majority of compound-forming alloys come under
this category. The complex 𝐴𝑝𝐵𝑞 is therefore (𝑝 + 𝑞)- mer or occupies a (𝑝 + 𝑞) lattice
site. This approach gives a formulation for the short range order parameter for nearest
neighbors, unlike the Bhatia-Hargrove approach. If the total number of lattice sites be
𝑁 , then it is equal to the total number of atoms present in the alloy, 𝑁 = 𝑛1 + 𝑛2 +
(𝑝 + 𝑞) 𝑛3. In conclusion, it is assumed that the interaction between the atoms is of a
short range, and this interaction is represented by the energies of the nearest bond or the
contact. To explain the alloying behavior of liquid Au-Zn alloys, the QLT has been used.
The hetero coordination in the Au-Zn melt is shown by the ordering energy’s significant
negative values and the chemical short range order parameter. It is possible that 1-1
type complexes (AuZn) exist in the liquid alloys based on the deep in concentration
fluctuation at the long wave length limit and the bigger negative value of excess free
energy of mixing at 𝑐 = 1/2. This suggests that Au-Zn liquid alloys with symmetrical
mixing properties belong to a system with strong interactions (Prasad & Singh, 1990). In
the framework of QLT, the thermodynamic and microscopic behavior of Ag-Sn (Prasad
et al., 1998), Mg-Zn (N. Jha et al., 2001), Bi-Pb (Novakovic et al., 2002), Ag-Cu, Ag-Ti
and Cu-Ti (Novakovic et al., 2003) were explored. With particular attention paid to their
bulk and surface properties, the energetics of molten alloys Ag-Zr and Cu-Zr have been
examined. Additionally, the propensity of both systems to form glass at increasing Zr
concentrations is suggested by the qualitative associative tendency between dissimilar
constituent elements as reflected by microscopic functions (Novakovic et al., 2004). The
QLT is also applied to Ag-Ti and Ag-Hf (Novakovic, Tanaka, et al., 2005), Sn-Ag, Sn-
Bi, and Sn-In (Prasad & Jha, 2005), Al-Mg (A. K. Mishra & Milanarun, 2006), Cu-Sn,
Sn-Ti and Cu-Ti (Novakovic et al., 2006) liquid melts to explore their characteristics on
mixing.

Applying formulae derived using the quasi-lattice approximation, the energetics and its
impact on the mixing behavior of the relevant binaries Al-Zn, Al-Sn, and Sn-Zn as well
as ternary Al-Sn-Zn liquid have been explored. Through the use of the model developed
by Chou & Wei (1997), the binary composition of the ternary Al-Sn-Zn was fixed using
the same interaction energies that were used to describe the alloying behavior of the
binaries discussed above. Theoretical findings are in good agreement with those of
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the experiment (Kohler, 1960; Prasad & Mikula, 2006). The experimental results were
reproduced by the theoretical analysis of the concerned binaries (Ag-Sn, Sn-Zn, and
Ag-Sn) of the ternary Ag-Sn-Zn liquid alloys. Extended QLT has been used to explore
both the bulk and surface properties of the Ag-Sn-Zn ternary liquid alloys, based on the
results of the binary system (Prasad & Jha, 2007). The mixing functions of Cu-Bi and
Bi-Zn (Akinlade et al., 1998), Ga-Sn, Al-Sn and Fe-Sn (Akinlade et al., 1999), In-Zn
and Sn-Zn (Ilo-Okeke et al., 2005) Ga-Tl and Zn-Cd (Akinlade & Awe, 2006), Al-Zn
and Bi-In, (Odusote et al., 2007), Cd-Ga (Sommer, 2007) Ni-Ti (Novakovic et al., 2008),
Cd-Ga (Anusionwu, Madu, & Orji, 2009), Al-Nb and Nb-Ti (Novakovic, 2010), Fe-Si
(Kumar et al., 2011), Al-Si (B. P. Singh et al., 2012), Sn-Tl (R. P. Koirala, Jha, et al.,
2014) were explained with reference to QLT.

For Mg-Pb alloys at various temperatures, the excess free energy of mixing 𝐺XS
𝑀

, con-
centration fluctuation in the long-range wave length limit 𝑆cc (0), and the chemical
short-range order parameter 𝛼1 were assessed. At 𝑐Mg = 𝑐Pb = 0.5, these properties
were reported to be asymmetrical, and they exhibit a minimum at 𝑐Mg � 0.60. Chemical
compounds, such as Mg2Pb, are thought to be the cause of the asymmetry. When Mg
and Pb atoms tend to couple as nearest neighbors, there appears to be significant hetero-
coordination, according to the 𝑆cc (0) and 𝛼1 values (R. N. Singh & Arafin, 2015). The
various properties of binary melts in conjunction with QLT were studied for Cd-Hg
(I. Koirala et al., 2015), Mg-Sb and Cu-Sb (Ajayi & Ogunmola, 2018), Cu-Sn (Panthi et
al., 2021), Ag-Sb (Panthi et al., 2020), Si-Ti (Yadav, Mehta, et al., 2020), Cu-Mg (Yadav,
Gautam, & Adhikari, 2020), Na-Hg (Panthi et al., 2021), and Hg-Pb (Panthi et al., 2022)
systems.

2.3.4 Regular associated solution model (RASM)

To calculate the complex concentration of an 𝐴𝑝𝐵𝑞 type cluster in a liquid alloy, Lele
& Ramachandrarao (1981) developed a new approach. For this, the activity coefficient
of the components at infinite dilution and activity values for any other composition
were utilized. The equilibrium constant for cluster dissociation as well as the nature
and magnitude of pairwise interaction energies between unassociated atoms and clusters
are evaluated without making any assumptions. The model is then applied to molten
Mg-Sn and In-Sb alloys, where excellent agreement with experimental data is observed.
The model is modified and updated as regular associated solution model and used
by many researchers to investigate the binary liquid mixture. The regular associated
solution model (RASM) was used to examine the thermodynamic characteristics and
microscopic functions of liquid Fe-Si alloys at 1873 K. The complex concentration in
a regular associated solution of Fe, Si, and Fe2Si was calculated using the model. The
integral excess free energy of mixing, activity, concentration fluctuation in the long
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wavelength limit, 𝑆cc (0), and the Warren-Cowley short range parameter, 𝛼1 were all
calculated using the complex concentration. According to the analysis, the hetero-
coordination that results in the production of the complex Fe2Si is likely to occur in
the liquid due to its strong nature of interaction. Based on the model chosen, the
observed asymmetry in the properties of mixing in Fe-Si alloys in the molten state
is satisfactorily explained (Adhikari, Jha, & Singh, 2010). The similar investigation
were done for Cu-Sn (Adhikari, Singh, et al., 2010), Ag-Al (Adhikari, Jha, & Singh,
2010), Cd-Na (Adhikari, Singh, et al., 2010), Ag-Sb (B. P. Singh et al., 2010), Mg-Tl
(Adhikari, Jha, et al., 2011), Hg-Na (Adhikari, Singh, et al., 2011), Mg-Pb (Adhikari,
2011), Li-Mg (I. S. Jha et al., 2011), Na-Pb (B. P. Singh et al., 2011), Cd-Hg and Cd-Na
(Adhikari et al., 2012a), In-Na and Na-Pb (I. S. Jha et al., 2012), Al-Fe (Adhikari et al.,
2014), Tl-Na (Yadav et al., 2015b), In-Sn (Yadav et al., 2015a), In-Bi, Tl-Bi (Yadav et
al., 2015b) and Pb-Tl (Yadav, Jha, & Adhikari, 2016) binary liquid alloys. Using the
RASM, the thermodynamic properties of the Pb-Hg liquid alloy at 600 K have been
calculated, including the free energy of mixing, heat of mixing, activity, and structural
properties like concentration fluctuation in the long wave length limit and short range
order parameter. To calculate the surface tension of the alloys at various temperatures,
it was then correlated with a modified Butler model. At greater Pb concentrations, it
is observed that the Pb-Hg system at 600 K is ordered (Yadav, Jha, Jha, et al., 2016).
Further the mixing energetics of Ni-Al, (Yadav, Lamichhane, et al., 2016), Tl-Na (Yadav
et al., 2017) and Al-Mg (Yadav et al., 2018) alloys are explained in the frame of regular
associated solution model. Ramachandrarao et al. (1984) have elaborated on the linkages
between 𝑆cc (0), the equilibrium phase diagram, the existence of chemical complex in
the liquid state, and the formation of glasses. In a number of binary liquid alloys,𝐺𝑀 and
the heat mixing 𝐻𝑀 are composition-dependent asymmetric quantities. This asymmetry
is frequently attributed to differences in the size, valency, and electronegativity of the
liquid alloy’s constituents. Despite the fact that these characteristics are also responsible
for stimulating the formation of compounds or complexes in the alloy, asymmetry in
the compositional dependency of these features does not necessarily imply complex
formation. In this context, the use of 𝑆cc (0) is preferable to direct thermodynamic
analysis for determining the extent of association in the liquid. The magnitude of
𝑆cc (0) in liquid solutions depends on the nature of the solution formed and can vary
significantly from ideal to non-ideal solution. In a binary system, the concentration
dependency of 𝑆cc(0) changes depending on the nature of the solution and the type of
interaction between the species. 𝑆cc(0) has a magnitude of zero in strongly interacting
systems, an intermediate value in weakly interacting systems, and a significant positive
value in non-interacting systems. Extensive research by Bhatia and colleagues, (Bhatia
& Hargrove, 1974) has revealed that the magnitude of 𝑆cc(0) may even tend to infinity
(as in the case of Tl-Te), yet in strongly coupled or compound forming systems it may
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approach zero at compositions equivalent to the complex or compound’s stoichiometry.
Figure 7 demonstrates the different behaviors exhibited by 𝑆cc(0). The full circles are
for TeTl2 at 𝑇 = 873 K (Ivanov & Berezutski, 1996), the open circles are for In-Tl at
𝑇 = 723 K (I. Koirala et al., 2014b) , the dashed line represents ideal value of 𝑆𝑐𝑐 (0),
the solid line is for Cu-Sn at 𝑇 = 1373 K from (Novakovic et al., 2006), the stars also
represents 𝑆𝑐𝑐 (0) values for Cu-Sn at 𝑇 = 1400 K (Adhikari, Singh, et al., 2010) and the
dotted line is for Bi-Pb alloys at 𝑇 = 623 K (Novakovic et al., 2002).

Figure 7: Different behaviors exhibited by 𝑆cc (0) (Ivanov & Berezutski, 1996; I. Koirala et al., 2014b;
Novakovic et al., 2006; Adhikari, Singh, et al., 2010; Novakovic et al., 2002).

In several binary metallic systems, the range of compositions that can form glass is related
to the composition dependence of 𝑆cc (0), which is the concentration-concentration
fluctuation structure factor at its long wavelength limit. In the range of compositions
that make glass, the 𝑆cc (0) reaches the possible ideal value as shown in Figure 8. This
indicates that in the glass forming liquid alloys, a random distribution of constituent
atoms and complexes prevails at the concentration corresponding to the ideal value of
𝑆cc (0). However, the tendency for complex formation is unrelated to the tendency for
glass formation. Because the 𝑆cc (0) values in the glass forming composition range
tend to be near their ideal magnitude, short-range order in these alloys is negligible
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(Ramachandrarao et al., 1984). The composition range in which glass is formed typically
lies a significant distance from the stochiometric composition. Consequently, in the
context of the CFM, one can conclude that the unassociated species (𝐴 and 𝐵 atoms)
and the complex 𝐴𝑢𝐵𝑣 mix in a random manner at that composition. This random
mixture can hinder nucleation and promote glass formation. However, it appears that the
ideal value of 𝑆cc (0) may not be adequate but is an essential requirement for creating
glass from molten alloys. Many of the binary molten alloys that create compounds are
excellent glass-makers, for instance, Al-La, Ca-Mg, Mg-Zn, Cu-Ti, etc. (R. N. Singh,
1987).

Figure 8: The phase diagram and the composition dependence of 𝑆cc (0) at 1054 K in the system Ba-Mg
(Ramachandrarao et al., 1984).

Systems with −𝐺𝑀/𝑅𝑇 > 3 and an asymmetric concentration dependence of the ther-
modynamic function are known to have significant chemical interactions and form
complexes in the liquid state. On the basis of the 𝐺𝑀/𝑅𝑇 value, alloy systems can be
classified as strongly interacting, moderately interacting, weakly interacting according
to their propensity for complex formation (Ramachandrarao et al., 1984).

A model for the heat of mixing of two metals with differing lattice constants was proposed
by (Gijzeman, 1985). It is demonstrated that the model adequately describes the heat
of mixing as a function of composition. Ag-Pd, Cu-Ni, Cu-Pd, Ni-Pt, Ag-Au, Fe-Ni,
Cu-Pt, and liquid Cu-Fe are shown as examples. 𝑆𝑐𝑐(0) in Li-Pb, Hg-K, Na-Ga, Ar-Kr,
Na-Cs, Bi-Mg, and Na-Tl liquid alloys was investigated by Waseda et al. (1984). In

28



addition, the 𝐺𝑀 , 𝐻M, and 𝑆𝑀 of Na-Ga liquid alloys were examined. The equations
for calculating the Gibbs energy, enthalpy, and entropy of mixing were formulated by
Schmid & Chang (1985). Asymmetric behavior and miscibility gap were examined
with relation to Si-Te liquid alloys at 1100 K. For treating the thermodynamic properties
of high polymer solutions, the Flory formula for the entropy of mixing was initially
proposed. The study investigated the application of Flory’s formula to a broader range
of binary alloys and shows how the method can be used to accurately determine the
mixing entropy of compound forming alloys. The updated Flory’s formula for mixing
entropy is used in the work, and appropriate results are produced. For compound forming
alloys, it was observed that the results are better than in the hard sphere system (P. Singh
et al., 1985). Experiments were done to figure out the activity of calcium in Ca-Al alloys.
The concentration-concentration structure factor at zero wave vector has been calculated
from the measured activity data. Regular associated solution model was used to learn
further about thermodynamic properties (Jacob et al., 1988). The volume of mixing, the
free energy, activity, and 𝑆𝑖 𝑗 (0) of liquid Hg-Na and Hg-K alloys were investigated by
I. S. Jha et al. (1990). In all compositions, Hg-Na liquid alloys were shown to be more
stable than Hg-K liquid alloys.

2.3.5 Simple statistical model (SSM)

To determine the conditional probability of nearby atoms appearing in molten alloys, a
simple statistical mechanical model based on pair wise interaction has been taken into
consideration. The analytical expressions for activity, free energy of mixing, concentra-
tion fluctuation in the long wave length limit, and chemical short range order parameter
have been obtained by extending this by constructing a grand partition function. The
ordering energy and concentration-dependent thermodynamic characteristics of Cu-Pb,
K-Na, Li-Mg, and Cd-Mg are computed. The investigation demonstrates that Cu-Pb and
K-Na exhibit self-coordination among their nearest neighbors, but Li-Mg and Cd-Mg
exhibit hetero coordination (R. N. Singh & Mishra, 1988). For a similar study, the model
is also used to Cd-based liquid alloys (Cd-Bi, Cd-Mg, and Cd-Ga) (R. N. Singh et al.,
1990). Using the theoretical model developed by Prasad et al. (1994), Anusionwu et al.
(1998) investigated size effects in the Na-Sn, Sa-Ga, Cu-Ni, Li-Ba, and Na-Te systems.
The model was further extended to analyze surface 𝑆𝑐𝑐 (0) in the systems specified. From
𝑆cc(0) measurements that were evaluated using literature-based activity data, Prasad &
Mikula (2000a) determined the surface tension values of Al-Sn liquid alloy. The values
for surface tension were also used to complete the work of adhesion (W) and interfacial
tension between solid Al2O3 and liquid Al-Sn over the full concentration range. In
2013, I. Koirala et al. (2013) used the simple statistical model to investigate the thermal,
transport and surface characteristics of liquid In-Pb alloys. Investigations into addi-
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tional properties, such as diffusion coefficient, viscosity, surface tension, and surface
concentration, have been conducted using the same energy parameters that have been
used to fit thermodynamic properties. The research shows that the liquid In-Pb alloy
is a phase-separating system with weak interactions. The model is also used to study
the symmetric behavior in K-Na (I. Koirala et al., 2013), Ag-Cu (I. S. Jha et al., 2014),
Cd-Bi (I. Koirala et al., 2014b), In-Tl (I. Koirala et al., 2014b), Cd-Pb (B. P. Singh et
al., 2014), Al-Ga (I. Koirala et al., 2014a), Cd-Zn (I. Koirala et al., 2014), Al-Ge, Al-Fe
(I. Koirala et al., 2016b), Al-Fe (I. Koirala et al., 2016a), and Ag-Au (I. Koirala, 2018).

On the basis of the free volume theory and the first approximation to the regular solutions,
a thermodynamic model was created. The model has the ability to calculate the excess
entropy produced by mixing of liquid binary alloys. The calculated outcomes were
discussed and matched with the findings of the experiment. In the liquid systems of Ag-
Zn, Au-Cu, Al-In, Al-Mg, Cd-Pb, Cd-Mg, Na-Tl, Na-Pb, Cu-Pb, Cu-Mg, Fe-Cu, Fe-Si,
K-Pb, K-Tl, Hg-Na, and Hg-In, the model is used to get excess free energy, excess heat of
formation, excess entropy, and excess activity. The relationship betweenΔ𝐻𝑋𝑆 andΔ𝑆𝑋𝑆

in an infinitely dilated solution of liquid binary alloys is also discussed using this model
(T. Tanaka et al., 1990). The activity, the small-angle partial structural factors, the excess
free energy of mixing, and the chemical short-range parameter have all been analytically
expressed using the grand partition function. By assuming that the complex Al3Mg2

exists in the liquid phase, it has been used to explain the asymmetry in the properties of
mixing of Al-Mg molten alloys (N. K. P. Singh et al., 1991). According to the findings
of the structural analysis, Ag-Si is a segregating system, Al-Ge is chemically more
ordered, and Ag-Ge experiences an inversion from order to segregation as a function
of concentration (Sinha & Singh, 1991). Both the pseudo-isopiestic method and the
Knudsen effusion-mass loss method have been used to measure the activity of barium
in liquid Al-Br at 1373 K. Using thermodynamic information, the 𝑆cc (0) has been
calculated. The thermodynamic behavior of liquid Al-Ba alloys has been described
using the associated solution model with Al5Ba4 as the predominant complex (Srikanth
& Jacob, 1991). An identical study was performed for Al-Sr alloys (Srikanth & Jacob,
1991).

2.3.6 Self-association model (SAM)

On the basis of the association model, Sommer (1990) described the concentration and
temperature dependence of thermodynamic mixing functions. In order to investigate the
enthalpy, entropy, and Gibbs’s free energy of mixing in Li-Mg at 940 K, Al-Li at 973 K,
Sn-Te at 1140 K, and Li-Pb at 1000 K, the model was employed. The author also studied
into the mixing enthalpies of Ca-Si at 1600 K and 𝑆𝑐𝑐 (0) in Li-Pb at 930 K. To evaluate
the thermodynamic properties of mixing liquid alloys with miscibility gaps, R. N. Singh
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& Sommer (1992a) suggested a model. The atoms of the constituent elements A and B
are considered to be in the form of a polyatomic matrix, which produces a fraction of
like-atom clusters or self-associates of the type A-A or B-B. In addition to explaining
the positive divergence of the mixing property in the Bi-Zn system from Raoult’s law,
the model provides closed equations for a number of thermodynamic functions. The
model is also used to understand the demixing in Cd-Ga and Bi-Ga alloys. The 𝑆cc(0)
values for phase separation alloys are found to decrease with increasing temperature
(R. N. Singh, Yu, & Sommer, 1993). The CFM and the SAM were both employed by
Akinlade et al. (2001) to compare the surface and bulk properties of hetero-coordinating
liquid alloys: Ga-Bi, Ga-In, and In-Bi. Using a simple statistical model developed by
Singh and Sommer (R. N. Singh & Sommer, 1992a) the thermodynamic and surface
properties of Na-Cs, Na-Bi, and Na-Sn have been examined. The concentration of the
intermetallic compounds is related to the asymmetry and peaks in the surface tension
computed for Na-Bi and Na-Sn (Anusionwu, 2003). Using a statistical model based on
the association of like species, the segregation tendencies of In-Zn liquid alloy in the
bulk and at the surface have been examined at temperatures of 692 K, 850 K, and 1000
K. With an increase in temperature, the strength of segregation in the majority of this
alloy appears to decrease exponentially. Sn-Zn liquid alloys were also the subject of
similar research at 650 K, 875 K, and 1123 K (Ilo-Okeke et al., 2005). The investigation
for Bi-Cd, In-Pb, and Ni-Pd alloys was conducted similarly (Awe et al., 2005). The
demixing tendency in binary melts were also studied in Al-Ga (R. P. Koirala, Adhikari,
et al., 2013), Cd-Zn (R. P. Koirala, Singh, et al., 2013), Co-Fe and Fe-Pd (R. P. Koirala,
Kumar, et al., 2014), In-Pb, In-Tl and In-Zn (R. P. Koirala et al., 2016). The self-
association model was used to analyze the energetics of mixing and its impact on the
bulk and surface properties of Al-Sn and Sn-Tl liquid alloys at 973 K and 723 K,
respectively. The findings show that in Al-Sn and Sn-Tl liquid alloys, Sn and Tl atoms
segregate to the surface at all bulk concentrations of Sn. However, it is anticipated that
Al-Sn liquid alloys will exhibit more segregation than Sn-Tl. As the bulk concentration
increases, the surface tension falls, indicating that Al-Sn and Sn-Tl liquid alloys are
segregated systems in the bulk and at the surface across the whole concentration range.
The 𝑆cc (0), 𝛼1 and diffusion coefficients, (𝐷𝑀/𝐷𝑖𝑑) measurements of both systems
agree with the surface tension observation (Odusote et al., 2016). The SAM is further
applied to explore the thermophysical properties of Zn-Cd (Awe & Azeez, 2017), Cd-Pb
and Cd-Sn (R. P. Koirala et al., 2018), Cr-Mo and Cr-Fe (Odusote & Popoola, 2017),
In-Tl (Shrestha et al., 2018), Zn-Sn (Shrestha, Singh, Jha, Koirala, Singh, & Adhikari,
2017), Al-Sn (Shrestha, Singh, Jha, Singh, & Adhikari, 2017), Cu-Pb (Shrestha, Singh,
Jha, & Koirala, 2017), Fe-Co and Fe-Mn (Ogundeji et al., 2021).

In order to identify the higher order atomic correlations in the nearest neighbor shell of
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liquid binary alloys, a thermodynamic model based on a cluster of four atoms is taken
into consideration. For Bi-Cd, Li-Mg, Cd-Mg, Cd-Ga, Cu-Pb, and K-Na, the values
of order energy, activity, and chemical short range order parameter were estimated and
presented (R. N. Singh, 1993). The model is adopted and employed to Au-Zn, K-Pb,
Ni-In, Cu-In (Akinlade, 1997) and Al-In, Ag-In, In-Sb binary systems (Akinlade et al.,
2003) to explain their thermophysical characteristics. To account for liquid binary metal
alloys, the analytic pair potential model was expanded. The parameters of each case
are calculated separately using the appropriate electron concentration and electron-ion
interaction potential. The formalism is used to observe the concentration fluctuations
and thermodynamic characteristics of the liquid binary alloys Li-Na, Na-K, and Na-
Cs. The parameters so found are also used to calculate the resistivity values (Dalgiç
et al., 1994). Due to the formation of unlike atom associations, the thermodynamic
properties of binary liquid alloys of rare earth metals with copper and silver imply that
these system possesses chemical short-range ordering. The calculated thermodynamic
parameters, including the concentration correlation function, 𝑆𝑐𝑐 (0), for Cu-Y, Cu-La,
and Cu-Lu melts using the ideal associated solution model (IAS) are in good agreement
with the experimental results. The charge transfer impact for Ag-La melts and the
Faber-Ziman partial structural factors in the zero-wave vector limit were also assessed
(Ivanov & Berezutski, 1994). The Khudsen effusion method was used to determine the
concentration dependence of activity 𝑎(𝑐) in liquid Au-Gd alloys at 1623 K, and the
results show a large ordering effect. For many metallic solutions with chemical short-
range order (SRO), the percolation theory is proposed for analysis and calculation of
activity data using concentration correlation function 𝑆𝑐𝑐 (0). Experimental results and
theoretical calculations of a(c) from provided 𝑆𝑐𝑐 (0) and vice versa agree satisfactorily.
The activity and 𝑆𝑐𝑐 (0) measurements in the ordered melts of Ag-Nd, Al-Au, Hg-Na,
Ge-Ni, Ge-Cu, and Tl-Te were shown to be correctly interpreted and predicted using the
percolation theory (Ivanov & Berezutski, 1996).

Expressions for various thermodynamic and microscopic structural functions for 4:3
inter-metallic compounds have been developed using a statistical mechanical theory in
conjunction with a compound formation model. The data obtained show that Zn4Sb3

compound was present in the melt. Additionally, it has been noted that the propensity
for inter-metallic interaction declines as temperature rises (Prasad & Mikula, 2000b). A
model of an ideal associated solution was considered, which contained self-associates
of various sizes and shapes. The thermodynamic and structural properties, as well as
the liquidus lines for the Na-K system, were investigated (Shunyaev & Lisin, 2000).
On the basis of experimental enthalpy of mixing data acquired at constant temperature,
a relationship to estimate the composition and temperature dependence of the excess
entropy of mixing, 𝑆𝑋𝑆 and the excess heat capacity, 𝐶𝑋𝑆𝑝 for the liquid binary alloys has
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been introduced. Liquid alloys including Fe-C, Mn-Si, Co-B, Ag-Ge, Sb-Zn, Hg-Na,
Ca-Mg, and Ni-Zr were subjected to the model’s application (Witusiewicz & Sommer,
2000). Morachavskii & Erofeev (2001) conducted an analysis of the thermodynamic
characteristics of liquid alloys in the Mg-Sn system. Using modified software, the excess
molar Gibbs energy and mixing enthalpy’s concentration dependency is characterized
in terms of the ideal and regular solution model. From the thermodynamic conditions
of liquid-vapor equilibrium, Shpil’rain et al. (2002) measured the activity coefficient of
the Na-K binary system’s constituents. Both experimental and theoretical literature data
were found to be in satisfactory agreement with the reported findings. The probability
that a bond is of the A-B type for a system of N sites with M neighbors surrounding each
site is given by,

𝑃AB = lim
𝑛→∞

(
𝑁AB

1
2M N

)
(2.16)

Here 𝑁AB denotes the total number of A-B bonds. The total number of bonds in the
system is represented by the denominator of equation 2.16. Considering that each site
in the system is independently occupied by an A or B atom with probability 𝑃𝐴 or 𝑃𝐵
(𝑃𝐴 + 𝑃𝐵 = 1), 𝑃AB would be equal to 2𝑃𝐴𝑃𝐵. Then, the following difference is used to
calculate the nearest neighbor correlation parameter, ΓAB.

ΓAB =
1
2
𝑃AB − 𝑃𝐴𝑃𝐵 (2.17)

The well-known Warren-Cowley SRO parameter is obtained by dividing ΓAB by−𝑃𝐴𝑃𝐵.

𝛼1 = 1 − 𝑃AB
2𝑃𝐴𝑃𝐵

(2.18)

Depending on the sign of 𝛼1, the components will either prefer clustering 𝛼1 > 0 or
A-B ordering 𝛼1 < 0. The normalized SRO parameter lies in the range such that
−1 ≤ 𝛼1 ≤ +1; 𝛼1 = 0 for a perfect random alloy, that is, an alloy with no association
(Müller, 2003).

The Mg-Nd system was presented with a self-consistent thermodynamic description.
The association model for the liquid phase was put to the test and compared with the
random solution model for the asymmetric shape of the liquidus in the binary phase
diagram. For comparison with additional experimental investigations, the enthalpy of
mixing in the liquid is computed using the two basic models. The optimization’s results
demonstrated that the association model, as compared to the random solution model,
yields a higher agreement with experimental results (Gorsse et al., 2005).
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The findings of experimental and analytical thermodynamic studies of the Ga-Bi system
were reported. Quantitative differential analysis was used to get integral molar enthalpies
of mixing. The Zang-Chou method for binary systems was used to calculate the activities
of bismuth over the whole composition range and temperature range of 573 to 1073 K
(Živković et al., 2005). The Gibbs-Duhem equation

ln 𝑎𝐵 = ln 𝑐𝐵 − 𝑐𝐴𝑐𝐵𝛼𝐴 +
∫ 𝑐𝐴

0
𝛼𝐴𝑑𝑐𝐴 (2.19)

with

𝛼𝐴 =
ln 𝛾𝐴

(1 − 𝑐𝐴)2

was used to calculate the activities of gallium (𝑎𝐺𝑎). Where 𝑐 is the mole fraction and
𝛾 is the activity coefficient. There is good agreement when experimental and computed
results are compared to data from the literature.

Utilizing thermodynamic data collected over a wide temperature range, the Cu-Zr binary
system was evaluated thermodynamically. The short-range ordering in the system is
described using the associated solution model (Abe et al., 2006). The variational
approach of the thermodynamic perturbation theory is used to compute the free energy
of mixing in Fe-Ni alloys at various compositions and temperatures. The consistency
with the existing experimental data is very good (Dubinin, 2009). Awe & Onifade
(2012) worked within the context of two statistical theories QCA and SAM. By altering
the surface coordination fraction 𝑢 ( = 0.25, 0.5, 0.75 and 1), the impacts of surface
coordination on the surface (surface tension and surface concentration) and structural
properties (𝑆𝑐𝑐 (0) and 𝛼1) of Au-Zn, Na-Te, Ag-Cu, Cd-Ga, Bi-Cd, and Li-Mg liquid
alloys was investigated. The results showed that a change in 𝑢 does not significantly affect
the 𝑐𝑠 and 𝜎 for the segregating Ag-Cu and Cd-Ga system; and for the weakly interacting
Bi-Cd and Li-Mg liquid alloys. On the other hand, this variables do significantly affect
the short-range ordered Au-Zn and Na-Te liquid alloys. The 𝑆𝑐𝑐 (0) has a considerable
impact on the change in 𝑢 values for the other alloys, it has no significant impact on the
weakly interacting liquid alloys Bi-Cd and Li-Mg. However, the choice of 𝑢 has a large
impact on 𝛼1, for all alloys.

The phase diagram and thermodynamic properties of eleven important Mg-based binary
systems, including Mg-Al, Mg-Zn, Mg-Mn, Mg-Ca, Mg-Sr, Mg-Y, Mg-Ni, Mg-Ce,
Mg-Nd, Mg-Cu, and Mg-Sn, have been examined and critically evaluated. To provide
a thorough knowledge of the systems, all the experimental data had been compiled
and thoroughly evaluated. The optimized parameters were used to calculate the phase
diagrams. According to experimental data, first-principles calculations, and CALPHAD
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optimization, the heat of formation of intermetallic compounds is presented (Mezbahul-
Islam et al., 2014). Based on the available experimental data, such as thermodynamic
characteristics and phase equilibria data, thermodynamic assessments of the Mg-Pb and
Mg-Bi systems were performed using the CALPHAD technique. Both the association
model and the substitutional solution model were used to explain the liquid phase. In
particular, for the liquid phase with the short range order behavior, it was discovered that
the association model can more satisfactorily account for the experimental data than the
substitutional solution one (Zhang et al., 2014). The free volume model (FVM) is used to
examine the thermodynamic features of liquid Al-Cu and Al-Zn alloys. The experimental
asymmetrical shape of mixing functions for liquid Al-Cu alloys is accurately reflected
by the FVM data. The Warren-Cowley short range order parameter and concentration
fluctuation 𝑆𝑐𝑐 (0) in both binary alloys were investigated to better understand the local
atomic arrangement. While Al-Zn alloy shows a tendency to phase separation, Al-Cu
exhibits a high preference for hetero atomic nearest neighbors’ bonds on the Cu rich
side and weaker ones in the Al rich side part. Diffusivity has been investigated for both
liquid alloys based on Darken’s thermodynamic relationship (Trybuła et al., 2015).

2.3.7 Redlish-Kister polynomial method (RKPM)

It has been demonstrated that the exponential model for temperature (𝑇) dependence
of the excess Gibbs energy of liquid solutions within the Redlish-Kister polynomial
(Redlich & Kister, 1948) is an effective tool for avoiding high-𝑇 artefacts such as
an artificially inverted miscibility gap induced by the linear model. The exponential
approach, however, can produce low-𝑇 artefacts. A low-𝑇 polynomial is introduced to
address the low-𝑇 artefact and is matched with the exponential model at the system’s
lowest liquidus temperature (𝑇∗). The low-𝑇 model is described by a four-parameter
potential, which is derived analytically from the two fitted parameters of the exponential
model. This ensures that the four excess functions (the excess Gibbs energy, the excess
heat of mixing, the excess entropy, and the excess heat capacity) are continuous functions
of 𝑇 in the whole 𝑇-interval at any composition. When the complexity of the liquid
alloy necessitates more than two semi-empirical parameters, it is recommended to utilize
the combination linear-exponential model rather than the exponential model, with the
same low-𝑇 potential. The latest assessment of the Mg-Si system demonstrates that the
exponential model may be applied to this system without producing any artefacts (Kaptay,
2017). Recently, the exponential model has been utilized to eliminate artefacts in the
various thermodynamic and structural properties of liquid alloys Cu-Si, Al-Mn, Al-Fe,
Fe-Si, Al-Li and Li-Mg at higher temperatures (Gohivar, Koirala, et al., 2020; Gohivar,
Yadav, et al., 2020; Gohivar, Yadav, Koirala, & Adhikari, 2021a; Gohivar, Yadav, Koirala,
Shrestha, & Adhikari, 2021; Gohivar, Yadav, Koirala, & Adhikari, 2021b). Using square
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well potential under the mean spherical model approximation, the Bhatia-Thronton (BT)
correlation functions, specifically the number-number, concentration-concentration, and
number-concentration correlation functions, are studied in liquid Al-Cu alloys. The
concentration-concentration correlation function, 𝑆cc (0), which is used to describe the
mixing behavior in binary melt, is a thermodynamically significant microscopic function
that is analytically determined in the long wavelength limit. Through structural studies
in the long wavelength limit, the Warren-Cowley chemical short range order parameter,
𝛼1 is also calculated for liquid Al-Cu alloys as a function of Cu- content. The results
obtained for the value of 𝑆cc (0) and 𝛼1 provide evidence of the compound forming
behavior in Al-Cu alloys. Using correlation functions in the binary mixture’s long
wavelength limit values, transport features also have been observed (Lalneihpuii et al.,
2019).
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CHAPTER 3

MATERIALS AND
METHODOLOGY

To explain the thermodynamic characteristics of binary liquid alloys and to relate them
to many other characteristics, a number of models and ideas have been put forth. Two
different theories, such as the electronic theory of mixing and the statistical mechanical
theory of mixing, can be used to study the alloying behavior of binary liquid alloys.
In the first hypothesis, a liquid is said to be made up of an ion and electron system,
and the charge transfer phenomenon is taken into consideration. In this method, the
pseudo-potential theory (Hafner, 1977; R. N. Singh & Ali, 2006; Faruk & Bhuiyan,
2013) are typically used to address the problem. Although basic liquid metals and
binary alloys were addressed in the application of the pseudo-potential theory, this
cannot be used to learn about significant structural functions like 𝑆𝑐𝑐 (0). On the other
hand, workers turned their focus to alternative statistical techniques to get around this
problem. By Bhatia and Hargrove (Bhatia et al., 1973), the Guggenheim (Guggenheim,
1952) conformal solution theory was updated and expanded as a complex formation
model (CFM), which is helpful to analyze Gibbs free energy of mixing, enthalpy of
mixing, entropy of mixing and 𝑆𝑐𝑐 (0). However, there was no extension to determine
the chemical short-range parameter, 𝛼1 in terms of thermodynamic properties for binary
liquid alloys.

Within the framework of the CFM, there are two approximations that make it possible
to approach the hetero atomic interactions of atoms in the liquid state in a correct way.
These approximations are the approximation for strongly (Westbrook, 1996) interactive
systems and the approximation for weakly (Bhatia & Singh, 1984) interactive systems.
The approach can be reduced to a quasi-chemical approximation (QCA) for regular
solutions due to the absence of clusters in the mixture. The complex formation approach
was simplified and presented under various titles, including simple statistical model
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(SSM), self-association model (SAM), and quasi lattice theory (QLT). The SAM is
used to explore the demixing propensity in liquid alloys, whereas the SSM only works
for symmetric types of alloys. To detect chemical short range order parameter and
diffusion coefficient, the complex formation model for thermodynamic characteristics
and concentration fluctuation in zero wave vector has been expanded in the current
work. To explore these features at high temperatures, the CFM is further expanded.
Viscosity as a function of composition is investigated within the framework of the BBK
(Budai-Benko-Kaptay) model (Budai et al., 2007), and surface features such as surface
concentration and surface tension have been investigated by Kaptay’s revision of the
Butler model (Kaptay, 2019).

The complex formation model makes the assumption that compounds are very likely to
exist in the liquid state at one or more stoichiometric compositions if they are formed at
one or more stoichiometric compositions in the solid state. By assuming that complexes
exist close to melting points, the alloying behavior of binary solution can be studied.
The preferred association between the constituent species is a model presumption. The
molten alloy is assumed to be made up of a ternary combination of 𝐴 and 𝐵 atoms, as
well as a number of chemical complexes 𝐴𝑝𝐵𝑞, which are all in chemical equilibrium
with one another. In this context, p and q both are pairs of small integers represent the
stoichiometric indices for the binary alloy.

3.1 Thermodynamic Properties

Thermodynamic properties are affected when components A and B are combined to
form a binary A-B solution. Whether the chosen system forms compounds or segregates
depends on changes in thermodynamic characteristics. The ternary mixture, also known
as conformal solution, is assumed to consist of three species: A atom, B atom, and
chemical complex 𝐴𝑝𝐵𝑞. Let c be the atomic concentration of A atoms (the percentage
contribution of A in the A-B ideal before mixing), and (1-c) be the atomic concentration
for B atoms (the percentage contribution of B in the A-B ideal before mixing). Due to
the production of compounds in the melt, the amount of free atoms will decrease. Now,
given n1 gram of A, n2 gram of B, and n3 gram of 𝐴𝑝𝐵𝑞 atoms (Bhatia & Hargrove,
1974),

𝑛1 = 𝑐 − 𝑝𝑛3, 𝑛2 = (1 − 𝑐) − 𝑞𝑛3 (3.1)

and the total number of atoms,

𝑛 = 𝑛1 + 𝑛2 + 𝑛3 = 1 − (𝑝 + 𝑞 − 1)𝑛3 (3.2)
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In thermodynamics, the chemical potential of a species is a type of energy that can be
taken in or given off during a chemical reaction or phase change when the number of
particles in the species changes. The chemical potential of the species in a mixture is
the rate at which the free energy of a thermodynamic system changes in relation to the
change in the number of atoms or molecules of the species that are added to the system.
So, it is a partial change in the free energy based on the amount of the species, while
the concentration of all other species in the mixture stays the same. When both the
temperature and the pressure remained the constant, the partial molar Gibb’s free energy
is the chemical potential. Fermi energy is the name for the chemical potential at 0 K in
a semiconductor. Now, if we write the chemical potential per atom of species i (i = 1,
2, 3) in its unmixed (pure) form as 𝐺 (0)

𝑖
, we may write the free energy of mixing of the

binary A-B mixture as (Bhatia & Hargrove, 1974),

𝐺𝑀 = 𝐺 −
∑︁
𝑖

𝑛𝑖𝐺
(0)
𝑖

𝐺𝑀 = 𝐺 − Nc𝐺 (0)
1 − 𝑁 (1 − 𝑐)𝐺 (0)

2 = −𝑛3𝜒 + 𝐺′ (3.3)

In the equation 3.3, 𝐺 represents the total Gibbs free energy before mixing,

𝜒 = 𝑝𝐺
(0)
1 + 𝑞𝐺 (0)

2 − 𝐺 (0)
3 and 𝐺′ = 𝐺 −

(
𝑛1𝐺

(0)
1 + 𝑛2𝐺

(0)
2 + 𝑛3𝐺

(0)
3

)
where −𝑛3𝜒 denotes a decrease in free energy caused by the formation of the compound,
and 𝜒 denotes the energy required for the formation of the complex. The free energy of
mixing of the ternary mixture of A, B, and 𝐴𝑝𝐵𝑞 is denoted by the symbol 𝐺′. Weak
interactions are assumed to exist between 𝑛1, 𝑛2 and 𝑛3 for any given quantity of each
respective atom.

The components of a mixture do not chemically react with one another in an ideal
solution. The total volume is the same as the total of the individual volumes. For the
solution to perform ideally, interactions between like and unlike molecules must be same.
No heat is absorbed or created as a result of the mixing process in an ideal mixture since
the components do not react with one another. When inter molecular forces between
dissimilar molecules are weaker than those between like molecules, positive divergence
from ideal behavior occurs. When inter molecular forces between dissimilar molecules
are stronger than those between like molecules, the behavior deviates negatively from
the ideal.

According to the statistical concept of entropy, Δ𝑆 = 𝑛𝑅𝑉2/𝑉1. Now, for each gas, 𝑉1 is
the initial volume of gas and 𝑉2 is the final volume, which is 𝑉𝐴 + 𝑉𝐵 when both gases
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are combined. So, for the two distinct components,

Δ𝑆𝐴 = 𝑛𝐴Rln
(
𝑉𝐴 +𝑉𝐵
𝑉𝐴

)
and Δ𝑆𝐵 = 𝑛𝐵Rln

(
𝑉𝐴 +𝑉𝐵
𝑉𝐵

)
The overall entropy of mixing is,

Δ𝑆mix = Δ𝑆𝐴 + Δ𝑆𝐵 = 𝑛𝐴Rln
(
𝑉𝐴 +𝑉𝐵
𝑉𝐴

)
+ 𝑛𝐵Rln

(
𝑉𝐴+𝑉𝐵
𝑉𝐵

)
Recalling the ideal gas equation 𝑃𝑉 = 𝑛𝑅𝑇 , we can see that the number of moles is
precisely proportional to volume, allowing us to replace volume with the number of
moles.

Δ𝑆mix= 𝑛𝐴Rln
(
𝑛𝐴 + 𝑛𝐵
𝑛𝐴

)
+𝑛𝐵Rln

(
𝑛𝐴 + 𝑛𝐵
𝑛𝐵

)
Δ𝑆mix= −𝑛𝐴Rln

(𝑛𝐴
𝑛

)
−𝑛𝐵Rln

(𝑛𝐵
𝑛

)
where 𝑛 = 𝑛𝐴 + 𝑛𝐵

Δ𝑆mix = −𝑅
(
𝑛𝐴 ln

(𝑛𝐴
𝑛

)
+𝑛𝐵 ln

(𝑛𝐵
𝑛

))
Δ𝑆mix = −𝑅

∑︁
𝑛𝑖 ln

(𝑛𝑖
𝑛

)
(3.4)

Now the free energy that comes from mixing is, Δ𝐺mix = Δ𝐻mix − 𝑇Δ𝑆mix

For an ideal solution, Δ𝐻mix = 0

Δ𝐺mix = 𝑅𝑇
∑︁

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
(3.5)

Consequently, in the event that the binary melt is an ideal solution,

𝐺′ = RT
∑︁

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
(3.6)

The theory of regular solutions in the zeroth approximation (Guggenheim, 1952) or the
conformal solution approximation (Longuet-Higgins, 1951) is valid if the effects of the
different sizes of the mixture’s constituents cannot be ignored and the interaction 𝐸ij is
minimal but not zero. Assign the interactions between two 𝐴 components, 𝐸𝐴𝐴, two 𝐵
components, 𝐸𝐵𝐵, and an 𝐴 and a 𝐵, 𝐸𝐴𝐵, in a solution made up of two atoms 𝐴 and 𝐵.
The ideal solution is achieved if the three interaction energies are equal. The solution’s
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thermodynamic behavior will not be ideal if they are not equal.

Assume that a solution was formed by combining 𝑛𝐴 and 𝑛𝐵 molecules of 𝐴 and 𝐵

atoms respectively. The number of 𝐴𝐴 interactions (nAA,), 𝐵𝐵 interactions (nBB), and
𝐴𝐵 interactions (nAB) determines the energy (U(A,B)) of such a solution.

𝑈 (𝐴, 𝐵) = 𝑛AA𝐸AA + 𝑛AB𝐸AB + 𝑛BB𝐸BB (3.7)

This lattice-based solution theory is sometimes referred to as regular solution theory.
The interactions between molecules in a regular solution are weak, and all molecules
are roughly the same size. In the theory of regular solutions, the number of sites for a
certain lattice position is an essential number. This can be compared to the number of
neighbors a molecule of A or B has, which in this simple lattice model is 𝑧 for 𝐴 and 𝐵.
Therefore, the number of neighbors surrounding nA molecules is 𝑧nA and can be written
as the number of 𝐴𝐴 and 𝐴𝐵 contacts, nAA and nBB.

𝑧𝑛𝐴 = 2𝑛AA + 𝑛AB

𝑛AA =
𝑧𝑛𝐴 − 𝑛AB

2
(3.8)

There exists a similar equation for the number of neighbors surrounding 𝐵 molecules.

𝑧𝑛𝐵 = 2𝑛BB + 𝑛AB

𝑛BB =
𝑧𝑛𝐵 − 𝑛AB

2
(3.9)

Substituting the equations 3.8 and 3.9 for equation 3.7

𝑈 (𝐴, 𝐵) =
( 𝑧𝑛𝐴 − 𝑛AB

2

)
𝐸AA + 𝑛AB𝐸AB +

( 𝑧𝑛𝐵 − 𝑛AB
2

)
𝐸BB

=

(
𝑧𝐸AA

2

)
𝑛𝐴 +

(
𝑧𝐸BB

2

)
𝑛𝐵 +

(
𝐸AB − 𝐸AA + 𝐸BB

2

)
𝑛AB

(3.10)

The only unknown parameter in this equation is nAB, as the number of AB contacts relies
on the particular arrangement of 𝐴 and 𝐵 on the lattice. However, we may calculate this
amount using statistics. The probability that a given A molecule has a B neighbor is

𝑃𝐵 =
𝑛𝐵

𝑛𝐴 + 𝑛𝐵
=
𝑛𝐵

𝑛

Therefore, the number of AB contacts equals the number of neighbors around nAA
molecules multiplied by the probability that at least one of these neighbors is a 𝐵

41



molecule.

𝑛AB = 𝑧𝑛𝐴𝑃𝐵 =
𝑧𝑛𝐴𝑛𝐵

𝑛

The energy equation 3.10 now becomes

𝑈 (𝐴, 𝐵) =
(
𝑧𝐸AA

2

)
𝑛𝐴 +

(
𝑧𝐸BB

2

)
𝑛𝐵 +

(
𝐸AB − 𝐸AA + 𝐸BB

2

) ( 𝑧𝑛𝐴𝑛𝐵
𝑛

)
𝑈 (𝐴, 𝐵) =

(
𝑧𝐸AA

2

)
𝑛𝐴 +

(
𝑧𝐸BB

2

)
𝑛𝐵 + 𝛽𝑅𝑇

(𝑛𝐴𝑛𝐵
𝑛

)
where

𝛽 =
𝑧

RT

(
𝐸AB − 𝐸AA + 𝐸BB

2

)
The energy equation consists of three parts, which may be written as

𝑈 (𝐴, 𝐵) = 𝑈 (𝐴) +𝑈 (𝐵) + Δ𝑈mix(𝐴, 𝐵)

The energies of the separated components are represented by the first two terms. The
third term results from the mixing of components.

Δ𝑈mix = 𝛽𝑅𝑇

(𝑛𝐴𝑛𝐵
𝑛

)
Remember also that Δ𝐻 = Δ𝑈 + Δ(PV) ≈ Δ𝑈 if the solution’s pressure and volume
remained the constant. Then, for a regular solution,

Δ𝐻mix ≈ Δ𝑈mix = 𝛽𝑅𝑇

(𝑛𝐴𝑛𝐵
𝑛

)
𝐴−𝐵 interactions are preferable than 𝐴− 𝐴 and 𝐵−𝐵 interactions if 𝛽 <0, which means
that mixing is exothermic. The mixing is endothermic if 𝛽 >0.

Let us define a parameter represented as Ψ𝐴𝐵, which is an indicator of the interactions
that occur between 𝐴 − 𝐵 molecules relative to 𝐴 − 𝐴 and 𝐵 − 𝐵 molecules.

Ψ𝐴𝐵 = 𝛽𝑅𝑇

Δ𝐻mix = Ψ𝐴𝐵

(𝑛𝐴𝑛𝐵
𝑛

)
For systems with multiple components, it is given by

Δ𝐻mix =
∑︁

Ψ𝑖 𝑗

(𝑛𝑖𝑛 𝑗
𝑛

)
(3.11)
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The Gibbs free energy, enthalpy and entropy of mixing are related as

𝐺′ = Δ𝐻mix − 𝑇Δ𝑆mix (3.12)

When equation 3.4 is combined with equations 3.11 and 3.12, we obtain the equation
(3.13)

𝐺′ = 𝑅𝑇
∑︁

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁
Ψ𝑖 𝑗

(𝑛𝑖𝑛 𝑗
𝑛

)
(3.13)

This equation is also called conformal solution approximation. Where Ψ𝑖 𝑗 ( = 0 for i = j)
are called interaction energies. By definition, Ψ𝑖 𝑗 do not depend on concentration, but
they may depend on temperature and pressure.

Substituting 𝐺′ from equation 3.13 into equation 3.3, we obtain the expression for free
energy of mixing GM for binary alloys

𝐺𝑀 = −𝑛3𝜒 + RT
3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁∑︁
𝑖< 𝑗

(𝑛𝑖𝑛𝑖
𝑛

)
Ψij (3.14)

If the value of (GM/RT) falls between 0 and -1, the system interacts weakly; if it falls
between -1 and -2, the system interacts moderately; and if it falls below -2.5, the system
interacts strongly (Lele & Ramachandrarao, 1981). Since,

Δ𝐺 = Δ𝑈 + 𝑃Δ𝑉 − 𝑇Δ𝑆 = Δ𝐻 − 𝑇Δ𝑆 (3.15)

In the case of mixing, equation 3.15 can be expressed as,

𝐺𝑀 = 𝐻𝑀 − 𝑇𝑆𝑀 (3.16)

Differentiating equation 3.16 with respect to temperature,

𝜕𝐺𝑀

𝜕𝑇
= −𝑆𝑀

Substituting 𝑆𝑀 for equation 3.16

𝐻𝑀 = 𝐺𝑀 − 𝑇
(
𝜕𝐺𝑀

𝜕𝑇

)
𝑃

(3.17)

This equation is called the Gibbs-Helmholtz equation.

We can use equation 3.17 in equation 3.14 to determine the expression for enthalpy of
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mixing for a binary liquid system.

𝐻𝑀 = −𝑛3𝜒 + 𝑅𝑇
3∑︁
1
𝑛𝑖 ln

(𝑛𝑖
𝑛

)
+

∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψ𝑖 𝑗

− 𝑇 𝜕

𝜕𝑇

[
−𝑛3𝜒 + 𝑅𝑇

3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψ𝑖 𝑗

] (3.18)

𝐻𝑀 = −𝑛3𝜒 + 𝑅𝑇
3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψ𝑖 𝑗

+ 𝑛3𝑇
𝜕𝜒

𝜕𝑇
− 𝑅𝑇

3∑︁
𝑖=1

𝑛𝑖ln
(𝑛𝑖
𝑛

)
− 𝑇

∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

) Ψ𝑖 𝑗
𝜕𝑇

(3.19)

𝐻𝑀 = −𝑛3

[
𝜒 − 𝑇

(
𝜕𝜒

𝜕𝑇

)]
+

∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

) [
Ψ𝑖 𝑗 − 𝑇

𝜕Ψ𝑖 𝑗

𝜕𝑇

]
(3.20)

Substituting 𝐺𝑀 and 𝐻𝑀 from equations 3.14 and 3.20, respectively, into equation 3.16

𝑆𝑀 = 𝑛3
𝜕𝜒

𝜕𝑇
− 𝑅

3∑︁
𝑖=1

𝑛𝑖 ln
𝑛𝑖

𝑛
−

∑︁
𝑖< 𝑗

∑︁ 𝑛𝑖𝑛 𝑗

𝑛

𝜕Ψ𝑖 𝑗

𝜕𝑇
(3.21)

One of the fundamental assumptions of CFM is that the mixture of A atoms, B atoms, and
chemical complexes of type 𝐴𝑝𝐵𝑞 are in chemical equilibrium. This necessitates that,
under constant temperature and pressure, 𝐺𝑀 must be a minimum value that determines
the number of chemical species in equilibrium. Consequently, the equilibrium value of
chemical complexes, 𝑛3, at a particular pressure and temperature is calculated as follows
(Bhatia & Hargrove, 1974):(

𝜕𝐺𝑀

𝜕𝑛3

)
𝑇,𝑃,𝑁,𝑐

= 0 (3.22)

Using equation (3.14) on (3.22)

𝜕

𝜕𝑛3

[
−𝑛3𝜒 + RT

3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁∑︁
𝑖= 𝑗

(𝑛𝑖𝑛𝑖
𝑛

)
Ψij

]
= 0

𝜕

𝜕𝑛3
[𝑡1 + 𝑡2 + 𝑡3] = 0 (3.23)
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𝜕𝑡1
𝜕𝑛3

=
𝜕 (−𝑛3𝜒)
𝜕𝑛3

= −𝜒 (3.24)

Here,

𝜕𝑡2
𝜕𝑛3

=
𝜕

𝜕𝑛3

[ 3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)]
𝜕𝑡2
𝜕𝑛3

=
𝜕

𝜕𝑛3

[
𝑛1 ln

(𝑛1
𝑛

)]
+ 𝜕

𝜕𝑛3

[
𝑛2 ln

(𝑛2
𝑛

)]
+ 𝜕

𝜕𝑛3

[
𝑛3 ln

(𝑛3
𝑛

)]
𝜕𝑡2
𝜕𝑛3

=
𝜕

𝜕𝑛3
( 𝑡21 + t22 + t23) (3.25)

Now,

𝜕𝑡21
𝜕𝑛3

=
𝜕

𝜕𝑛3

[
𝑛1 ln

(𝑛1
𝑛

)]
= ln

(𝑛1
𝑛

) 𝜕𝑛1
𝜕𝑛3

+ 𝑛1
𝜕ln (𝑛1/𝑛)

𝜕𝑛3

= ln
(𝑛1
𝑛

) 𝜕 (𝑐 − 𝑝𝑛3)
𝜕𝑛3

+ 𝑛1
𝜕𝑙𝑛 (𝑛1)
𝜕𝑛3

− 𝑛1
𝜕ln (𝑛)
𝜕𝑛3

𝜕𝑡21
𝜕𝑛3

= −𝑝 ln
(𝑛1
𝑛

)
− 𝑝 + 𝑛1

𝑛
(𝑝 + 𝑞 − 1) (3.26)

and,

𝜕𝑡22
𝜕𝑛3

=
𝜕

𝜕𝑛3

[
𝑛2 ln

(𝑛2
𝑛

)]
= ln

(𝑛2
𝑛

) 𝜕𝑛2
𝜕𝑛3

+ 𝑛2
𝜕ln

( 𝑛2
𝑛

)
𝜕𝑛3

= 𝑙𝑛

(𝑛2
𝑛

) 𝜕 (1 − 𝑐 − 𝑞𝑛3)
𝜕𝑛3

+ 𝑛2
𝜕𝑙𝑛 (𝑛2)
𝜕𝑛3

− 𝑛2
𝜕ln (𝑛)
𝜕𝑛3

𝜕𝑡22
𝜕𝑛3

= −𝑞 ln
(𝑛2
𝑛

)
− 𝑞 + 𝑛2

𝑛
(𝑝 + 𝑞 − 1) (3.27)

similarly,

𝜕𝑡23
𝜕𝑛3

=
𝜕

𝜕𝑛3

[
𝑛3 ln

(𝑛3
𝑛

)]
= ln

(𝑛3
𝑛

)
+ 𝑛3

𝜕𝑙𝑛 (𝑛3)
𝜕𝑛3

− 𝑛3
𝜕ln (𝑛)
𝜕𝑛3

𝜕𝑡23
𝜕𝑛3

= ln
(𝑛3
𝑛

)
+ 1 + 𝑛3

𝑛
(𝑝 + 𝑞 − 1) (3.28)
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Now using equations 3.26, 3.27 and 3.28 in 3.25

𝜕𝑡2
𝜕𝑛3

= 𝑅𝑇

[
−𝑝 ln

(𝑛1
𝑛

)
− 𝑝 + 𝑛1

𝑛
(𝑝 + 𝑞 − 1) − 𝑞 ln

(𝑛2
𝑛

)
− 𝑞

+ 𝑛2
𝑛
(𝑝 + 𝑞 − 1) ln

(𝑛3
𝑛

)
+ 1 + 𝑛3

𝑛
(𝑝 + 𝑞 − 1)

= 𝑅𝑇

[
ln

(𝑛3
𝑛

)
− ln

(𝑛1
𝑛

) 𝑝
− ln

(𝑛2
𝑛

)𝑞
− (𝑝 + 𝑞 − 1) + (𝑝 + 𝑞 + 1) 𝑛1 + 𝑛2 + 𝑛3

𝑛

]
= 𝑅𝑇

[
ln

(𝑛3
𝑛

)
− ln

(𝑛1
𝑛

) 𝑝
− ln

(𝑛2
𝑛

)𝑞]
= 𝑅𝑇

[
ln

{
𝑛3
𝑛

(
𝑛

𝑛1

) 𝑝 (
𝑛

𝑛2

)𝑞}]
𝜕𝑡2
𝜕𝑛3

= 𝑅𝑇 ln
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)
(3.29)

Again

𝜕𝑡3
𝜕𝑛3

=
𝜕

𝜕𝑛3

[∑︁
𝑖< 𝑗

∑︁ (𝑛𝑖𝑛 𝑗
𝑛

)
Ψ𝑖 𝑗

]
=

𝜕

𝜕𝑛3

[𝑛1𝑛2
𝑛

Ψ12 +
𝑛2𝑛3
𝑛

Ψ23 +
𝑛1𝑛3
𝑛

Ψ13

]

𝜕𝑡3
𝜕𝑛3

=
𝜕

𝜕𝑛3
(𝑡31 + 𝑡32 + 𝑡33) (3.30)

Now
𝜕𝑡31
𝜕𝑛3

=
𝜕

𝜕𝑛3

(𝑛1𝑛2
𝑛

Ψ12

)
=

[
𝜕𝑛1
𝜕𝑛3

𝑛2
𝑛

+ 𝜕𝑛2
𝜕𝑛3

𝑛1
𝑛

+ 𝑛1𝑛2
𝜕

𝜕𝑛3

(
1
𝑛

)]
Ψ12

=

[𝑛2
𝑛

(−𝑢) + 𝑛1
𝑛

(−𝑣) + 𝑛1𝑛2

𝑛2 (𝑢 + 𝑣 − 1)
]
Ψ12

𝜕𝑡31
𝜕𝑛3

=

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

]
Ψ12 (3.31)

Again

𝜕𝑡32
𝜕𝑛3

=
𝜕

𝜕𝑛3

(𝑛2𝑛3
𝑛

Ψ23

)
=

[
𝜕𝑛2
𝜕𝑛3

𝑛3
𝑛

+ 𝜕𝑛3
𝜕𝑛3

𝑛2
𝑛

+ 𝑛2𝑛3
𝜕

𝜕𝑛3

(
1
𝑛

)]
Ψ23

=

[𝑛3
𝑛

(−𝑞) + 𝑛2
𝑛

+ 𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1)
]
Ψ23

𝜕𝑡32
𝜕𝑛3

=

[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

]
Ψ23 (3.32)
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Again

𝜕𝑡33
𝜕𝑛3

=
𝜕

𝜕𝑛3

(𝑛1𝑛3
𝑛

Ψ13

)
=

[
𝜕𝑛1
𝜕𝑛3

𝑛3
𝑛

+ 𝜕𝑛3
𝜕𝑛3

𝑛1
𝑛

+ 𝑛1𝑛3
𝜕

𝜕𝑛3

(
1
𝑛

)]
Ψ13

=

[𝑛3
𝑛

(−𝑝) + 𝑛1
𝑛

+ 𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1)
]
Ψ13

𝜕𝑡33
𝜕𝑛3

=

[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

]
Ψ13 (3.33)

Substituting equations 3.31, 3.32 and 3.33 in 3.30

𝜕𝑡3
𝜕𝑛3

=

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

]
Ψ12 +

[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

]
Ψ23

+
[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

]
Ψ13

(3.34)

Now using equation, 3.24 together with equations 3.29 and 3.34 in equation 3.23

−𝜒 + 𝑅𝑇 ln
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)
+

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

]
Ψ12

+
[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

]
Ψ23 +

[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

]
Ψ13 = 0

ln
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)
+

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

] Ψ12
RT

+
[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

] Ψ23
RT

+
[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

] Ψ13
RT

=
𝜒

RT

ln
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)
+ 𝑌 =

𝜒

RT
(3.35)

where

𝑌 =

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

] Ψ12
RT

+
[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

] Ψ23
RT

+
[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

] Ψ13
RT

From equation 3.35

−𝑙𝑛
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)
− 𝑌 = − 𝜒

RT

ln
(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)−1
= 𝑌 − 𝜒

RT
(3.36)

(
𝑛3𝑛

𝑝+𝑞−1𝑛
−𝑝
1 𝑛

−𝑞
2

)−1
= exp

(
𝑌 − 𝜒

RT

)
= exp(𝑌 ) exp

(
− 𝜒

RT

)
= 𝑘 exp(𝑌 )
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where exp (−𝜒/RT) = 𝑘 .

𝑛
𝑝

1𝑛
𝑞

2 =

(
𝑛3𝑛

𝑝+𝑞−1
)
𝑘 exp(𝑌 ) (3.37)

In complex formation model, equation 3.37 is called the equilibrium equation.

3.2 Structural Properties

The concentration-concentration structural factor 𝑆𝑐𝑐 (0), which denotes concentration
variation in the long wave length limit, has drawn a lot of interest (Ratti & Bhatia,
1975; Ramachandrarao et al., 1984). The partial structural factor’s long-wavelength
limit provides direct information regarding whether the mixture is ideal or not (Bhatia
& March, 1975b). In a number of binary liquid alloys, 𝐺𝑀 and the heat mixing 𝐻𝑀 are
compositionally asymmetric. This asymmetry is frequently attributed to differences in
the size, valency, and electronegativity of the liquid alloy’s constituents. Despite the fact
that these characteristics are also responsible for stimulating the formation of compounds
or complexes in the alloy, asymmetry in the compositional dependency of these features
does not necessarily imply complex formation. In this context, the use of 𝑆cc (0) is
preferable to direct thermodynamic analysis for determining the extent of association in
the liquid. 𝑆cc (0) is proportional to the mean-square concentration fluctuation in the
long wave length limit (𝑞 →0), and it is related to thermodynamic data via the curvature
of the free energy 𝐺𝑀 in the 𝐺𝑀 – 𝑐 diagram i.e. 𝜕2𝐺𝑀/𝜕𝑐2. When using the standard
statistical thermodynamic relation, one arrives at the following relationship between
𝑆𝑐𝑐 (0) and the Darken stability function, 𝜕2𝐺𝑀/𝜕𝑐2 (Bhatia & Thornton, 1970):

𝑆cc (0) = 𝑅𝑇
(
𝜕2𝐺𝑀

𝜕𝑐2

)−1

𝑇,𝑃,𝑁

(3.38)

We have from equation 3.14

𝜕2𝐺𝑀

𝜕𝑐2 =
𝜕2

𝜕𝑐2

[
−𝑛3𝜒 + RT

3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
+

∑︁∑︁
𝑖< 𝑗

(𝑛𝑖𝑛𝑖
𝑛

)
Ψij

]

𝜕2𝐺𝑚

𝜕𝑐2 =
𝜕2𝑑1

𝜕𝑐2 + 𝑅𝑇 𝜕
2𝑑2

𝜕𝑐2 + 𝜕
2𝑑3

𝜕𝑐2 (3.39)

Here

𝑑1 = −𝑛3𝜒, 𝑑2 =

3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)
, and 𝑑3 =

∑︁∑︁
𝑖< 𝑗

(𝑛𝑖𝑛𝑖
𝑛

)
Ψij
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Now,

𝜕𝑑1
𝜕𝑐

=
𝜕 (−𝑛3𝜒)
𝜕𝑐

= −𝑛′3𝜒

𝜕2𝑑1

𝜕𝑐2 = −𝑛′′

3 𝜒 (3.40)

Again,

𝜕𝑑2
𝜕𝑐

=
𝜕

𝜕𝑐

[ 3∑︁
𝑖=1

𝑛𝑖 ln
(𝑛𝑖
𝑛

)]
=
𝜕

𝜕𝑐

[
𝑛1 ln

(𝑛1
𝑛

)
+ 𝑛2 ln

(𝑛2
𝑛

)
+ 𝑛3 ln

(𝑛3
𝑛

)]

𝜕𝑑2
𝜕𝑐

=

(
𝜕𝑑21
𝜕𝑐

+ 𝑅𝑇 𝜕𝑑22
𝜕𝑐

+ 𝜕𝑑23
𝜕𝑐

)
(3.41)

Now,

𝜕𝑑21
𝜕𝑐

=
𝜕

𝜕𝑐
(𝑛1 ln 𝑛1 − 𝑛1ln n) =

𝑛1𝑛
′

1
𝑛1

+ 𝑛′

1 ln 𝑛1 − 𝑛
′

1 ln 𝑛 − 𝑛1𝑛
′

𝑛

𝜕𝑑21
𝜕𝑐

== 𝑛
′

1 + 𝑛
′

1 ln 𝑛1 − 𝑛
′

1 ln 𝑛 − 𝑛1𝑛
′

𝑛
(3.42)

and

𝜕𝑑22
𝜕𝑐

=
𝜕

𝜕𝑐
(𝑛2 ln 𝑛2 − 𝑛2ln n) =

𝑛2𝑛
′

2
𝑛2

+ 𝑛′

2 ln 𝑛2 − 𝑛
′

2 ln 𝑛 − 𝑛2𝑛
′

𝑛

𝜕𝑑22
𝜕𝑐

= 𝑛
′

2 + 𝑛
′

2 ln 𝑛2 − 𝑛
′

2 ln 𝑛 − 𝑛2𝑛
′

𝑛
(3.43)

Similarly,

𝜕𝑑23
𝜕𝑐

=
𝜕

𝜕𝑐
(𝑛3 ln 𝑛3 − 𝑛3ln n) =

𝑛3𝑛
′

3
𝑛3

+ 𝑛′

3 ln 𝑛3 − 𝑛
′

3 ln 𝑛 − 𝑛3𝑛
′

𝑛

𝜕𝑑23
𝜕𝑐

= 𝑛
′

3 + 𝑛
′

3 ln 𝑛3 − 𝑛
′

3 ln 𝑛 − 𝑛3𝑛
′

𝑛
(3.44)
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Now using equations, 3.42, 3.43 and 3.44 in equation 3.41

𝜕𝑑2
𝜕𝑐

= 𝑛
′

1+𝑛
′

1 ln 𝑛1−𝑛
′

1 ln 𝑛−𝑛1𝑛
′

𝑛
+𝑛′

2+𝑛
′

2 ln 𝑛2−𝑛
′

2 ln 𝑛−𝑛2𝑛
′

𝑛
+𝑛′

3+𝑛
′

3 ln 𝑛3−𝑛
′

3 ln 𝑛−𝑛3𝑛
′

𝑛

𝜕𝑑2
𝜕𝑐

= 𝑛
′

1+𝑛
′

2+𝑛
′

3 + 𝑛
′

1 ln 𝑛1+𝑛
′

2 ln 𝑛2+𝑛
′

3 ln 𝑛3− ln 𝑛(𝑛′1+𝑛
′

2+𝑛
′

3) −
𝑛
′

𝑛
(𝑛1 + 𝑛2 + 𝑛3)

𝜕𝑑2
𝜕𝑐

= 𝑛
′ + 𝑛

′

1 ln 𝑛1 + 𝑛
′

2 ln 𝑛2 + 𝑛
′

3 ln 𝑛3 − 𝑛
′
ln 𝑛 − 𝑛′

𝜕𝑑2
𝜕𝑐

= −𝑛′
ln 𝑛 + 𝑛

′

1 ln 𝑛1 + 𝑛
′

2 ln 𝑛2 + 𝑛
′

3 ln 𝑛3 (3.45)

Again

𝜕2𝑑2

𝜕𝑐2 = −𝑛′′ ln 𝑛 −
(
𝑛
′)2

𝑛
+ 𝑛′′

1 ln 𝑛1 +
(
𝑛
′

1
)2

𝑛1
+ 𝑛′′

2 ln 𝑛2 +
(
𝑛
′

2
)2

𝑛2
+ 𝑛′′

3 ln 𝑛3 +

(
𝑛
′

3

)2

𝑛3

𝜕2𝑑2

𝜕𝑐2 =

(
𝑛
′

1
)2

𝑛1
+

(
𝑛
′

2
)2

𝑛2
+

(
𝑛
′

3

)2

𝑛3
−

(
𝑛
′)2

𝑛
+ 𝑛′′

1 ln 𝑛1 + 𝑛
′′

2 ln 𝑛2 + 𝑛′
′

3 ln 𝑛3 − 𝑛
′′
ln n

𝜕2𝑑2

𝜕𝑐2 =

[ 3∑︁
1

(
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′)2

𝑛

]
+𝑛′′

1 ln 𝑛1 + 𝑛
′′

2 ln 𝑛2 + 𝑛
′′

3 ln 𝑛3 − 𝑛
′′
ln n (3.46)

Now the term, 𝑛′′

1 ln 𝑛1 + 𝑛
′′

2 ln 𝑛2 + 𝑛
′′

3 ln 𝑛3 − 𝑛
′′ln n in equation 3.46 is

= −𝑝𝑛′′

3 ln 𝑛1 − 𝑞𝑛
′′

3 ln 𝑛2 + +𝑛′′

3 ln 𝑛3 + (𝑝 + 𝑞 − 1)𝑛′′

3 ln n

= −𝑛′′

3 ln 𝑛𝑝1 − 𝑛′′

3 ln 𝑛𝑞2 + +𝑛′′

3 ln 𝑛3 + 𝑛
′′

3 ln 𝑛(𝑝+𝑞−1)

= 𝑛
′′

3 ln

[
𝑛3𝑛

(𝑝+𝑞−1)

𝑛
𝑝

1𝑛
𝑞

2

]
= 𝑛

′′

3 ln
[
𝑛3𝑛

(𝑝+𝑞−1)

𝑛3𝑛(𝑝+𝑞−1)𝑘𝑒𝑌

]
= −𝑛′′

3 ln
(
𝑘𝑒𝑌

)
= −𝑛′′

3 ln (𝑘) − 𝑛′′

3𝑌 =
𝑛
′′

3 𝜒

RT
− 𝑛′′

3𝑌

Substituting this expression in equation 3.46, one obtains,

RT
𝜕2𝑑2

𝜕𝑐2 = 𝑅𝑇

3∑︁
𝑖=1

( (
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′)2

𝑛

)
+ 𝑛′′

3 𝜒 − 𝑛′′

3YRT (3.47)
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Now,

𝜕𝑑3
𝜕𝑐

=
𝜕

𝜕𝑐

(∑︁∑︁
𝑖= 𝑗

(𝑛𝑖𝑛𝑖
𝑛

)
Ψij

)
=
𝜕

𝜕𝑐

(𝑛1𝑛2
𝑛

Ψ12

)
+ 𝜕

𝜕𝑐

(𝑛2𝑛3
𝑛

Ψ23

)
+ 𝜕

𝜕𝑐

(𝑛1𝑛3
𝑛

Ψ13

)

𝜕𝑑3
𝜕𝑐

=
𝜕𝑑31
𝜕𝑐

+ 𝜕𝑑32
𝜕𝑐

+ 𝜕𝑑33
𝜕𝑐

(3.48)

Again,

𝜕𝑑31
𝜕𝑐

=
𝜕

𝜕𝑐

(𝑛1𝑛2
𝑛

Ψ12

)
=

(
𝑛
′

1𝑛2

𝑛
+
𝑛1𝑛

′

2
𝑛

− 𝑛1𝑛2𝑛
′

𝑛2

)
Ψ12

𝜕𝑑31
𝜕𝑐

=


(
1 − 𝑝𝑛′

3

)
𝑛2

𝑛
+

(
−1 − 𝑞𝑛′

3

)
𝑛1

𝑛
+
(𝑝 + 𝑞 − 1) 𝑛1𝑛2𝑛

′

3
𝑛2

 Ψ12

𝜕𝑑31
𝜕𝑐

=

[
−𝑛1
𝑛

+ 𝑛2
𝑛

+
{𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

}
𝑛
′

3

]
Ψ12 (3.49)

and

𝜕𝑑32
𝜕𝑐

=
𝜕

𝜕𝑐

(𝑛2𝑛3
𝑛

Ψ23

)
=

(
𝑛
′

2𝑛3

𝑛
+
𝑛2𝑛

′

3
𝑛

− 𝑛2𝑛3

𝑛2 𝑛
′

)
Ψ23

𝜕𝑑32
𝜕𝑐

=


(
−1 − 𝑞𝑛′

3

)
𝑛3

𝑛
+
𝑛2𝑛

′

3
𝑛

+
(𝑝 + 𝑞 − 1) 𝑛2𝑛3𝑛

′

3
𝑛2

 Ψ23

𝜕𝑑32
𝜕𝑐

=

[
−𝑛3
𝑛

+
{𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

}
𝑛
′

3

]
Ψ23 (3.50)

and

𝜕𝑑33
𝜕𝑐

=
𝜕

𝜕𝑐

(𝑛1𝑛3
𝑛

Ψ13

)
=

(
𝑛
′

1𝑛3

𝑛
+
𝑛1𝑛

′

3
𝑛

− 𝑛1𝑛3

𝑛2 𝑛
′

)
Ψ13

𝜕𝑑33
𝜕𝑐

=


(
1 − 𝑝𝑛′

3

)
𝑛3

𝑛
+
𝑛1𝑛

′

3
𝑛

+
(𝑝 + 𝑞 − 1) 𝑛1𝑛3𝑛

′

3
𝑛2

 Ψ13

𝜕𝑑33
𝜕𝑐

=

[𝑛3
𝑛

+
{𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

}
𝑛
′

3

]
Ψ13 (3.51)
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Substituting the corresponding values from equation 3.49, 3.50 and 3.51 in equation
3.48

𝜕𝑑3
𝜕𝑐

=

[
−𝑛1
𝑛

+ 𝑛2
𝑛

+
{𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑢𝑛2
𝑛

− 𝑣 𝑛1
𝑛

}
𝑛
′

3

]
Ψ12

+
[
−𝑛3
𝑛

+
{𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

}
𝑛
′

3

]
Ψ23

+
[𝑛3
𝑛

+
{𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

}
𝑛
′

3

]
Ψ13

=

(
−𝑛1
𝑛

+ 𝑛2
𝑛

)
Ψ12 −

𝑛3
𝑛
Ψ23 +

𝑛3
𝑛
Ψ13 + 𝑛

′

3RT
[{

Ψ12
RT

(𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

)
+ Ψ23

RT

{𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

}
+ Ψ13

RT

{𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

}
𝜕𝑑3
𝜕𝑐

=

(
−𝑛1
𝑛

+ 𝑛2
𝑛

)
Ψ12 −

𝑛3
𝑛
Ψ23 +

𝑛3
𝑛
Ψ13 + 𝑛

′

3RTY (3.52)

Now,

𝜕2𝑑3

𝜕𝑐2 =

[(𝑛2
𝑛

) ′

−
(𝑛1
𝑛

) ′]
Ψ12 −

(𝑛3
𝑛

) ′

Ψ23 +
(𝑛3
𝑛

) ′

Ψ13 + 𝑛
′′

3𝑅𝑇𝑌 + 𝑛′

3RT𝑌
′

(3.53)

Here the last term of equation 3.53 is 𝑛′

3RT𝑌 ′. To find 𝑌 ′, we have from equation 3.36,

𝑌 = 𝑌1
Ψ12
RT

+ 𝑌2
Ψ23
RT

+ 𝑌3
Ψ13
RT

(3.54)

Here,

𝑌1 =

[𝑛1𝑛2

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛2
𝑛

− 𝑞𝑛1
𝑛

]
𝑌2 =

[𝑛2𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑞𝑛3
𝑛

+ 𝑛2
𝑛

]
𝑌3 =

[𝑛1𝑛3

𝑛2 (𝑝 + 𝑞 − 1) − 𝑝𝑛3
𝑛

+ 𝑛1
𝑛

]
Now

𝜕𝑌1
𝜕𝑐

=

[
(𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) ′ (𝑛2
𝑛

)
+ (𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) (𝑛2
𝑛

) ′

− 𝑝
(𝑛2
𝑛

) ′

− 𝑞
(𝑛1
𝑛

) ′]
Multiplying with 𝑛′

3

𝑛
′

3
𝜕𝑌1
𝜕𝑐

= 𝑛
′

3

[
(𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) ′ (𝑛2
𝑛

)
+ (𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) (𝑛2
𝑛

) ′

− 𝑝
(𝑛2
𝑛

) ′

− 𝑞
(𝑛1
𝑛

) ′]
(3.55)
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From equations 3.1 and 3.2, we get,

𝑛
′

1 = 1 − 𝑝𝑛′

3

𝑝𝑛
′

3 = 1 − 𝑛′

1

n
′

2 = −1 − 𝑞𝑛′

3

𝑞𝑛
′

3 = −1 − 𝑛′

2,

𝑛
′
= − (𝑝 + 𝑞 − 1) 𝑛′

3

(3.56)

Applying equation 3.56 in equation 3.55, we get,

𝑛
′

3
𝜕𝑌1
𝜕𝑐

= −𝑛′
(𝑛1
𝑛

) ′ (𝑛2
𝑛

)
−𝑛′

(𝑛1
𝑛

) (𝑛2
𝑛

) ′

− (1− 𝑛′

1)
(𝑛2
𝑛

) ′

− (−1− 𝑛′

2)
(𝑛1
𝑛

) ′

(3.57)

𝑛
′

3
𝜕𝑌1
𝜕𝑐

= −
(𝑛2
𝑛

) ′

+
(𝑛1
𝑛

) ′

−𝑛′ 𝑛2
𝑛

(𝑛1
𝑛

) ′

−𝑛′ 𝑛1
𝑛

(𝑛2
𝑛

) ′

+ 𝑛′

1

(𝑛2
𝑛

) ′

+ 𝑛′

2

(𝑛1
𝑛

) ′

(3.58)

Again,

𝜕𝑌2
𝜕𝑐

=

[
(𝑝 + 𝑞 − 1)

(𝑛2
𝑛

) ′ (𝑛3
𝑛

)
+ (𝑝 + 𝑞 − 1)

(𝑛2
𝑛

) (𝑛3
𝑛

) ′

− 𝑞
(𝑛3
𝑛

) ′

−
(𝑛2
𝑛

) ′]
Multiplying with 𝑛′

3 and proceeding in similar way

𝑛
′

3
𝜕𝑌2
𝜕𝑐

= 𝑛
′

3

[
(𝑝 + 𝑞 − 1)

(𝑛2
𝑛

) ′ (𝑛3
𝑛

)
+ (𝑝 + 𝑞 − 1)

(𝑛2
𝑛

) (𝑛3
𝑛

) ′

− 𝑞
(𝑛3
𝑛

) ′

+
(𝑛2
𝑛

) ′]
𝑛
′

3
𝜕𝑌2
𝜕𝑐

= −𝑛′
(𝑛2
𝑛

) ′ (𝑛3
𝑛

)
− 𝑛′

(𝑛2
𝑛

) (𝑛3
𝑛

) ′

−
(
−1 − 𝑛′

2

) (𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛2
𝑛

) ′

𝑛
′

3
𝜕𝑌2
𝜕𝑐

=

(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛2
𝑛

) ′

− 𝑛′ 𝑛2
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

2

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛2
𝑛

) ′

(3.59)

Again,

𝜕𝑌3
𝜕𝑐

=

[
(𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) ′ (𝑛3
𝑛

)
+ (𝑝 + 𝑞 − 1)

(𝑛1
𝑛

) (𝑛3
𝑛

) ′

− 𝑝
(𝑛3
𝑛

) ′

+
(𝑛1
𝑛

) ′]
Multiplying with 𝑛′

3 and following the similar procedure as above,

𝑛
′

3
𝜕𝑌2
𝜕𝑐

= 𝑛
′

3

[
(𝑢 + 𝑣 − 1)

(𝑛1
𝑛

) ′ (𝑛3
𝑛

)
+ (𝑢 + 𝑣 − 1)

(𝑛1
𝑛

) (𝑛3
𝑛

) ′

− 𝑢
(𝑛3
𝑛

) ′

+
(𝑛1
𝑛

) ′]
= −𝑛′

(𝑛1
𝑛

) ′ (𝑛3
𝑛

)
− 𝑛′

(𝑛1
𝑛

) (𝑛3
𝑛

) ′

− (1 − 𝑛′

1)
(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛1
𝑛

) ′
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= −
(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛1
𝑛

) ′

− 𝑛′ 𝑛1
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

1

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛1
𝑛

) ′

(3.60)

Employing equations 3.58, 3.59 and 3.60 in equation 3.54, we have,

𝑛
′

3RT𝑌
′
= Ψ12

[
−

(𝑛2
𝑛

) ′

+
(𝑛1
𝑛

) ′

−𝑛′ 𝑛2
𝑛

(𝑛1
𝑛

) ′

−𝑛′ 𝑛1
𝑛

(𝑛2
𝑛

) ′

+ 𝑛′

1

(𝑛2
𝑛

) ′

+ 𝑛′

2

(𝑛1
𝑛

) ′]
+ Ψ23

[(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛2
𝑛

) ′

− 𝑛′ 𝑛2
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

2

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛2
𝑛

) ′]
+ Ψ13

[
−

(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛1
𝑛

) ′

− 𝑛′ 𝑛1
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

1

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛1
𝑛

) ′]
Substituting the value of 𝑛′

3RT𝑌 ′ in equation 3.53 we get

𝜕2𝑑3

𝜕𝑐2 =

{(𝑛2
𝑛

) ′

−
(𝑛1
𝑛

) ′}
Ψ12 −

(𝑛3
𝑛

) ′

Ψ23 +
(𝑛3
𝑛

) ′

Ψ13 + 𝑛
′′

3RTY

Ψ12

[
−

(𝑛2
𝑛

) ′

+ 𝑁
(𝑛1
𝑛

) ′

−𝑛′ 𝑛2
𝑛

(𝑛1
𝑛

) ′

−𝑛′ 𝑛1
𝑛

(𝑛2
𝑛

) ′

+ 𝑛′

1

(𝑛2
𝑛

) ′

+ 𝑛′

2

(𝑛1
𝑛

) ′]
+ Ψ23

[(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛2
𝑛

) ′

− 𝑛′ 𝑛2
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

2

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛2
𝑛

) ′]
+ Ψ13

[
−

(𝑛3
𝑛

) ′

− 𝑛′ 𝑛3
𝑛

(𝑛1
𝑛

) ′

− 𝑛′ 𝑛1
𝑛

(𝑛3
𝑛

) ′

+ 𝑛′

1

(𝑛3
𝑛

) ′

+ 𝑛′

3

(𝑛1
𝑛

) ′]
𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + Ψ12

[(
−𝑛

′
𝑛2
𝑛

+ 𝑛′

2

) (𝑛1
𝑛

) ′

+
(
−𝑛

′
𝑛1
𝑛

+ 𝑛′

1

) (𝑛2
𝑛

) ′]
Ψ23

[(
−𝑛

′
𝑛3
𝑛

+ 𝑛′

3

) (𝑛2
𝑛

) ′

+
(
−𝑛

′
𝑛2
𝑛

+ 𝑛′

2

) (𝑛3
𝑛

) ′]
+ Ψ13

[(
−𝑛

′
𝑛3
𝑛

+ 𝑛′

3

) (𝑛1
𝑛

) ′

+
(
−𝑛

′
𝑛1
𝑛

+ 𝑛′

1

) (𝑛3
𝑛

) ′]
𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + Ψ12𝑑31 + Ψ23𝑑32 + Ψ13𝑑33 (3.61)

Here,

𝑑31 =

(
−𝑛

′
𝑛2
𝑛

+ 𝑛′

2

) (𝑛1
𝑛

) ′

+
(
−𝑛

′
𝑛1
𝑛

+ 𝑛′

1

) (𝑛2
𝑛

) ′

=

(
−𝑛

′
𝑛2
𝑛

+ 𝑛′

2

) (
𝑛
′

1
𝑛

− 𝑛1𝑛
′

𝑛2

)
+

(
−𝑛

′
𝑛1
𝑛

+ 𝑛′

1

) (
𝑛
′

2
𝑛

− 𝑛2𝑛
′

𝑛2

)
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= −
𝑛
′
𝑛
′

1𝑛2

𝑛2 +
(
𝑛
′)2
𝑛1𝑛2

𝑛3 +
𝑛
′

1𝑛
′

2
𝑛

−
𝑛
′
𝑛1𝑛

′

2
𝑛2 −

𝑛
′
𝑛1𝑛

′

2
𝑛2 +

(
𝑛
′)2
𝑛1𝑛2

𝑛3 +
𝑛
′

1𝑛
′

2
𝑛

−
𝑛
′
𝑛
′

1𝑛2

𝑛2

= 2

[
𝑛
′

1𝑛
′

2
𝑛

−
𝑛
′
𝑛
′

1𝑛2

𝑛2 −
𝑛
′
𝑛1𝑛

′

2
𝑛2 +

(
𝑛
′)2
𝑛1𝑛2

𝑛3

]
Similarly,

𝑑32 = 2

[
𝑛
′

2𝑛
′

3
𝑛

−
𝑛
′
𝑛
′

2𝑛3

𝑛2 −
𝑛
′
𝑛2𝑛

′

3
𝑛2 +

(
𝑛
′)2
𝑛2𝑛3

𝑛3

]

𝑑33 = 2

[
𝑛
′

1𝑛
′

3
𝑛

−
𝑛
′
𝑛
′

1𝑛3

𝑛2 −
𝑛
′
𝑛1𝑛

′

3
𝑛2 +

(
𝑛
′)2
𝑛1𝑛3

𝑛3

]
Substituting the values of 𝑑31, 𝑑32 and 𝑑33 in equation (3.61)

𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + 2Ψ12

[
𝑛
′

1𝑛
′

2
𝑛

−
𝑛
′
𝑛
′

1𝑛2

𝑛2 −
𝑛
′
𝑛1𝑛

′

2
𝑛2 +

(
𝑛
′)2
𝑛1𝑛2

𝑛3

]
+ 2Ψ23

[
𝑛
′

2𝑛
′

3
𝑛

−
𝑛
′
𝑛
′

2𝑛3

𝑛2 −
𝑛
′
𝑛2𝑛

′

3
𝑛2 +

(
𝑛
′)2
𝑛2𝑛3

𝑛3

]
+ 2Ψ13

[
𝑛
′

1𝑛
′

3
𝑛

−
𝑛
′
𝑛
′

1𝑛3

𝑛2 −
𝑛
′
𝑛1𝑛

′

3
𝑛2 +

(
𝑛
′)2
𝑛1𝑛3

𝑛3

]

𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + 2𝑛Ψ12

{
𝑛
′

1𝑛
′

2
𝑛2 −

𝑛
′
𝑛
′

1𝑛2

𝑛3 −
𝑛
′
𝑛1𝑛

′

2
𝑛3 +

(
𝑛
′)2
𝑛1𝑛2

𝑛4

}
+ 2𝑛Ψ23

{
𝑛
′

2𝑛
′

3
𝑛2 −

𝑛
′
𝑛
′

2𝑛3

𝑛3 −
𝑛
′
𝑛2𝑛

′

3
𝑛3 +

(
𝑛
′)2
𝑛2𝑛3

𝑛4

}
+ 2𝑛Ψ13

{
𝑛
′

1𝑛
′

3
𝑛2 −

𝑛
′
𝑛
′

1𝑛3

𝑛3 −
𝑛
′
𝑛1𝑛

′

3
𝑛3 +

(
𝑛
′)2
𝑛1𝑛3

𝑛4

}

𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + 2𝑛Ψ12

(
𝑛
′

1
𝑛

− 𝑛1𝑛
′

𝑛2

) (
𝑛
′

2
𝑛

− 𝑛2𝑛
′

𝑛2

)
+ 2𝑛Ψ23

(
𝑛
′

2
𝑛

− 𝑛2𝑛
′

𝑛2

) (
𝑛
′

3
𝑛

− 𝑛3𝑛
′

𝑛2

)
+ 2𝑛Ψ13

(
𝑛
′

1
𝑛

− 𝑛1𝑛
′

𝑛2

) (
𝑛
′

3
𝑛

− 𝑛3𝑛
′

𝑛2

)
𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + 2𝑛
[
Ψ12

(𝑛1
𝑛

) ′ (𝑛2
𝑛

) ′

+ Ψ23

(𝑛2
𝑛

) ′ (𝑛3
𝑛

) ′

+ Ψ13

(𝑛1
𝑛

) ′ (𝑛3
𝑛

) ′]
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𝜕2𝑑3

𝜕𝑐2 = 𝑛
′′

3𝑅𝑇𝑌 + 2𝑛
∑︁
𝑖< 𝑗

∑︁
Ψij

(𝑛𝑖
𝑛

) ′ (𝑛 𝑗
𝑛

) ′

(3.62)

Substituting equations 3.40, 3.47 and 3.62 for 3.39

𝜕2𝐺𝑀

𝜕𝑐2 = −𝑛′′

3 𝜒+𝑅𝑇
3∑︁
𝑖=1

( (
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′)2

𝑛

)
+𝑛′′

3 𝜒−𝑛
′′

3𝑌𝑅𝑇+𝑛
′′

3𝑅𝑇𝑌+2𝑛
∑︁
𝑖< 𝑗

∑︁
Ψij

(𝑛𝑖
𝑛

) ′ (𝑛 𝑗
𝑛

) ′

𝜕2𝐺𝑀

𝜕𝑐2 = 𝑅𝑇

3∑︁
𝑖=1

( (
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′)2

𝑛

)
+ 2𝑛

∑︁
𝑖< 𝑗

∑︁
Ψij

(𝑛𝑖
𝑛

) ′ (𝑛 𝑗
𝑛

) ′

(3.63)

Now equation 3.63 and 3.38 yield

𝑆cc (0) =
RT

RT
∑3
𝑖=1

(
(𝑛′𝑖 )

2

𝑛𝑖
− (𝑛′)2

𝑛

)
+ 2𝑛

∑
𝑖< 𝑗

∑
Ψij

( 𝑛𝑖
𝑛

) ′ ( 𝑛 𝑗
𝑛

) ′

𝑆cc (0) =
1∑3

𝑖=1

(
(𝑛′𝑖 )

2

𝑛𝑖
− (𝑛′)2

𝑛

)
+ 2𝑛

RT
∑
𝑖< 𝑗

∑
Ψij

( 𝑛𝑖
𝑛

) ′ ( 𝑛 𝑗
𝑛

) ′

𝑆cc (0) =
1/∑3

𝑖=1

( (
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′ )2

𝑛

)
1 + 2𝑛

RT
∑
𝑖< 𝑗

∑
Ψij

( 𝑛𝑖
𝑛

) ′ ( 𝑛 𝑗
𝑛

) ′
1∑3

𝑖=1

(
(𝑛′𝑖 )2

𝑛𝑖
− (𝑛

′)2

𝑛

)

𝑆cc (0) =
𝑆cc

1 + 𝐷𝑆cc
(3.64)

where,

𝑆cc =
1∑3

𝑖=1

(
(𝑛′𝑖 )

2

𝑛𝑖
− (𝑛′)2

𝑛

) =

[ 3∑︁
𝑖=1

( (
𝑛
′
𝑖

)2

𝑛𝑖
−

(
𝑛
′)2

𝑛

)]−1

(3.65)

And

𝐷 =
2𝑛
RT

∑︁
𝑖< 𝑗

∑︁
Ψij

(𝑛𝑖
𝑛

) ′ (𝑛 𝑗
𝑛

) ′

(3.66)

Equation 3.64 along with the equation 3.65 and 3.66 can be used to calculate 𝑆cc(0) in
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any types of the binary liquid alloys. When considering ideal solutions, the expression
for 𝐺𝑀 is as follows (Hultgren et al., 1973):

𝐺 ideal
𝑀 = 𝑅𝑇 (𝑐 ln 𝑐 + (1 − 𝑐) ln (1 − 𝑐)) (3.67)

The use of equation 3.67 in equation 3.38 results in

𝑆
(ideal)
cc (0) = 𝑐(1 − 𝑐) (3.68)

Any divergence of 𝑆cc (0) from the ideal value 𝑆(ideal)
cc (0) is interesting in terms of

representing the degree of interaction in the mixture. If 𝑆cc (0) >> 𝑆
(ideal)
cc (0) at a

particular composition, there is a trend toward segregation or phase separation, whereas
𝑆cc (0) << 𝑆(ideal)

cc (0) indicates strong association or the presence of chemical complexes
in the solution.

Using the formulation provided by Bhatia & Thornton (1970), McAlister & Turner
(1972) investigated the zero wave vector partial structural factors for Na-K alloys at 373
K and K-Hg alloys at 573 K. The partial structure factors showed noticeable fluctuation
at zero wave vector, despite the fact that they do not vary much for large wave vectors.
The ratio between the vapor pressure of the species in the mixture and the vapor pressure
of the substance in its pure form when both are at the same temperature was described by
the authors as the activity of a species (𝑎𝑖). It is also suggested that the mole fractions of
the species and their activity might be used to calculate the 𝑆cc (0) (McAlister & Turner,
1972).

𝑆CC (0) = 𝑐2

[
1
𝑎1

(
𝜕𝑎1
𝜕𝑐1

)
𝑇,𝑃

]−1

= 𝑐1

[
1
𝑎2

(
𝜕𝑎2
𝜕𝑐2

)
𝑇,𝑃

]−1

(3.69)

Here, 𝑎1 and 𝑎2 are used to signify the thermodynamic activity of species 1 and 2, respec-
tively. Experimental values of 𝑆cc (0) are the values determined by utilizing equation
3.69 by taking the experimental values of the component activities from literature.

For the purpose of describing the chemical short range order (SRO) and connecting it
to different features, a number of models and ideas had been put forth. However, it is
generally quite difficult to directly separate the portion of a single observed scattering
intensity that is modulated by SRO. Neutron diffraction is only able to directly examine
SRO scattering for a few rare alloys. For the first neighbor shell, the short range-
order parameter (𝛼1) (Warren, 1990; Cowley, 1950) is usually described in terms of the
conditioned probability [A/B] (Ruppersberg & Egger, 1975), i.e.

[𝐴/𝐵] = 𝑐(1 − 𝛼1) (3.70)
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In the case of a random distribution, [A/B] is just c, and 𝛼1 = 0 . Where [A/B] specifies
the probability that a specific B atom at site 1 has a nearest neighbor A atom at site 2.
Therefore, equation 3.70 offers immediate insight into the local arrangement of atoms
inside the mixture. In the similar way, [B/A] can be written as,

[𝐵/𝐴] = (1 − 𝑐) (1 − 𝛼1) (3.71)

Equations 3.70 and 3.71 allow us to have

[𝐴/𝐵] = 𝑐

1 − 𝑐 [𝐵/𝐴]

A-B pairings of atoms are preferred over A-A or B-B pairs as nearest neighbors if 𝛼1 < 0;
if 𝛼1 > 0, the opposite is true. Using a probabilistic technique, the limiting values of 𝛼1

can be easily demonstrated to be within the range,

− 𝑐

1 − 𝑐 ≤ 𝛼1 ≤ 1 for (c ≤ 1/2)

− (1 − 𝑐)
𝑐

≤ 𝛼1 ≤ 1 for (c ≥ 1/2)

One has −1 ≤ 𝛼1 ≤ 1 for binary liquid alloys. While the highest value 𝛼(max)
1 = 1

denotes complete segregation by the A-A and B-B pairings in the melt. The complete
ordering of A-B pairings in the melt is shown by 𝛼(min)

1 = −1, which is the minimum
value.

Equation 3.70 can alternatively be expressed in terms of generalized probability, 𝑋AB,
which indicates that an A-atom occupies one lattice site and a B-atom occupies the other
in a nearest neighbor pair.

𝑋(AB) = (1 − 𝑐) [𝐴/𝐵]

Consequently, again from equation 3.70

𝑋(AB) = 𝑐 (1 − 𝑐) [1 − 𝛼1]

On the basis of fundamental thermodynamic relationships, 𝑆cc (0) and 𝛼1 are directly
connected. For a melt where size effects are insignificant, there is an exact relationship
between 𝑆cc (0) and 𝛼1 for different shells (March et al., 1976; Ruppersberg & Egger,
1975).

𝑆cc (0)
𝑐𝐴𝑐𝐵

=
1 + 𝛼1

1 − (𝑧 − 1)𝛼1
(3.72)
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In its expanded version, this equation 3.72 can be stated as

𝑆cc (0)
𝑐𝐴𝑐𝐵

= 1 +
∑︁
𝑙

𝑧𝑙𝛼1

where 𝑧𝑙 denotes the coordination number of the 𝑙th shell (𝑙 varies from first-neighbor
shells to higher shells). Later on, Bhatia and Singh (1982) utilized the lattice model
theory to get the expressions for 𝛼1 and 𝑆cc (0), i.e.

𝛼1 =
𝑆 − 1
𝑆 + 1

(3.73)

and

𝑆cc (0) =
𝑐𝐴𝑐𝐵

1 + 1
2 𝑧 (1/𝑆 − 1)

(3.74)

with

𝑆 = [1 + 4𝑐𝐴𝑐𝐵 (exp (2Ψ/𝑧𝑘𝐵𝑇) − 1)]1/2

The zero value of Ψ/𝑘𝐵𝑇 implies 𝛼1 = 0, i.e., a random distribution in the alloy resulting
in ideal mixing. If Ψ/𝑘𝐵𝑇 > 0, 𝛼1 is positive, indicating that like atoms A-A or B-B
tend to pair as nearest neighbors, but if Ψ/𝑘𝐵𝑇 < 0, 𝛼1 is negative, indicating that unlike
atoms (A-B) prefer to pair in the alloy.

Since it is difficult to get 𝛼1 from scattering experiments, the easy link between 𝛼1 and
thermophysical properties is of very importance. In the nearest neighbor shell (l=1), 𝛼1

can be calculated from 𝑆cc (0) using equation 3.72 (Bhatia & Singh, 1984), i.e.

𝛼1 =
𝑆∗ − 1

𝑆∗ (𝑧 − 1) + 1
, 𝑆∗ =

𝑆cc (0)
𝑐𝐴𝑐𝐵

(3.75)

As the unit value of the long-range order parameter indicates a completely ordered state,
the unit value of the short-range order parameter indicates a perfectly disordered state
(Bhatia & Thornton, 1970).

3.3 Transport Properties

The study of the dynamic properties of the alloys can help one to understand the mixing
of the two atomic species in a binary liquid alloy very well at the microscopic level.
In order to investigate the transport properties of binary systems in the context of the
thermodynamic construct 𝑆cc (0), one might investigate properties such as diffusion
coefficient. Based on the research of Darken (1948), the intrinsic diffusion coefficient

59



(𝐷𝐴 or 𝐷𝐵) can be expressed in terms of the observed tracer diffusion coefficient (𝐷∗
𝐴

or 𝐷∗
𝐵
), (R. N. Singh & Sommer, 1997) i.e.

𝐷𝐴 = 𝐷∗
𝐴

𝜕 ln 𝑎𝐴
𝜕 ln 𝑐𝐴

(3.76)

𝐷𝐵 = 𝐷∗
𝐵

𝜕 ln 𝑎𝐵
𝜕 ln 𝑐𝐵

(3.77)

Darken analysis is applicable to experiments in which the tracer diffusion coefficients are
directly measured by monitoring the evolving concentration profile of a diluted radioac-
tive isotope 𝐴∗or 𝐵∗ . Owing to the Gibbs–Duhem relationship, we have (R. N. Singh
& Sommer, 1997)

𝜕 ln 𝑎𝐴
𝜕 ln 𝑐𝐴

=
𝜕 ln 𝑎𝐵
𝜕 ln 𝑐𝐵

Now, the chemical diffusion coefficient, also known as mutual diffusion or interdiffusion
coefficient, is given by

𝐷𝑀 = 𝑐𝐴𝐷𝐵 + 𝑐𝐵𝐷𝐴

𝐷𝑀 =
(
𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷

∗
𝐴

) 𝜕 ln 𝑎𝐴
𝜕 ln 𝑐𝐴

𝐷𝑀 =
(
𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷

∗
𝐴

) 𝜕 ln 𝑎𝐴
𝜕𝑎𝐴

(
1

𝜕 ln 𝑐𝐴
𝜕𝑐𝐴

)
𝜕𝑎𝐴

𝜕𝑐𝐴
=

(
𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷

∗
𝐴

) 𝑐𝐴
𝑎𝐴

𝜕𝑎𝐴

𝜕𝑐𝐴

𝐷𝑀 =
(
𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷

∗
𝐴

) 𝑐𝐴𝑐𝐵
𝑎𝐴𝑐𝐵
𝜕𝑎𝐴
𝜕𝑐𝐴

=
(
𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷

∗
𝐴

) 𝑆ideal
cc (0)
𝑆cc(0)

(3.78)

For ideal alloys,

𝑆cc (0) = 𝑆(ideal)
cc (0) = 𝑐𝐴𝑐𝐵 and 𝐷𝑀 = 𝑐𝐴𝐷𝐵 + 𝑐𝐵𝐷𝐴 = 𝑐𝐴𝐷

∗
𝐵 + 𝑐𝐵𝐷∗

𝐴 = 𝐷id

It should be emphasized that equations 3.76 and 3.77 ensure that the intrinsic diffusion
coefficient 𝐷𝑖 and the tracer diffusion coefficient, 𝐷∗

𝑖
(determined for the dilute solution

limit) are same for an ideal mixture. As a result, equation 3.78 becomes

𝐷𝑀

𝐷id
=
𝑆

(ideal)
cc (0)
𝑆cc(0)

(3.79)

The viscosity of liquid metals and alloys is one of the technologically significant transport
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parameters required to create and optimize metallurgical technologies, such as through
the use of computer software. These computer programs need the dynamic viscosity
value as a function of temperature and composition (Seetharaman & Sichen, 1994).
For the modeling and design of metallurgical processes, it’s essential to have accurate
viscosity information of high temperature metallic melts as well as ionic melts. For
instance, knowing the kinetics of reactions related to process metallurgy as well as for
processes like casting and welding requires knowledge of the viscosity of metallic melts
and slags (Kaptay, 2005b). Despite the fact that numerous theoretical and experimental
measurements have been made. Viscosity data is still in short supply when compared
to the demands of modern technologies. The viscosity data for binary alloys are scarce
when compared to metallic systems, where the viscosities of numerous pure liquid metals
have been reported. The viscosities of liquids are highly dependent on the movements
of species and, by extension, the bonding and arrangement of species in the liquid.
On the other hand, thermodynamic parameters such as molar Gibb’s energy, enthalpy,
entropy, and volume of mixing are also connected to the nature and strength of the
bonds between species and their distribution in a liquid with respect to order-disorder
phenomena. Thus, connections between viscosity and thermodynamic parameters could
be anticipated. The dependency of both viscosity and enthalpy of mixing on the binding
and arrangement of species in liquids makes it possible to develop a mathematical link
between these two properties.

Since the thermodynamic characteristics of complex systems at high temperatures have
been widely researched, the relationship between viscosity and thermodynamic property
would be a valuable tool for estimating viscosity values utilizing the huge quantity of
accessible thermodynamic data.

Various formulas are used to predict the viscosity of pure liquid metals at their melting
point and the temperature dependence of this property. Andrade’s equation (Andrade,
1934) is fairly effective in predicting the viscosities at the melting point of pure liquid
metals using a single empirically valid parameter. However, there is no known equation
similar to Andrade’s equation that can predict the temperature dependence of the vis-
cosity of pure liquid metals using one or more generally valid semi empirical constants.
Furthermore, the literature describes the temperature dependence of the viscosity of
liquid metals using two opposing concepts: the activation energy concept and the free
volume concept. A generally valid unified equation for viscosity was derived by combin-
ing the activation energy concept and the free volume concept with Andrade’s equation.
The equation may predict the melting point viscosity values and temperature dependency
of pure liquid metals using only two semi-empirical coefficients that are generally valid
(Kaptay, 2005b). Andrade (1934) used the idea that momentum is transferred within
atoms, which are in touch with surrounding layers via their vibrational displacement,

61



to describe the melting point viscosity of liquids. Andrade (1934) derived the equation
with the assumption that the characteristic vibrational frequencies of normal liquid and
solid metals at their melting temperatures are roughly the same.

𝜂𝑖 =
𝐶𝐴𝑀

1
2
𝑖
𝑇

1
2
𝑚,𝑖

𝑉
2
3
𝑖

(3.80)

where𝑇𝑚,𝑖 is the melting point of pure liquid metal 𝑖 in Kelvin,𝑉𝑖
(
m3/mol

)
) is the molar

volume of liquid metal 𝑖 at its melting point, and 𝜂𝑖 (Pa.𝑆) is the dynamic viscosity of
pure liquid metal 𝑖 at its melting point. According to Andrade’s theoretical derivation,
the coefficient 𝐶𝐴 is equal to 1.655 × 10−7 (J/K mol1/3)1/2. Despite having a slightly
different value for the coefficient 𝐶𝐴, equation (3.80) is acknowledged as the most
successful equation for estimating the melting point viscosities of pure liquid metals.
The best semi-empirical estimate of 𝐶𝐴 from various measurements of viscosity values
is found to be around 1.8 × 10−7 (J/K mol1/3)1/2 (Battezzati & Greer, 1989; Guthrie &
Iida, 1993).

In the first approximation, Andrade recommended using the Arrhenius equation to
determine how the viscosity of pure liquid metals changes with temperature (Andrade,
1934).

𝜂𝑖 = 𝐶1 exp
(
𝐸 𝑖

RT

)
(3.81)

where 𝐶1 is a semi-empirical coefficient, 𝐸𝑖 (𝐽/mol) denotes the activation energy of
viscous flow for pure liquid 𝑖 and R denotes the universal gas constant (8.3 J/K mol)
respectively.

Erying, in 1936, obtained the following simplified equation based on his concept of the
rate theory (Eyring, 1936).

𝜂𝑖 =
ℎ𝑁AV
𝑉𝑖

(
𝐸𝑖

RT

)
(3.82)

where ℎ is the Planck’s constant and 𝑁AV is the Avogadro number. It should be mentioned
that Eyring himself devised a variety of models to forecast the viscosity of liquids starting
in 1936 and later working with other co-authors on the kinetics of chemical reactions,
viscosity, diffusion and electrochemical phenomena (Eyring et al., 1941). Equation 3.82
was used to obtain one of the modifications of as follows:

𝜂𝑖 =
𝑑𝑖

𝑣𝑖
(2𝜋𝑀𝑖RT)

1
2 exp

(
𝐸𝑖

RT

)
(3.83)
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where 𝑑𝑖 (𝑚) is the diameter of the space that an atom occupies. The following equation
(equation 3.84) can be developed by taking equations 3.80 and 3.81 and by assuming
that the atomic diameter 𝑑𝑖 is proportional to 𝑉

1
3
𝑖

in equation 3.83.

𝜂𝑖 = 𝜇
𝑀

1
2
𝑖
𝑇

1
2

𝑉
2
3
𝑖

exp
(
𝐸𝑖

RT

)
(3.84)

The activation energy of viscous flow, in a physical sense, is a small part of the cohesion
energy that must be supplied for each atomic displacement of viscous flow between
neighboring liquid layers:

𝐸𝑖 = −Δ𝑧𝑖
𝑧𝑖

Δ𝑐𝑈𝑖 (3.85)

where 𝑧𝑖 represents the average coordination number found in liquid metals, Δ𝑧𝑖 repre-
sents the number of broken bonds that occur during viscous flow, and Δ𝑐𝑈𝑖 represents
the cohesion energy of the liquid metal. Although the vaporization enthalpy is typically
employed to assess cohesion energy, using the example of surface tension, it has been
demonstrated that cohesion energy correlates better with the melting point of common
metals (Kaptay et al., 2003).

Δ𝑐𝑈𝑖 = −Φ𝑅𝑇𝑚,𝑖 (3.86)

where the semi-empirical parameter Φ is found to be Φ � 25.4 ± 2 (Kaptay, 2005a).
Substituting equation (3.86) into equation (3.84) and assuming that the ratio of Δ𝑧𝑖/𝑧 is
roughly constant for all liquid metals, a constant 𝜈 can be introduced as follows:

𝜈 = Φ
Δ𝑧𝑖

𝑧
(3.87)

The following equation (which includes the temperature-dependent portion of the ac-
tivation energy in parameter 𝜇) is eventually obtained by substituting equations 3.84
through 3.87 into equation 3.83:

𝜂𝑖 = 𝜇
𝑀

1
2
𝑖
𝑇

1
2

𝑉
2
3
𝑖

exp
(
𝜈
𝑇𝑚,𝑖

𝑇

)
(3.88)

At the melting point of metal equation (3.88) reduces to the Andrade equation, equation
3.80, and the parameters 𝐶𝐴, 𝜇, and 𝜈 have the following relationships:

𝐶𝐴 = 𝜇 exp (𝜈) (3.89)
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Seetharaman & Sichen (1994) used the free volume idea to construct the same equation
as equation 3.88, which was then defined as the unified equation for the viscosity of pure
liquid metals. The values of semi-empirical parameter 𝜇 and 𝜈 are estimated using the
numerous literature data and provided the average value as the best value:

𝜇 = (1.80 ± 0.39) × 10−8
(
𝐽/𝐾mol1/3

) 1
2 (3.90)

and

𝜈 = 2.34 ± 0.20 (3.91)

As the binary and multi component extension of equation (3.88), Budai et al. (2007)
derives a new equation known as the Budai-Benko-Kaptay (BBK) model. The following
relation extends the molar mass, molar volume, and cohesion energy of pure liquid
metals 𝑖 in equation 3.88 to multi-component alloys.

𝑀 =
∑︁
𝑖

𝑐𝑖𝑀𝑖 (3.92)

𝑉 =
∑︁
𝑖

𝑐𝑖𝑉𝑖 + Δ𝑉𝐸 (3.93)

Δ𝑐𝑈𝑖 = −Φ𝑅
∑︁
𝑖

𝑐𝑖𝑇𝑚,𝑖 + 𝐻𝑀 (3.94)

Results from different experiments or theories can be used to determine the excess
molar volume

(
Δ𝑉𝐸

)
and the integral heat of mixing 𝐻𝑀 , which are concentration and

temperature dependent quantities. The following unified equation for the viscosity of
multi-component liquid alloys can be obtained by substituting equation 3.92-3.94 into
equation 3.88 (Budai et al., 2007).

𝜂 =
𝜇

(∑
𝑖 (𝑐𝑖𝑀𝑖)

) 1
2(∑

𝑖 𝑐𝑖𝑉𝑖 + Δ𝑉𝐸
) 2

3
𝑇

1
2 exp

[
𝜈

𝑇

(∑︁
𝑐𝑖𝑇𝑚,𝑖 −

𝐻𝑀

Φ𝑅

)]
(3.95)

3.4 Surface Properties

One of the most significant physical characteristics of liquid alloys is surface tension,
which is known to govern a variety of interfacial phenomena in metallurgical processes.
Even the calculated surface tension in the alloys from the thermodynamic database
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would be of enormous significance because the literature’s value of surface tension in
liquid alloys are few and widely dispersed (T. Tanaka & Iida, 1994). It is possible
to consider the surface of a multicomponent solution to be a "phase." The chemical
potential of each component in the surface phase is equivalent to the chemical potential
of the corresponding component in the bulk solution plus the surface energy of the
components in the surface phase and the bulk phase are in thermodynamic equilibrium.
Butler (1932) demonstrated that by first assuming that the partial surface areas of alloy
components in the alloy are equal to the molar surface areas of pure elements, and then
taking into account the equilibrium between a bulk phase and a mono layer at the surface,
which is regarded as an individual phase, one can obtain the following thermodynamic
equation for surface tension 𝜎 of a liquid binary A-B alloy.

𝜎 = 𝜎𝐴 +
RT
𝑆𝐴

ln
𝑎𝑆
𝐴

𝑎𝑏
𝐴

= 𝜎𝐵 +
RT
𝑆𝐵

ln
𝑎𝑆
𝐵

𝑎𝑏
𝐵

(3.96)

where 𝜎, 𝜎𝐴, and 𝜎𝐵 represent the surface tension of the solution, pure component
A, and pure component B, respectively; 𝑆𝑖, the monolayer surface area of component
𝑖 (𝑖 = 𝐴 or 𝐵); 𝑎𝑏

𝑖
, the activity of component 𝑖 in the bulk phase; 𝑎𝑠

𝑖
, the activity of

component 𝑖 in the surface phase; R, the gas constant; and T, the absolute temperature.
The standard states for the bulk and surface phases must be defined correctly for equation
3.96 to be valid. Equation 3.96 can be written as the following by substituting an activity
with the product of the mole fraction and activity coefficient (T. Tanaka & Iida, 1994).

𝜎 = 𝜎𝐴 +
RT
𝑆𝐴

ln

(
1 − 𝑐𝑠

𝐵

1 − 𝑐𝑏
𝐵

)
+ RT
𝑆𝐴

ln

(
Υ𝑠
𝐴

Υ𝑏
𝐴

)

= 𝜎𝐵 +
RT
𝑆𝐵

ln
𝑐𝑠
𝐵

𝑐𝑏
𝐵

+ RT
𝑆𝐵

ln

(
Υ𝑠
𝐵

Υ𝑏
𝐵

)
(3.97)

where Υ𝑏
𝑖

and Υ𝑠
𝑖

represent the activity coefficient of component 𝑖 in the bulk and
surface phases, respectively, and 𝑐𝑏

𝐵
and 𝑐𝑠

𝐵
represent the mole fractions of component B

in the bulk and surface phases, respectively. Using a quasi-chemical model, the activity
coefficient for the bulk phase was determined by Fowler & Guggenheim (1965), and it
is as follows:

lnΥ𝐴 =
𝑧

2
ln

(
(𝜁 − 1 + 2𝑐𝐵)
𝑐𝐵 (𝜁 + 1)

)
(3.98)
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and

lnΥ𝐵 =
𝑧

2
ln

(
(𝜁 + 1 − 2𝑐𝐵)
(1 − 𝑐𝐵) (𝜁 + 1)

)
, (3.99)

respectively with

𝜁 =

[
4𝑐𝐵 (1 − 𝑐𝐵) 𝑒

2𝜔
𝑘𝐵𝑇 + (1 − 2𝑐𝐵)2

] 1
2
.

In the equations 3.98 and 3.99, 𝑘𝐵 is the Boltzmann’s constant, 𝑧 is the coordination
number of the atoms in the bulk phase, and 𝜔 is the pair-wise interaction energy given
as,

𝜔 =
𝐸AB − (𝐸AA + 𝐸BB)

2

Here, the energy attributed to the 𝑖 − 𝑗 bonds is denoted by the symbol 𝐸ij. For equation
3.96, the value for 𝑆𝑖 is found as (T. Tanaka & Iida, 1994)

𝑆𝑖 = 𝑏𝑁
1
3
𝐴𝑉
𝑉

2
3
𝑖

(3.100)

where 𝑁𝐴𝑉 is Avogadro’s number, 𝑉𝑖 is the component’s molar volume, which can be
estimated from its density, and b (= 1.091 for a closed lattice) is the geometric factor.

The operating temperature (𝑇) for the alloys and the temperature
(
𝑇0
𝑖

)
at which surface

tension data for the components are available may differ. In these cases, the neces-
sary data at required temperature (𝑇) were estimated from available data at certain
temperature.

𝜎𝑖 (𝑇) = 𝜎0
𝑖 +

(
𝑇 − 𝑇0

𝑖

) 𝜕𝜎𝑖
𝜕𝑇

where 𝜕𝜎𝑖/𝜕𝑇 represent temperature coefficients of surface tension for the components
of the metal alloys. In terms of partial excess free energy in bulk ( 𝐺𝑋𝑆,𝑏

𝑖
) and surface

( 𝐺𝑋𝑆, 𝑠
𝑖

) of the components equation 3.97 can be expressed as shown below in equation
3.101 (T. Tanaka & Iida, 1994)

𝜎 = 𝜎𝐴 +
RT
𝑆𝐴

ln
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1 − 𝑐𝑆

𝐵
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𝑏

)
+ 1
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𝐴
− 𝐺𝑋𝑆,𝑏

𝐴
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+ 1
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(𝐺𝑋𝑆, 𝑠

𝐵
− 𝐺𝑋𝑆,𝑏

𝐵
) (3.101)
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T. Tanaka & Iida (1994) reported the relationship between a component’s partial excess
Gibb’s energy in the surface phase and that in the bulk phase

𝐺
𝑋𝑆,𝑠
𝑖

𝐺
𝑋𝑆,𝑏
𝑖

=
𝑧𝑠

𝑧𝑏
= 𝜆 (3.102)

Equation 3.102 indicates that 𝐺XS,𝑠
𝑖

, which has the same formula as 𝐺XS,𝑏
𝑖

, can be
produced by substituting the mole fraction of the bulk phase 𝑐𝑏 with the mole fraction of
the surface phase 𝑐𝑠 and then multiplying 𝐺XS,𝑏

𝑖
by 𝜆. Where 𝑧𝑠 and 𝑧𝑏 are, respectively,

the surface phase and bulk phase co-ordination numbers. Using the least squares
regression method, T. Tanaka & Iida (1994) determined 𝜆 = 0.83 for liquid alloys and 𝜆
= 0.94 for ionic melts including oxide mixtures. Additionally, the authors show that the
value of 𝑏 in relation 3.100 is 1.091 for liquid metal alloys under the assumptions of a
closed packed structure and 𝑏 = 1 for the fused salt.

Surface tension of solutions and surface adsorption of their components are two impor-
tant aspects of colloid chemistry. The combination of the two Butler equations provides
a valuable tool for estimating equilibrium surface composition and surface tension of
solution. In Butler’s equation, the partial surface tensions of the components are defined
improperly. Since the Butler equation was derived by assuming a surface monolayer,
its applicability is limited (Kaptay, 2019). Without using the idea of partial surface
tensions, Kaptay (2019) gave a better derivation of the Butler equation from the funda-
mental Gibbs equations. Both the equilibrium surface composition and the equilibrium
surface tension of a liquid solution can be calculated using the resulting equation. It is
only assumed that the surface region can be characterized with an average composition,
ignoring the composition gradients, in order to derive the new equations. These equa-
tions are derived without making any assumptions on the structure or thickness of the
surface region. In comparison to the original Butler equations, which were calculated
by assuming a surface monolayer, it has a wider range of applicability. The improved
Butler equation that was derived is (Kaptay, 2019),

𝜎 =
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(𝐺𝑋𝑆, 𝑠

𝐵
− 𝐺𝑋𝑆,𝑏

𝐵
) (3.103)

When the entire system is made up of only one component 𝑖, 𝑆◦
𝑖
(𝑚2/mole) represents the

standard molar surface area of component 𝑖. It can be defined as 𝑆◦
𝑖
= 𝑏𝑁

1
3
AV

(
Δ𝑉𝐸

) 2
3 same
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as 𝑆𝑖 is defined. The partial molar volume of the component is often replaced by the
standard molar volume of the same pure component and vice versa if the excess molar
volume of the solution is negligible or unknown.
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CHAPTER 4

RESULTS AND DISCUSSION

Two Bi-based and two In-based binary liquid systems are treated in this chapter using
the theoretical framework introduced in Chapter 3. Within the context of a complex
formation model, the diffusion coefficients of liquid Bi-Mg, Bi-Pb, Cu-In, and In-Pb
alloys with regard to their bulk composition at a certain temperature are investigated,
together with their structural and thermodynamic features. Energetics derived from their
experimental thermodynamic data are utilized to analyze surface characteristics using
the Buttler equation and viscosity using the BBK model.

4.1 Thermodynamic Properties

To study thermodynamic and structural properties, the complex formation model first
needs to know the stoichiometry of the complex. To do this, we assume that in the liquid
state of the alloy, there is a chemical complex with the form 𝐴𝑝𝐵𝑞. The number of
complexes, 𝑛3, was calculated using equations 3.1, 3.2 and equation 3.37 by selecting
the values of 𝑝 and 𝑞 from the phase diagram and determining the initial values of
energy parameters 𝜒 and Ψij as described by Bhatia et al. (1973). The value of 𝑝 and 𝑞
determined from phase diagram are given in Table 1 (Hultgren et al., 1973). Using these
𝑝, 𝑞, 𝜒, Ψij and 𝑛3 values, we continue to fit the experimental values of alloy mixing
free energy by adjusting the energy parameters 𝜒 and Ψij. Once 𝜒 and Ψij are fixed,
their values do not change during the calculation of the diffusion coefficients, structural
properties and other thermodynamic properties.

The concentration dependence of the equilibrium values of chemical complexes, 𝑛3, is
seen to exhibit its greatest value at the compound-forming composition, 𝑐𝑐 = 𝑝/𝑝 + 𝑞.
The mixing functions, or the Gibbs free energy (Figure 9), are negative for all alloys at all
bulk compositions. It displays a flat minimum of -3.3542 at the composition, 𝑐𝐵𝑖 = 0.444
for Bi-Mg, signifying a considerable propensity for compounds to form as presented in
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Figure 9(a). The fact that 𝐺𝑀/RT is less than -3 (i.e., -3.3265) even at the value
of 𝑐𝑐 = 0.4 indicates the strong tendency of chemical ordering toward stoichiometric
composition in Bi-Mg alloys.

Compounds do not exist as distinct thermodynamic phases in the liquid state. Liquid
compounds can be identified by their distinctive physical behavior around particular
proportions, which we will refer to as stoichiometric or compound-forming compositions
by definition. These behaviors include extremes and minima in the free energy of mixing
(𝐺𝑚), Heat of formation (𝐻𝑚), entropy of mixing (𝑆𝑚), chemical short range order
parameter (𝛼1) ratio of mutual to intrinsic diffusion coefficient (𝐷𝑀/𝐷id), and Darken
stability function

(
𝜕2𝐺𝑀/𝜕𝑐2) . For liquid alloys made of Bi-Pb, Cu-In, and In-Pb, the

stoichiometric compositions are 0.25, 0.67, and 0.5, respectively (Figure 9 (b, c, d).
In the region of the compound forming concentration, the minimum 𝐺𝑀/RT value for
Bi-Pb is -0.9041 at 𝑐Bi = 0.5 and for Cu-In, it is -0.9408 at 𝑐Cu = 0.6. The lowest negative
𝐺𝑀/RT value for In-Pb alloys, which is -0.5865 at 𝑐In = 0.5, suggests that In-Pb is the
least strong of the four alloys in terms of association.

Calculations of the enthalpy of formation 𝐻𝑀 , mixing entropy 𝑆𝑀 , concentration-
concentration fluctuation at the long wavelength limit 𝑆𝑐𝑐 (0), and mutual diffusivities
𝐷𝑀/𝐷𝑖𝑑 will be done using the set of energy parameters that propagate the computed
values of the free energy of mixing of liquid alloys to a reasonable extent. Table 1
contains the 𝑝 and 𝑞 values along with the interaction energy parameters that were used
in the calculation. The formation of intermetallic compounds of the type Bi2Mg3 in the
solid phase is depicted by the phase diagram for Bi-Mg (Hultgren et al., 1973). There-
fore, we assume that the compound will continue to be stable, remain in the liquid phase,
and reasonably influence the liquid alloy’s thermodynamic properties. The choice of 𝑝
and 𝑞 corresponding to the BiPb3, Cu2In, and InPb complexes are able to reasonably
reproduce the stated free energy of the mixing values of the alloy in the case of the
liquid alloys Bi-Pb, Cu-In, and In-Pb. Figure 9 depicts the plot of 𝐺𝑀/RT with the
corresponding bulk concentration for the liquid alloys Bi-X (X = Mg, Pb) and In-Y (Y
= Cu, Pb).

Table 1: Stoichiometric indices and interaction parameters.

System 𝑝 𝑞 𝜒/RT Ψ12/RT Ψ23/RT Ψ13/RT
Bi-Mg 2 3 16.28 0.000 -3.320 -2.520
Bi-Pb 1 3 1.880 -0.887 -0.714 0.519
Cu-In 2 1 2.221 0.235 0.140 1.165
In-Pb 1 1 0.730 0.480 1.376 1.230
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Figure 9: Free energy of mixing (𝐺𝑀 (𝑅𝑇)−1) versus bulk concentration for (a) Bi-Mg, (b) Bi-Pb, (c)
Cu-In, and (d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K respectively.

The lines represent calculated values at 975K for Bi-Mg, 700 K for Bi-Pb, 975 K for
Cu-In, and 673 K for In-Pb alloy systems. The points represent experimental data from
Hultgren et al. (1973). Table 1 shows the energy inputs parameters that were used for
the calculation. It should be noted that certain factors, such as the coordination number
(z) and the order energy parameters , 𝜒, Ψij do not depend on concentration within
the context of the models discussed above. The thermodynamic parameters of liquid
alloys computed using the R-K polynomial contained artifacts, which were removed
using the exponential dependency of the interaction energies with temperature (Gohivar,
Yadav, et al., 2020). However, utilizing a complex formation model, we were unable to
detect any artifacts that would have allowed us to employ the linear relationship between
interaction energies and temperature (Bhandari, Koirala, & Adhikari, 2021). The order
energy parameters are fitted using the thermodynamic data, and the value of 𝑧 is chosen
from the structural data.

Calculations using 𝑝 = 2 and 𝑞 = 3 for Bi-Mg , 𝑝 = 1 and 𝑞 = 3 for Bi-Pb, 𝑝 = 2
and 𝑞 = 1 for Cu-In, and 𝑝 = 1 and 𝑞 = 1 for In-Pb complexes are shown in Figure 9.
These complexes are most likely to form in the liquid phase of the alloy, according to the
observed free energy of mixing liquid alloys. The aforementioned complexes exhibit an
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excellent fit for the free energy values at the specified temperatures illustrate the validity
of the model chosen. Equation 3.20 and experimental 𝐻𝑀 values from Hultgren et al.
(1973) were used to fit the 𝐻𝑀 vs concentration graph. The temperature coefficient
values for the interaction parameters that best fit the experimental 𝐻𝑀 data are displayed
in Table 2. The 𝜕Ψij/𝜕𝑇 values also remain constant throughout the whole calculation
once they have been fitted.

Table 2: Temperature coefficient values for the interaction parameter

System 1
𝑅

𝜕𝜒

𝜕𝑇
1
𝑅
𝜕Ψ12
𝜕𝑇

1
𝑅

𝜕Ψ13
𝜕𝑇

1
𝑅

𝜕Ψ23
𝜕𝑇

Bi-Mg 1.571 2.510 -3.200 -1.400
Bi-Pb 1.580 -0.150 0.500 0.900
Cu-In 1.160 -1.461 1.500 0.171
In-Pb 1.110 9.500 0.650 0.500

If energy parameters are assumed to be temperature independent, the values of 𝐻𝑚 and
𝑆𝑀 are found to be in poor agreement with the experiment. In order to calculate heat and
entropy of formation that agrees with observed values, we have consequently assumed
that these quantities vary with temperature. In all alloy systems, Figure 10 shows that
there is good agreement between the experimental and predicted values of 𝐻𝑀/𝑅𝑇 .

The fact that the 𝐻𝑀/𝑅𝑇 values for the Bi-Mg and Bi-Pb systems are negative over the
entire concentration further supports that these alloys are chemically favorable systems.
Based on the positive to negative 𝐻𝑀/𝑅𝑇 values for the Cu-In system, this alloy goes
through a phase separating to ordering transformation with regard to bulk composition.
The positive 𝐻𝑀/𝑅𝑇 values for In-Pb, on the other hand, indicate that it is much more
weaker in complexes formation than earlier systems.
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Figure 10: Heat of mixing (𝐻𝑀 (𝑅𝑇)−1) versus bulk concentration for a) Bi-Mg, b) Bi-Pb, c) Cu-In and
d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K respectively.

Equation 3.21 is used to compute 𝑆𝑀/𝑅 using the same interaction parameters that were
used to calculate the values of 𝐺𝑀 and 𝐻𝑀 . Figure 11 illustrates the fair agreement
between estimated values and experimental values of 𝑆𝑀 for the systems under consid-
eration. Theoretical data for the liquid alloy of Bi-Mg at 𝑐 = 0.4 shows a substantial fall
in 𝑆𝑀/𝑅 value to 0.4340, which implies a higher degree of complex formation behavior
at that composition.
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Figure 11: Entropy of mixing (𝑆𝑀𝑅−1) versus bulk concentration for a) Bi-Mg, b) Bi-Pb, c) Cu-In and
d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K respectively.

4.2 Structural Properties

Because diffraction experiments are difficult, the theoretical estimation of concentration
fluctuations in the long wavelength limit 𝑆cc (0) is very important when trying to figure
out how atoms interact in the melt. In the case of liquid solutions, the size of 𝑆cc (0)
depends on how the solution is made and can be vary from an ideal solution to a
non-ideal solution. In a binary system, the dependence of 𝑆cc (0) on concentration
also depends on the nature of the solution and how the species interact with each
other. In strongly interacting systems, the magnitude of 𝑆cc (0) goes to zero; in weakly
interacting systems, it has an intermediate value; and in non-interacting systems, it has
significant large positive values. Using the estimated energy parameters from our earlier
calculations, we computed 𝑆cc (0) and the Warren-Cowley short-range order parameter
(𝛼1). Any divergence of 𝑆cc(0) from its ideal value is of great significance to anyone
attempting to visualize the extent of interaction in the mixture. 𝑆cc(0) « 𝑆(ideal)

cc (0) is a
sign of strong association or the presence of chemical complexes in the mixture. If for
a certain composition 𝑆cc(0) » 𝑆(ideal)

cc (0) then there is tendency of segregation or phase
separation. The ideal value of 𝑆cc(0), which is related to the ideal mixing, is 𝑆(idea)

cc (0).
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Figure 12 depicts the plots of 𝑆cc(0) for the complexes of Bi-Mg, Bi-Pb, Cu-In, and
In-Pb.

Figure 12: Concentration fluctuation at long wavelength limit 𝑆cc (0) versus bulk concentration for a)
Bi-Mg, b) Bi-Pb, c) Cu-In and d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K respectively.

The points represent experiment results, whilst the lines represent calculated values.
The experimental data for Bi-Mg are taken from Bhatia & Hargrove (1974). The
experimental values for Bi-Pb, Cu-In, and In-Pb were computed using equation 3.69
utilizing the experimental activity data shown in Table 3. And in Figure 12, the dashed
line represents the ideal values of 𝑆cc(0) as determined by equation 3.68.
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Table 3: Input activity data for the calculation of experimental 𝑆cc (0) (Hultgren et al., 1973) .

𝑐Bi, Cu, In
Bi-Pb Cu-In In-Pb

𝑎Bi 𝑎Pb 𝑎Cu 𝑎In 𝑎In 𝑎Pb
0 0 1 0 1 0 1

0.1 0.052 0.897 0.096 0.916 0.133 0.900
0.2 0.115 0.782 0.151 0.848 0.259 0.805
0.3 0.195 0.657 0.192 0.783 0.375 0.712
0.4 0.293 0.527 0.233 0.706 0.48 0.624
0.5 0.406 0.404 0.282 0.603 0.576 0.538
0.6 0.530 0.292 0.349 0.462 0.662 0.454
0.7 0.656 0.196 0.453 0.283 0.745 0.366
0.8 0.779 0.116 0.620 0.107 0.825 0.268

0.825 – – 0.680 0.072 – –
0.9 0.895 0.052 – – 0.908 0.151
1 1 0 1 0 1 0

According to our theoretical analysis, the maximum deviation of 𝑆cc(0) from the ideal
value, 𝑆(ideal)

cc (0), for Bi-Mg liquid alloys occurs at stoichiometric composition, or at 𝑐𝑐=
0.4. This suggests that 𝑐𝑐 is the concentration at which the tendency to form compounds
is strongest. Bi-Pb liquid alloys have a favorable tendency to compound formation at
all compositions because the computed 𝑆cc(0) values are smaller than the ideal values
𝑆

(ideal)
cc (0). Cu-In liquid alloys, on the other hand, exhibit ordering features for c > 0.6

while having a tendency to phase separate for c < 0.6. Despite this, liquid systems
including Bi-Mg and Cu-In have shown a tendency to form glasses. The mixture that
forms glass is that composition at which the observed 𝑆cc(0) value reaches the ideal
𝑆cc(0) ideal value. Therefore, the theoretical observation shows that the glass-forming
compositions for the Bi-Mg and Cu-In systems are 0.52 and 0.772, respectively, which
are quite near to the values of 0.5 and 0.72 that are shown by experimental observation.
It has also been seen from Figure 12(c) that In-Pb undergo phase segregation as it has
larger 𝑆cc(0) values in the whole concentration range.
A measurement of the degree of compound formation in the liquid alloy is also provided
by the chemical short-range order parameter (𝛼1).The minimum value of 𝛼1 is -1, which
denotes total ordering in a liquid alloy, while the greatest value of 𝛼1 is 1, which depicts
complete separation of alloy components. The investigation of chemical short range
order parameter also provides support for the mixing pattern seen in terms of 𝑆cc(0).
The fact that the 𝛼1 value less than -0.65 value and approaching -1 near the stoichiometric
composition clearly suggests that the Bi-Mg binary melt has a tendency toward hetero-
coordination. 𝛼1 values for the Bi-Pb complex likewise appear to be stronger, with a
minimum depth of 𝛼1 = -0.0425 at equiatomic composition. In the situation of Cu-In
liquid alloy, a 𝛼1 value smaller than -0.4 near the stoichiometric composition indicates
a favorable tendency for compound formation. However, the presence of positive values
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across the full composition range of In-Pb alloys indicates that the alloy segregates
throughout the whole concentration zone. The behavior of 𝛼1 in four different liquid
alloys indicates that the ordering tendency diminishes from Bi-Mg to Cu-In, Bi-Pb, and
In-Pb.

Figure 13: Chemical short range order (𝛼1) versus bulk concentration for a) Bi-Mg, b) Bi-Pb, c) Cu-In
and d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K, respectively.

4.3 Transport Properties

Using equation 3.79, the obtained values of 𝑆cc (0) can also be utilized to assess the ratio
of mutual and intrinsic diffusivities (𝐷𝑀/𝐷𝑖𝑑) as functions of composition. It should
be noted that the level of order in a liquid binary alloy can also be determined using
this ratio of mutual to intrinsic diffusivities. The alloy having a random combination of
components that leads to the ideal distribution if 𝐷𝑀/𝐷𝑖𝑑 = 1. 𝐷𝑀/𝐷𝑖𝑑 > 1 therefore,
exhibits a propensity toward hetero-coordination, whereas 𝐷𝑀/𝐷𝑖𝑑 < 1 exhibits a
tendency toward homo-coordination. Figure 14 displays the plots of 𝐷𝑀/𝐷𝑖𝑑 versus
concentration for all selected binary liquid alloys.
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Figure 14: Ratio of mutual and intrinsic diffusion coefficients (𝐷M𝐷id
−1) versus bulk concentration for

a) Bi-Mg, b) Bi-Pb, c) Cu-In and d) In-Pb alloys at 975 K, 700 K, 1073 K and 673 K respectively.

In the composition range of 0.2 to 0.7, it is observed that the values of 𝐷𝑀/𝐷𝑖𝑑 obtained
for Bi-Mg are positive and greater than one (Figure 14(a)). At the compound forming
concentration, the value is at its highest point (being more than 18.33). Because this
value is so high, the theoretical analysis of the presence of the strong chemical order in the
liquid state of Bi-Mg alloy at 975 K is further clarified by this finding. At a temperature of
1073 K, the values for 𝐷𝑀/𝐷𝑖𝑑 are found to be less than one up to the bulk composition
𝑐𝐶𝑢 = 0.5, which implies that there is a phase separation in Cu-In system around that
composition range. The 𝐷𝑀/𝐷𝑖𝑑 value is at its greatest (= 8.54), which occurs around
the compound forming concentration. This also provides evidence that the liquid Cu-In
alloys exhibit significant degree of ordering around compound forming concentration.
The values of 𝐷𝑀/𝐷𝑖𝑑 for the liquid Bi-Pb alloy based on the energy parameters related
to the BiPb3 complex indicated values that fall in the range of 1.1 to 1.45 all over the
whole concentration range. This demonstrated further that the Bi-Pb alloy is capable
of good compound formation throughout the full concentration range, despite having a
lower level of strength compared to the Cu-In and Bi-Mg systems. It has been reported
that the 𝐷𝑀/𝐷𝑖𝑑 values, when measured for In-Pb at 673 K, decrease initially to the
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increasing bulk composition. Stoichiometric composition yields the smallest possible
value for 𝐷𝑀/𝐷𝑖𝑑 , which is equal to 0.76. The 𝐷𝑀/𝐷𝑖𝑑 values steadily grow with the
relevant bulk concentration after the stoichiometric composition. The fact that the value
of 𝐷𝑀/𝐷𝑖𝑑 is less than unity throughout the entire composition range in In-Pb liquid
alloys suggests segregation throughout the whole of the composition range and, as a
result, provides further support for the very weak tendency of compound formation in
the In-Pb alloy.

The equation 𝜌𝑖 (𝑇) = 𝜌0
𝑖
+ (𝑇 − 𝑇0

𝑖
)𝜕𝜌/𝜕𝑇 is used to optimize the density values at

necessary temperature (𝑇) utilizing the density values of component elements given at
melting temperature

(
𝑇0
𝑖

)
. The atomic volumes of the components are calculated using

the density values at the necessary temperature combined with the atomic masses. The
relevant quantities in the expression for viscosity are then evaluated using the equation
3.92 and equation 3.93. Finally, the equation 3.95 is employed to determine the viscosity
of particular liquid binary alloys. As shown in Table 3, the additional required input
values are taken from Brandes & Brook (2013). Figure 15 illustrates how the viscosity
of all systems is dependent on composition. Over the whole compositional range, the
viscosities obtained for Bi-Mg alloys are higher than the ideal values. Positive departure
from ideality increases until 𝑐Bi = 0.4, where it reaches its maximum value (= 0.001427).

Table 4: Input parameters for calculation of viscosity (Brandes & Brook, 2013).

Element Atomic Mass Melting Density at Temperature coefficient
𝑀𝑖 ( kg/mol ) Temperature 𝑇0

𝑖
(kg/m3) of density 𝜕𝜌

𝜕𝑇

𝑇0
𝑖

( K ) (kg/m3K)
Bi 0.2090 544.0 10068 -1.3300
Mg 0.0243 924.0 1590.0 -0.2647
In 0.1148 429.6 7023.0 -0.6798
Pb 0.2072 600.0 10678 -1.3174
Cu 0.0635 1356 8000.0 -0.8010

As seen in Figure 15 (c), the value of viscosity in the case of Cu-In melt drops to its
lowest point (=0.008207) when 𝑐Cu is equal to 0.2, while it reaches its highest point
(0.008522) when 𝑐Cu is equal to 0.8. The value of viscosity for Bi-Pb first rises with
the bulk composition, and then it reaches its highest point when it has an equiatomic
composition. When there is a further increase in the concentration of bismuth, it goes
down. It is observed that the viscosity values for Bi-Pb have a higher value than the
corresponding ideal values. At a 𝑐Bi value of 0.9, the deviation from ideal values is found
to be the greatest (0.003214). It is reported that the viscosity measured for Bi-Pb and
In-Pb show opposing behaviors when compared to one another. For the In-Pb system,
the viscosity isotherm almost perfectly demonstrates symmetrical behavior, with minima
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located at 𝑐In = 0.5. In contrast to the behavior observed in the Bi-Mg and Bi-Pb values,
it was found that the viscosity values for the In-Pb values initially decreased when the
corresponding composition increased. After equiatomic composition, viscosity values
are observed to increase as concentration increases.

Figure 15: Viscosity (𝜂) versus bulk concentration for a) Bi-Mg, b) Bi-Pb, c) Cu-In and d) In-Pb alloys
at 975 K, 700 K, 1073 K and 673 K respectively.

4.4 Surface Properties

The surface concentrations of components and the surface tension values for the liquid
alloys Bi-Mg, Bi-Pb, Cu-In, and In-Pb are calculated numerically using the formulae in
the equation 3.103. As shown in Table 5, the partial excess free energy in bulk

(
𝐺
𝑋𝑆,𝑏
𝑖

)
for Bi, Mg, Pb, Cu, and In in corresponding alloys are extracted from reference Hultgren
et al. (1973). Additionally, equation 3.102 is used to determine the partial excess free
energy in the surface

(
𝐺
𝑋𝑆,𝑠
𝑖

)
of the components Bi, Mg, Pb, Cu, and In in the respective

alloys.
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Table 5: Excess bulk free energies of the components of the alloys in corresponding alloys (Hultgren et
al., 1973) .

𝑐
Bi-Mg Bi-Pb Cu-In In-Pb

𝐺
XS,b
Bi 𝐺

XS,b
Mg 𝐺

XS,b
Bi 𝐺

XS,b
Pb 𝐺

XS,b
Cu 𝐺

XS,b
In 𝐺

XS,b
In 𝐺

XS,b
Pb

0.1 -16531 -282 -915 -5 -92 37 381 1
0.2 -14426 -892 -772 -31 -605 125 346 8
0.3 -11726 -2064 -601 -88 -953 239 300 23
0.32 -11134 -2386 – – – – – –
0.4 – – -432 -179 -1155 346 249 53

0.444 -1850 -9023 – – – – – –
0.5 -814 -10148 -290 -295 -1224 399 188 98
0.6 -86 -11423 -173 -437 -1154 306 131 168
0.7 -86 -11986 -91 -590 -930 -125 84 265
0.8 -2 -13006 -37 -752 -544 -1325 38 386

0.825 – – – – -413 -1892 – –
0.9 -2 -14343 -8 -915 – – 10 551

The surface tensions
(
𝜎0
𝑖

)
and densities

(
𝜌0
𝑖

)
of the components of the alloy system at

a constant temperature
(
𝑇0
𝑖

)
were obtained from reference Brandes & Brook (2013),

(where i represent Bi, Mg, Cu, In, and Pb) and are provided in Table 6. To achieve
surface tension at working temperatures (T) of 975 K, 700 K, 1073 K, and 675 K for
Bi-Mg, Bi-Pb, Cu-In, and In-Pb respectively, the temperature dependence of the surface
tension of the liquid metals is given by 𝜎𝑖 (𝑇) = 𝜎0

𝑖
+

(
𝑇 − 𝑇0

𝑖

)
𝜕𝜎𝑖/𝜕𝑇 . Here 𝜕𝜎𝑖/𝜕𝑇

is the temperature coefficient of surface tension, and T is the working temperature in
Kelvin for the component of the alloys. The area of the monoatomic surface layer for
the component i can be calculated using the formula 3.100.

Table 6: Input parameters for calculation of surface tension (Brandes & Brook, 2013).

Element Melting Surface tension Temperature coefficient
Temperature (𝜎0

𝑖
) at 𝑇0

𝑖
of surface tension 𝜕𝜎/𝜕𝑇

𝑇0
𝑖

( K ) (N/m) (N/m K)
Bi 544.0 0.378 -7.0×10-5

Mg 924.0 0.559 -3.5×10-4

In 429.6 0.556 -9.0×10-5

Pb 600.0 0.468 -1.3×10-4

Cu 1356 1.285 -1.3×10-4

Figures 16(a), 16(b), 16(c), and 16(d), respectively demonstrate the surface concentration
of Bi

(
𝑐𝑠
𝐵𝑖

)
versus bulk concentration of Bi (𝑐𝐵𝑖) in Bi-Mg liquid alloy at 975 K, surface

concentration of Bi
(
𝑐𝑠
𝐵𝑖

)
versus bulk concentration of Bi (𝑐𝐵𝑖) in Bi-Pb liquid alloy at

700 K, surface concentration of Cu
(
𝑐𝑠
𝐶𝑢

)
versus bulk concentration of Cu (𝑐𝐶𝑢) in Cu-In
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liquid alloy at 1073 K and surface concentration of In
(
𝑐𝑠
𝐼𝑛

)
versus bulk concentration of

In (𝑐𝐼𝑛) in In-Pb liquid alloy at 673 K. Bi surface concentration curve in liquid Bi-Mg
and Bi-Pb alloys deviate positively from ideality. In contrast, the surface concentrations
of Cu and In in liquid Cu-In and In-Pb alloys deviate negatively from their ideal values.
The surface concentrations of Bi in Bi-Mg, Bi in Bi-Pb, Cu in Cu-In, and In in In-Pb
liquid alloys increase as the respective bulk concentrations increase. In liquid Bi-Mg
alloy, the surface concentration of Bi is greater than its bulk concentration, but the
surface concentration of Mg is lower than its bulk concentration. In liquid Bi-Pb alloy,
the surface concentration of Bi is greater than its bulk concentration, whereas the surface
concentration of Pb is lower than its bulk concentration. However, it is observed that
the surface concentration of Cu is lower than its bulk concentration and the surface
concentration of In is higher than its bulk concentration in the Cu-In liquid alloy. The
surface concentration of In is found to be less than its bulk concentration, while the
surface concentration of Pb is found to be greater than its bulk concentration in the In-Pb
liquid alloy. The conclusion that can be drawn from this is that the Bi atoms in the
Bi-Mg alloy, the Bi atoms in the Bi-Pb alloy, the In atoms in the Cu-In alloy, and the Pb
atoms in the In-Pb alloy segregate along the surface of the alloy. In each binary system,
the component that has greater surface concentrations values relative to its own bulk
concentration values is the one that segregates tremendously over the surface.
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Figure 16: a) 𝑐𝑠
𝐵𝑖

versus 𝑐𝐵𝑖 in Bi-Mg liquid alloy at 975 K. b) 𝑐𝑠
𝐵𝑖

versus 𝑐𝐵𝑖 in Bi-Pb liquid alloy at 700
K. c) 𝑐𝑠

𝐶𝑢
versus 𝑐𝐶𝑢 in Cu-In liquid alloy at 1073 K. d) 𝑐𝑠

𝐼𝑛
versus 𝑐𝐼𝑛 in In-Pb liquid alloy at 673 K.

In order to calculate the surface tension, the values of the surface composition with re-
spect to concentration are once again used into the same equations (equation 3.103). An
intriguing behavior is displayed by the surface tension isotherm when Bi-Mg is consid-
ered. It has been noticed that the positive deviation from ideality (𝜎ideal = 𝑐𝜎𝐴 + (1 − 𝑐) 𝜎𝐵)
occurs when 𝑐 is between 0 and 0.4, while the negative divergence occurs when 𝑐 is
between 0.4 and 1. The surface tension behavior of the Bi2Mg3 melt clearly suggests
that the Bi-Mg alloy is most stable at stoichiometric content 𝑐𝑐 = 0.4. The remaining
three alloys, Bi-Pb, Cu-In, and In-Pb, all deviate negatively from ideality. It is found
that the observed theoretical values are lower than the equivalent ideal values. When
there is an increase concentration of copper in the bulk, there is a corresponding increase
in the surface tension values of Cu-In. Because indium has lower surface tension than
copper, indium atoms segregate on the surface of the Cu-in system. Adding a small
number of bismuth atoms reduces the surface tension values of Bi-Pb. Bi has a lower
surface tension compared to lead. As illustrated in Figure 17 (b), as the majority of
bismuth atoms migrate to the surface and populate it, the surface tension of the alloy
decreases from the surface tension value of lead and approaches the surface tension
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value of pure bismuth as the bismuth bulk concentration increases. For In–Pb, a rise in
surface tension was found with increasing Indium concentration. The surface tension
values grow with the bulk concentration and reach a maximum of around 0.5211 at an
indium concentration of 0.9 atomic fraction, which is near to the surface tension of the
individual indium component. The surface tension values of the above binary systems
vary between the surface tension values of the individual components with the bulk
concentration of a component. The highest surface tension value of the alloy system is
close to the surface tension value of the component having larger surface tension. The
smallest surface tension value of the alloy system is close to the surface tension value of
a component having lower surface tension.

Figure 17: Surface tension (𝜎) versus bulk concentration for a) Bi-Mg, b) Bi-Pb, c) Cu-In and d) In-Pb
alloys at 975K, 700K, 1073K and 673K respectively.

4.5 Temperature Dependent Behavior of Binary Liquid Alloys

Here, we have shown the outcomes of an expansion of the current models to higher
temperatures. By applying their values at the particular temperature, the interaction
energy parameters at the necessary temperature can be computed.

Ψij (𝑇𝑅) = Ψij (𝑇) + (𝑇 − 𝑇𝑅) 𝜕Ψij/𝜕𝑇 , Here, TR= 900 K, 1100 K, 1300 K and 1500 K

84



Using the values of the interaction energy parameters at 700K and associated temperature
coefficients, the interaction energy parameters at 900 K, 1100 K, 1300 K, and 1500 K
are now determined for Bi-Pb liquid alloys, as shown in Table 7.

Table 7: Interaction energy parameters at higher temperatures.

Interaction Temperatures
Energies 900 K 1100 K 1300 K 1500 K
Ψ12/RT -0.724 -0.619 -0.547 -0.494
Ψ13/RT -0.444 -0.272 -0.154 -0.066
Ψ23/RT 0.604 0.658 0.695 0.722
𝜒/RT 1.814 1.771 1.742 1.720

From equation 3.14, the variation of 𝐺𝑀 with temperature is obtained by using these
interaction parameters at various temperatures (Figure 18). When temperatures are
between 700 K and 1500 K, the maximum value of 𝐺𝑀/𝑅𝑇 at equiatomic composition
increases from -0.9084 to -0.8058 and exhibits a tendency toward phase separation.

Figure 18: Compositional dependence of free energy of mixing (𝐺𝑀 (𝑅𝑇)−1) in liquid Bi-Pb alloy at
different temperatures.

Using the same interaction parameters from Table 7 in equation 3.64, the value of
𝑆𝑐𝑐 (0) has been computed at various temperatures as depicted in Figure 19. The value
of 𝑆𝑐𝑐 (0) increases from 0.1732 to 0.2005 at equiatomic composition as the temperature
rises from 700 K to 1500 K, narrowing the gap between 𝑆𝑐𝑐 (0) values and their ideal
values. This also suggests that as temperature rises, the alloy’s propensity to form
compounds decreases.
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Figure 19: Compositional dependence of 𝑆𝑐𝑐 (0) in liquid Bi-Pb alloy at different temperatures.

As is well known, the propensity for heterocordination in a binary melt system is
represented by a rising -ve value of the chemical short range order parameter. Here, we
see that the value of 𝛼1 rises from -0.0425 at 700 K to -0.0241 at 1500 K. In terms of
𝛼1, Figure 20 also demonstrates the phase separation in the Bi-Pb system as a function
of temperature.

Figure 20: Compositional dependence of SRO parameter (𝛼1) in liquid Bi-Pb alloy at different tempera-
tures.

Equation 3.79 is then applied to the 𝑆cc (0) value computed at various temperatures to
determine the 𝐷𝑀/𝐷𝑖𝑑 values for that temperature, as shown in Figure 21. The trend
toward phase separation of the system with temperature rise, as shown by 𝐺𝑀/𝑅𝑇 ,
𝑆𝑐𝑐 (0) and 𝛼1, is further supported by the decreasing value of 𝐷𝑀/𝐷𝑖𝑑 (from 1.4435 to
1.247) with rise in temperature from 700 K to 1500 K.
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Figure 22 depicts the compositional relationship between viscosity and temperature.
Plotting 𝜂 at various temperatures against 𝑐𝐵𝑖 reveals that 𝜂 tends to decrease as tempera-
ture rises and that the difference is greatest (0.002464) at the stoichiometric composition.

Figure 21: Compositional dependence of ratio of mutual and intrinsic diffusion coefficients (𝐷M/𝐷id)
versus concentration of Bismuth (𝑐𝐵𝑖) in the liquid Bi-Pb alloy at different temperatures.

Figure 22: Compositional dependence of viscosity (𝜂) of liquid Bi-Pb alloy at different temperatures.

Figure 23 shows the calculated values of surface concentration of Bi for molten Bi-Pb
alloys at 700 K and at various temperatures. With an increase in temperature, it is
observed that the surface concentration of Bi decreases. The propensity for surface
composition to decrease as temperature increases from 700 K to 1500 K is greatest
(=0.1916) at 𝑐𝐵𝑖 = 0.4 and least (=0.0425) at 𝑐𝐵𝑖 = 0.9. This indicates that the lowering
tendency of surface composition with regard to temperature initially increases with an
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increase in bulk composition up to 𝑐𝐵𝑖 =0.4 and then reduces gradually up to 𝑐𝐵𝑖 =0.9.
The surface tension of Bi-Pb alloy with respect to bulk concentration of Bi at different
temperatures are plotted in Figure 24. It has been noticed that the surface tension of
the alloy reduces with increase in temperature, showing that the selected alloy’s stability
decreases with rise in temperature. The difference in surface tension values from 700 K
to 1500 K is greatest (= 0.0949) at 𝑐𝐵𝑖= 0.1 and smallest (=0.0577) at 𝑐𝐵𝑖 = 0.9. This
indicates that 𝜎700𝐾 − 𝜎1500𝐾 is found to have a decreasing relationship with increasing
bulk composition of Bi.

Figure 23: Compositional dependence of surface concentration of Bismuth
(
𝑐𝑠
𝐵𝑖

)
versus concentration

of Bismuth (𝑐𝐵𝑖) in the liquid Bi-Pb alloy at different temperatures.

Figure 24: Compositional dependence of surface tension (𝜎) of liquid Bi-Pb alloy at different tempera-
tures.
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CHAPTER 5

CONCLUSION AND
RECOMMENDATIONS

5.1 Conclusion

The primary focus of the work that has been given is the investigation of the mixing
behavior of a few binary liquid alloys, including Bi-Mg, Bi-Pb, Cu-In, and In-Pb. The
thermodynamic properties of the aforementioned liquid alloys, such as the free energy
of mixing (𝐺𝑀), heat of mixing (𝐻𝑀), and entropy of mixing (𝑆𝑀); microscopic struc-
tural properties of the aforementioned liquid alloys, such as concentration fluctuation
in long wave length limit (𝑆𝑐𝑐 (0)), chemical short range order parameter (𝛼1), and
the ratio of diffusion coefficient (𝐷𝑀/𝐷𝑖𝑑) in the context of complex formation model.
Assuming the complex is of type ApBq, modeling formulations for these thermody-
namic and structural functions have also been derived. Here, the values of the two
small indices p and q rely on the stoichiometric concentration at which the majority of
intermetallic compounds are formed. The phase diagram of the relevant alloy in the
solid state is used to obtain the values of p and q. With the use of experimental values
for the free energy of mixing, the model fit parameters, such as interaction energies
(Ψ12, Ψ23, Ψ13) and formation energies (𝜒), have been calculated for all preferred
binary liquid alloys. When

(
Ψij

)
has a positive value, it means that species i and j are

attracted to one another and vice versa. The equilibrium equation and other modeling
equations used in the framework of the complex formation model are used to calculate
the compositional dependency of the number of unassociated atoms A (𝑛1), B (𝑛2),
and ApBq (𝑛3) complexes for all systems. In the recommended model, all interaction
parameters are taken to be temperature dependent and concentration independent. With
the help of experimental heat of mixing values for the various liquid alloys, the mod-
eling equations have been used to derive the temperature coefficients of the interaction
energy parameters (𝜕Ψ12/𝜕𝑇, 𝜕Ψ23/𝜕𝑇, 𝜕Ψ13/𝜕𝑇). For Bi-Mg liquid alloys at 975 K,
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compositional dependence of the number of complexes reveals(𝑛3) that the maximum
association occurs at 40 at.% of Bi, while for Bi-Pb liquid alloys at 700 K, compositional
dependence of the number of complexes reveals that the maximum association occurs at
25 at.% of Bi. The maximum association occurs at 67 at.% of Cu in liquid Cu-In alloys
at 1073 K, acording to theoretically calculated values of the number of complexes as a
function of concentration. The maximum value of 𝑛3 at 50 at.% of In in liquid In-Pb
alloys at 673 K demonstrate the maximum interaction in this alloy at that composition.

Comparison of the computed values of the thermodynamic and structural parameters
with the experimental values has established the validity of the proposed statistical
model. The Budai-Benko-Kaptay (BBK) model has been used to calculate and study the
transport property as viscosity. The renovated Butler model has been used to investigate
surface attributes like surface concentrations

(
𝑐𝑠
𝑖

)
and surface tensions (𝜎). Later, the

Complex Formation Model was expanded to examine the structural, thermodynamic,
and diffusion coefficients at various temperatures. The liquid alloys chosen for this
investigation cover a broad spectrum of mixing behavior, ranging from symmetric to
asymmetric in terms of thermodynamic and structural characteristics. Additionally, as
described in Chapter 1, these alloys have a wide range of uses in the different sectors.

In the absence of experimental data, the theoretical prediction of the thermodynamic,
structural, transport, and surface properties for the relevant systems at various tempera-
tures will serve as the database. The liquid Bi-Pb alloy has been examined at temperatures
of 700 K, 900 K, 1100 K, 1300 K, and 1500 K. It has been noted that as temperature
rises, the propensity for compounds to form diminishes. At higher temperatures, it is
possible to study additional binary liquid alloys in a similar manner.

Theoretical analysis reveals that all alloys have a negative free energy of mixing. The
calculated values and the experimental values have a very good agreement. Bi-Mg liquid
alloys exhibit the strongest tendency for compound formation at 975 K, as indicated by
the maximum negative values of free energy of mixing. As we approach Cu-In at 1073
K, Bi-Pb at 700 K, and In-Pb at 673 K, the tendency becomes less pronounced. About
equiatomic compositions, the free energy of mixing curves are found to be asymmetric.
The nature and extent of the atomic bonds that develop between the elements of liquid
mixtures to create complexes are better understood through the study of the heat of
mixing of binary liquid alloys. While homo-coordinating liquid alloys are typically
defined by low negative or positive values of heat of mixing, hetero-coordinating liquid
alloys are typically characterized by substantial negative heat of mixing. Both the
observed and computed values of 𝐻𝑀/𝑅𝑇 as a function of concentration are reported to
be negative throughout the full concentration in the cases of Bi-Mg liquid alloy at 975
K and Bi-Pb liquid alloy at 700 K. These systems are discovered to be asymmetric in
terms of 𝐻𝑀 . 𝐻𝑀 values for Cu-In liquid alloys at 1073 K are found to be positive for
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𝑐𝐶𝑢 = 0.1, 0.2, and 0.3, but negative for the remaining concentrations up to 𝑐𝐶𝑢= 0.9.
This means that at 1073 K, the liquid Cu-In alloy transitions from phase separation to
ordering with respect to bulk concentration. The homo-coordinating tendency in In-Pb
liquid alloys is demonstrated by the theoretically obtained as well as the experimental
values of 𝐻𝑀/𝑅𝑇 as a function of concentration at 673 K being positive over the whole
concentration range. The comparative examination of heat of mixing of the favored
liquid alloys in this research reveals that Bi-Mg is the most interactive system, followed
by Cu-In, Bi-Pb, and In-Pb.

To maintain consistency, we computed the entropy of mixing (𝑆𝑀) of the liquid alloys that
were the subject of this investigation using the same set of interaction energy parameters
that were used to estimate the above-mentioned thermodynamic properties. The study
of 𝑆𝑀 of binary liquid alloys provides information about the mixture’s stability and aids
in the analysis of the ordering tendency of the initial melt at the equilibrium state. The
computed and experimental 𝑆𝑀/𝑅 values for the liquid alloys of Bi-Mg, Bi-Pb, Cu-In,
and In-Pb are well agreed upon as a function of concentration. For all alloys, it has been
observed that the 𝑆𝑀 values have positive values across the whole concentration range.

Understanding the nature of atomic association or local arrangement of the atoms in the
early melt is made easier by the study of structural characteristics. We calculated the
concentration fluctuation in the long wavelength limit (𝑆𝑐𝑐 (0)) and chemical short range
order parameter (𝛼1) of the chosen alloys at their different melting temperatures to clarify
and comprehend the structural features. We used the same set of interaction energy
parameters that we used to compute thermodynamic properties to estimate structural
properties. Throughout concentration range, the compositional dependency of 𝑆𝑐𝑐 (0)
is less than the ideal values for Bi-Pb system. At all concentrations for In-Pb, the
compositional dependence of 𝑆𝑐𝑐 (0) is greater than the ideal values. The 𝑆𝑐𝑐 (0) values
at 𝑐𝐵𝑖= 0.1, 0.8, and 0.9 for Bi-Mg are higher than the corresponding ideal values. At
other concentration values the computed 𝑆𝑐𝑐 (0) values of Bi-Mg are less than the ideal
values. The estimated 𝑆𝑐𝑐 (0) value at the stoichiometric composition is considerably
less than the ideal values. Up to a concentration of 𝑐𝐶𝑢 = 0.5, it is found that the
estimated 𝑆𝑐𝑐 (0) values for Cu-In liquid alloy are higher than the corresponding ideal
values. These values are lower than the respective ideal values above this concentration.
At stoichiometric composition, the lowest 𝑆𝑐𝑐 (0) values are seen. Theoretical analysis
of 𝑆𝑐𝑐 (0) reveals that the liquid alloys of Bi-Mg and Cu-In have strong compound-
forming tendencies at stoichiometric composition, Bi-Pb has good compound-formation
tendencies across the entire concentration range, whereas the In-Pb system experiences
phase separation across the entire concentration range. In the case of the liquid alloy
Bi-Mg, a significant negative value of the chemical short range order parameter (𝛼1) is
observed to be present around the stoichiometric composition. Liquid alloys of Cu-In
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and Bi-Pb come next. In contrast, In-Pb alloys have been found to have positive values of
𝛼1 throughout the concentration range. The 𝛼1 observation supports the same tendency
in mixing behavior of preferred systems as the concentration fluctuation at the long wave
length limit.

The viscosity (𝜂) and the ratio of mutual to intrinsic diffusion coefficients (𝐷𝑀/𝐷𝑖𝑑) are
explored in the research of the transport properties of the liquid alloys mentioned above.
The viscosities value initially rises up to a specific composition, 𝑐Bi = 0.44 for Bi-Mg
and 𝑐Bi = 0.50 for Bi-Pb liquid alloys. The viscosity values for both alloys are observed
to be dropping beyond that compositions. The viscosity of the liquid In-Pb alloy initially
declines with regard to the bulk composition of indium up to the concentration of 0.5,
in contrast to the cases of Bi-Mg and Bi-Pb systems. The viscosity values gradually rise
after this composition. However, the s-shaped viscosity isotherm has been seen in the
case of liquid Cu-In alloy. At 𝑐𝐶𝑢 = 0.8 the value of 𝜂 reaches its maximum, and at
𝑐𝐶𝑢 = 0.2, its smallest value has been recorded. The large positive values of (𝐷𝑀/𝐷𝑖𝑑)
in Bi-Mg liquid alloys, followed by Cu-In and Bi-Pb systems, show a diminishing
compound formation tendency as we go away from the Bi-Mg system and toward the
Cu-In and Bi-Pb systems. However, extremely low values of (𝐷𝑀/𝐷𝑖𝑑) throughout the
whole concentration range in the In-Pb system support the homo-coordinating tendency
as demonstrated by previous investigations.

The study of surface properties enables one to comprehend the nature of the atomic
arrangement on the liquid mixture’s surface layer. As a result, the analysis of surface
phenomena can provide information regarding the kinetics of phase transformation, the
catalytic activities of alloy catalysts, wettability, annealing conditions, and other thermos-
physical properties of liquid alloys. By computing the compositional dependency of
surface tension (𝜎) and surface concentration

(
𝑐𝑠
𝑖

)
of constituent atoms within the

framework of the renovated Butler model, the surface properties of the chosen liquid
alloys have been described. In both Bi-Mg and Bi-Pb liquid alloys, the compositional
dependence of the surface concentration of Bi

(
𝑐𝑠
𝐵𝑖

)
is greater than the corresponding

ideal values across the whole concentration range, showing that these atoms segregate
along the surface of the respective alloys. However, the surface concentrations of
copper

(
𝑐𝑠
𝐶𝑢

)
and Indium

(
𝑐𝑠
𝐼𝑛

)
in the Cu-In and In-Pb liquid alloys are lower than

the corresponding ideal values over the whole concentration range, indicating that the
atoms remain in the bulk. As a result, indium atoms concentrate on the surface of
the copper-indium system, and lead atoms shift from the bulk to the surface of the
indium-lead system. For Bi-Mg and Bi-Pb liquid alloys, the compositional dependence
of the estimated value of surface tension (𝜎) diminishes as the corresponding bulk
concentration rises. However, it is observed that the values for Cu-In and In-Pb are rising
as the corresponding bulk concentration rises. Theoretical surface tension (𝜎) values
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for the Bi-Mg liquid alloy are greater than the ideal values for the concentration range
0 < 𝑐 < 0.4 and smaller than the ideal values for the concentration range 0.4 < 𝑐 < 1,
respectively. However, across the whole concentration range, the theoretical values of
surface tension (𝜎) for the binary alloys Bi-Pb, Cu-In, and In-Pb are lower than the
corresponding ideal values.

Using the extended complex formation model, the interaction energy parameters for the
Bi-Pb liquid alloys are determined for high temperatures. Thermodynamic, structural,
transport, and surface properties of the liquid Bi-Pb alloy are determined using the
interaction energy parameter that has been optimized for higher temperatures. The
hetero-coordinating tendency in binary liquid alloys is shown to decrease with an increase
in temperature by the increasing value of the free energy of mixing (𝐺𝑀/𝑅𝑇), the
concentration fluctuation at the long wavelength limit (𝑆𝑐𝑐 (0)), and the chemical short
range order parameter (𝛼1), and the decreasing value of the ratio of mutual to intrinsic
diffusion coefficients (𝐷𝑀/𝐷𝑖𝑑). In addition, it is revealed that when the temperature
increases, the viscosity (𝜂), surface tension (𝜎) of the alloy and surface concentration
of bismuth in Bi-Pb liquid alloys all decrease.

5.2 Recommendations for Future Work

In this thesis, it has been established that a formalism that considers both thermodynamic
and dynamical features within the context of the Complex Formation Model (CFM) is
appropriate for describing the alloying behaviors of liquid binary alloys. Through the
analysis of their thermodynamic and microscopic functions, the CFM for highly interact-
ing systems was used to explore ordering and glass forming tendencies in binary alloys
of Bi-Mg and Cu-In. The model presented here has been successful in elucidating the
thermodynamic characteristics of the alloys Bi-Mg, Bi-Pb, Cu-In, and In-Pb. Through
this study, it has also been demonstrated that the experimental 𝑆𝑐𝑐 (0) values acquired
through component activity are comparable to the theoretical values. At higher temper-
atures, thermodynamic and structural data are collected that can be compared to certain
crucial outcomes of upcoming experiments. The method is applicable to various binary
liquid alloys, which is useful in the absence of data at constant and elevated tempera-
tures. Binary liquid alloys are of practical value in current manufacturing practice from
a technological standpoint. As a result of the complications and difficulties associated
with high-temperature experiments, a good theoretical understanding of the energetics of
the interrelationship between thermodynamic and structural behavior of these materials
are an important task for the current scientific investigations.

Future research should focus on locating binary liquid alloys for which there are cur-
rently no thermodynamic data available in the literature. Since multi-component alloys
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significantly rely on their constituent binary systems, the current study can also be used
to determine the thermodynamic parameters of ternary and quaternary systems. In
future studies, it would also be highly desirable to extend the current understanding
of concentration-concentration fluctuations in the long-wavelength limits, 𝑆𝑐𝑐 (0), the
chemical short-range order parameter, 𝛼1 and the ratio of mutual to intrinsic diffusion
coefficients, 𝐷𝑀/𝐷𝑖𝑑 in explaining the energetics in terms of chemical ordering and
phase separation to ternary and quaternary liquid alloys. Due to their potential use in
industrial applications, higher component liquid alloys have recently received increased
attention.

With a major rise in activity in this growing area of research, it is expected that our
understanding of the electrical, structural, and thermodynamic properties of ternary and
quaternary liquid alloys, which are still in their early phases, will continue to evolve in
the coming years.
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CHAPTER 6

SUMMARY

6.1 Summary

The mixing behavior of two metals that combine to form binary alloys is a consequence
of the interaction between energetic and structural reorganization of the constituent
atoms. When A and B atoms are combined, they may prefer to remain self-coordinated,
establishing A-A or B-B pairings, or they may generate a strong interaction between
constituent atoms, resulting in hetero-coordinated A-B pairings. On the basis of their
deviations from the additive rule of mixing (Raoult’s law), all liquid binary alloys can be
divided into two major categories:segregating (positive deviation) and ordering or short-
range ordered (negative deviation) alloys. To create new alloys and enhance current
ones, a comprehensive understanding of the thermodynamic variables of the constituent
systems is required. To fully comprehend the observed behaviors, a comprehensive
theoretical knowledge of the structural adjustments and energy preferences of atoms in
binary liquid metallic systems may be required.

Analytical formulas were used to evaluate how mixing properties in the binary liquid
systems of Bi-Mg, Cu-In, Bi-Pb, and In-Pb depended on concentration at the certain
temperatures, keeping in mind that the mixing qualities of favored systems are not
fully explained in the literature. The interaction parameters were obtained using the
complex formation model (CFM), which are believed to be invariant in all calculations.
A theoretical approach is used to investigate the bulk and dynamic properties of Bi-
Mg, Bi-Pb, Cu-In, and In-Pb liquid alloys, with a focus on their bulk thermodynamic
properties such as free energy of mixing (𝐺𝑀), heat of mixing (𝐻𝑀), entropy of mixing
(𝑆𝑀), concentration fluctuations in the long-wavelength limit (𝑆𝑐𝑐 (0)), chemical short
range order parameter (𝛼1), and the concentration dependence of diffusion (𝐷𝑀/𝐷𝑖𝑑).
In the framework of the Budai-Benko-Kaptay (BBK) model, the viscosity of the chosen
alloys is investigated. Viscosity isotherms have shown that Bi-Pb and In-Pb liquid alloys
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behave symmetrically with respect to composition. However, the viscosity curve of the
liquid Bi-Mg alloy at 975 K displays asymmetries. The updated Butler model has made
estimates about the surface concentrations

(
𝑐𝑠
𝑖

)
and surface tension (𝜎) values.

The experimental data obtained at 975 K from literature support the theoretical exam-
ination of Bi-Mg liquid alloy. The microscopic functions 𝑆𝑐𝑐 (0) and SRO (𝛼1) have
been used to evaluate the ordering in the Bi-Pb and Cu-In liquid phases. Bi-Pb, Cu-In,
and Bi-Mg are hetero-coordinated liquid alloys that are at temperatures of 700 K, 1073
K, and 975 K, respectively. The latter exhibits a higher degree of chemical order than
the former. The liquid miscibility gap or segregation in the melt is indicated by the
computed values of these functions in the In-Pb liquid alloy. On the basis of the theory
given in Chapter 3, the bulk, thermodynamic, and dynamic properties of the four liquid
alloys have been reasonably explained.

Although a large heat of mixing (𝐻𝑀) is always present during compound formation, this
property may not necessarily give a reliable indication of the stoichiometric composition.
Concentration fluctuation at long wavelength limits has been added as a crucial parameter
because of this. The minimum in the plot of compositional dependency of 𝑆cc(0)
provides us enough about the stoichiometric composition. With regard to Bi-Mg and
Cu-In liquid alloys, it is noted that computed 𝑆cc(0) almost approach ideal values in
the glass forming composition range, which is typically far from the stoichiometric
composition, consequently in the framework of the complex formation model, one
infers that the unassociated species (A and B atoms) and the complex (𝐴𝑝𝐵𝑞) mix
randomly. Such a random mixing may prevent nucleation and aid in the creation of
glass. However, it appears that the ideal value of 𝑆𝑐𝑐 (0) may not be adequate but is an
essential requirement for creating glass from molten alloys. Many of the binary molten
alloys that form compounds are excellent glass-formers. However, the likelihood for
complex formation is not directly related to the tendency for glass formation.

It is found that different factors, including size difference and electronegativity difference,
are responsible for the asymmetric behavior of binary liquid alloys. These variables,
however, are insufficient to explain the observed asymmetry in the liquid alloys of Bi-Mg
and Cu-In. As a result, it is suggested that the asymmetry in the aforementioned alloys
is caused by the development of complexes like Bi2Mg3 in the liquid alloy of Bi-Mg and
Cu2In in the liquid alloy of Cu-In. This implies that asymmetry around stoichiometric
composition is created in any complexes where stoichiometric composition lies at a
specific composition other than equiatomic composition. Despite the fact that the CFM
used in the study of microscopic functions of binary liquid alloys has been reported to
have some shortcomings when applied to strongly interacting alloys such as in 𝑆𝑐𝑐 (0)
of Bi-Mg and Cu-In liquid alloys, the model as used here has successfully explained
thermodynamic and other structural properties.
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The model parameters that were fitted for the experimental data of mixing free energy
have been optimized for higher temperatures using temperature coefficients derived from
experimental data of mixing enthalpy. The higher temperature investigation is performed
with reference to the Bi-Pb system, and the study can be expanded to additional alloys
to obtain data for a variety of binary liquid alloys at various temperatures. The higher
temperature investigation of Bi-Pb liquid alloy reveals that the system’s phase separating
behavior increases with increasing temperature.

The results of this work show or confirm that this theoretical approach can be used to
describe the mixing properties of binary liquid alloys in the right way.
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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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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
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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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Using the value of MG  from equation 6, we obtain 
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The entropy of mixing expression, SM, may be written as 

 
 
  











3

1
3

1
ln

)(

i ji

ij
ji

i
i

MM
M T

V
nn

nn

n
nR

T
n

T

GH
S


 (12) 

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], 

 

1

2

2

)0(















x

G
RTS M

cc   (13) 

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]. 
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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
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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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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) 



ICAPSM 2021
Journal of Physics: Conference Series 2070 (2021) 012025

IOP Publishing
doi:10.1088/1742-6596/2070/1/012025

6

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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ABSTRACT
Bi – Mg is a strongly interacting system (the free energy of mixing GM> 3 
RT at equiatomic composition), the compositional dependence of the 
thermodynamic properties (free energy of mixing, heat of mixing and 
entropy of mixing) exhibits asymmetric behaviour about equiatomic 
composition and are in well agreement with experimental data literature. 
Such an interesting feature is explained here through complex formation 
model on the basis that a complex of the form Bi2Mg3 exists in the bulk 
phase. Its energetics is used to investigate the structural properties (con
centration fluctuation in long wavelength limit and chemical short-range 
order parameter) and the transport property (ratio of mutual diffusion 
coefficient to intrinsic diffusion coefficient). The mixing behaviour of Bi – 
Mg system is further explored through the study of coefficient of viscosity, 
surface composition and surface tension. Our study indicates that the 
surface is enormously rich with Bismuth concentrations throughout the 
composition of the alloys.
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1. Introduction

A number of researchers have employed different theoretical models [1–8]to study the thermo
dynamic properties of binary liquid alloys. The departure of the properties from ideal mixing is 
described in terms of interaction parameters. On the basis of deviation of their properties from the 
ideal properties the alloys can be classified as compound forming (unlike atoms pairing) or 
segregating (like atoms pairing). In thermodynamic properties this departure induces asymmetry 
away from the equiatomic composition. The asymmetry of binary alloy’s thermodynamic proper
ties is primarily related to the size effects and disparity in electronegativity of constituent elements 
[4]. One of the fundamental benefits of using such a thermodynamic model is that it can be easily 
applied to study structural properties (concentration fluctuation in long wavelength limit, Sccð0Þ [3] 
and chemical short-range order parameter, α1 [9]), diffusion coefficients [10], surface tension and 
surface composition [11].

Bi-Mg system is interesting from a theoretical point of view, since the system exhibits the 
formation of stable intermetallic compound Bi2Mg3 [3,12]. System which forms compounds 
shows negative deviation from Roult’s law. The deviation ought to be larger; more stable is the 
intermetallic compounds. A strong tendency to short-range-ordering in the liquid occurs in binary 
systems in which the electro-negativities of the components are very different. In the liquid 
solutions of Bi- Mg, a maximum ordering has been observed at the stoichiometric composition 
(i.e. the composition corresponding to the ratio of chemical valences of the components). Evidence 
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for this ordering has come from thermodynamic studies as well as from the microscopic, transport 
and surface properties. Liquid Bi- Mg solutions exhibit a strong ordering tendency in the liquid 
solutions at Bi2Mg3 compositions.

Liquid Bi2Mg3 is one of the classical examples of a liquid semiconductor having-conductivity up 
to 45 Ω−1cm−1. Binary Bi-Mg system is also interesting systems for high-temperature Mg alloys. 
Magnesium alloys currently gained a great deal of interest in the automotive and

aeronautical industries because of their low density relative to aluminium and steel alloy.
Alloying elements such as Sn, Si, Sb and Bi are being considered in order to produce new Mg 

alloys for high-temperature applications [13,14]. The Bi-Mg alloy also has an interesting application 
as phase change materials for thermal energy storage [15]. The thermodynamics of Bi-Mg binary 
system was also explored by using associate model integrated with substitutional model [16]. The 
authors described α-Bi2Mg3 phase and β- Bi2Mg3 with their crystal structure and critically evaluated 
the phase diagram of Bi-Mg binary system.

The thermodynamic (Free energy of mixing) and microscopic properties (concentration fluctua
tion in long wavelength limit) of the liquid Bi- Mg system showing very strong ordering tendency, 
are successfully explained using the complex formation model [3].To the best of our knowledge, for 
the first time, in this paper, we have extended the model for the investigation of enthalpy of mixing, 
entropy of mixing, chemical short-range order parameter and the diffusion coefficients. The surface 
properties are explored through Butlers equation [17] and the transport properties like viscosity 
have been investigated through Molewyan – Hughes equation [18].

The layout of our paper is as follows: in the first part of the next section, we present the basic 
formalism used in the complex formation model. In the second part, we present results and 
discussions onGM. In the second part of Section 3 we present results and discussions on surface 
properties, concentration fluctuations in the long-wavelength limit, Sccð0Þ, and the Warren–Cowley 
short-range order parameter,α1, in addition, we make a comparative study of experimental vs. 
theoretical HM , SM and Sccð0Þvalues, where they exist. In the last part of Section 3 we present the 
discussion of the results for transport phenomena, essentially, for diffusion coefficient and viscosity. 
We end the paper with a summary of concluding remarks.

2. Formalism

2.1 Thermodynamic properties

The complex formation model has been implemented to Bi-Mg compound-forming alloys to explain 
their mixing behaviour with regard to the Bi2Mg3 intermediate phase which is observed as energe
tically favoured [12]. In this framework the Bi – Mg alloy is anticipated to be ternary mixture of three 
species; Bi atoms, Mg atoms and chemical complex Bi2Mg3, all in chemical equilibrium with another. 
Since the strong interactions in the mixture are incorporated through the formation of complexes, 
ternary mixture constituents can be considered to interact poorly with one another. The Gibbs free 
energy of the binary mixture,GM, can be expressed as [3] 

GM ¼ � x3wþ G0 (1) 

In Equation (1), the first term � x3wstands for free energy diminution due to formation of complex 
Bi2Mg3;w is the formation energy of complex,G0is the Gibbs free energy of mixing of the ternary 
mixture of Bi, Mg and Bi2Mg3, expressed as 

G0 ¼ RT
X3

i¼1
xi ln

xi

x

� �
þ
X

Vij
xixj

x

� �
(2) 

Let the binary alloy contain respectively c atoms of Bi atoms and ð1 � cÞatoms of Mg atoms, c being 
the atomic fraction of the Bi atoms. We are assuming that only one kind of Bi2Mg3 chemical 
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complex is formed. If there are x1 g moles of Bi atoms, x2g moles of Mg atoms and x3g moles of Bi2 
Mg3 complexes in the ternary mixture, then we have from conservation of atoms 

x1 ¼ c � px3; x2 ¼ ð1 � cÞ � qx3 and x ¼ x1 þ x2 þ x3 ¼ 1 � ðpþ q � 1Þx3 (3) 

Where p and q are small integers determined from the stoichiometry of energetically favoured 
compound. From Equations (1) and (2), the Gibbs energy of mixing, GM , for compound forming 
binary alloys becomes: 

GM ¼ � x3wþ RT
X3

i¼1
xi ln

xi

x

� �
þ
X

Vij
xixj

x

� �
(4) 

The other thermodynamic functions can be obtained [3,9], using the standard thermodynamic 
relationship and after some algebra. The heat of mixing HMð Þand entropy of mixing SMð Þcan be 
expressed as 

HM ¼ � x3 w � T
@w
@T

� �� �

þ
X

i< j

X xixj

x

� �
Vij � T

@Vij

@T

� �� �

(5) 

SM ¼ x3
@w
@T
� R

X3

i¼1
xi ln

xi

x
�
X

i< j

X xixj

x

� � @Vij

@T
(6) 

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
¼ 0 (7) 

Keeping in mind Equation (3) and combining Equations (4) and (7) one gets 

x3xpþq� 1x� p
1 x� q

2
� �� 1

¼ exp ψ �
w

RT

� �
(8) 

Where 

ψ ¼ ðpþ q � 1Þ
x1x2

x2 � p
x2

x
� q

x1

x

h iV12

RT
þ ðpþ q � 1Þ

x2x3

x2 � q
x3

x
þ

x2

x

h iV23

RT
þ

ðpþ q � 1Þ
x1x3

x2 � p
x3

x
þ

x1

x

h iV13

RT

(9) 

Centred on the assumption of a monatomic surface layer, Butler’s method [17]to evaluate surface 
tension,σ, of liquid solution can be expressed as. 

σ ¼
Φs

A � Φb
A

αA
¼

Φs
B � Φb

B
αB

¼ � � � � � � � � � ¼
Φs

i � Φb
i

αi
(10) 

WhereΦs
i , Φb

i and αi indicate the chemical potential of the hypothetical surface, the chemical 
potential of the bulk and molar surface area of pure element i respectively. Equation (10) provides 
the expression for surface tension in terms of partial excess free energy of mixing in bulk Gb

i
� �

, 
partial excess free energy of mixing at the surface Gs

i
� �

, bulk concentration cð Þand surface concen
tration csð Þ as 

σ ¼ σA þ
Gs

A � Gb
A

αA
þ

RT
αA

ln
cs

c

� �

¼ σB þ
Gs

B � Gb
B

αB
þ

RT
αB

ln
1 � cs

1 � c

� �

(11) 
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Where σA and σB are the surface tensions of pure components A and B respectively.
The monatomic surface area for each component is 

αi ¼ 1:091N1=3
A Ω2=3

i (12) 

WhereΩiis the molar volume of the componenti can be determined from its molar mass and density 
and NAstands for Avogadro number.

The concentration fluctuations in the long-wavelength limit,Sccð0Þ, 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. The concentration fluctuation at long wavelength limit is 
associated with free energy of mixing by the expression [19]. 

Sccð0Þ ¼
1

RT
@2GM

@c2

� �� 1

(13) 

Theoretically computed values of Sccð0Þcan be compared with the observed values assessed from 
activity of constituent element at different compositions by the expression, 

Sccð0Þ ¼
cMgaBi

@aBi=@cBi

� �

T;P;N

¼
cBiaMg

@aMg
�
@cMg

� �

T;P;N

(14) 

Combining Equations (4) and (12) and after some algebra one obtains: 

Sccð0Þ ¼ RT
X3

i¼1

x0ið Þ2

xi
�

x0ð Þ2

x

 !

þ 2x
XX

i< j
Vij

xi

x

� �0 xj

x

� �0
" #� 1

(15) 

Where the prime on xdenotes its first differentiation with respect to c.
In strong interaction approximation [20], theSccð0Þis given by 

Sccð0Þ ¼
�

1þ χ�
(16) 

Here for 0< c � cc 

� ¼
c
p

p � c pþ q � 1ð Þ½ � p � c pþ qð Þ½ �; χ ¼ � 2
V23

p2x3RT

� �

and x ¼ 1 �
c
p

pþ q � 1ð Þ

� �

(17) 

and for c � cc < 1 

� ¼
1 � cð Þ

q
q � 1 � cð Þ pþ q � 1ð Þ½ � q � 1 � cð Þ pþ qð Þ½ �; χ ¼ � 2

V13

q2x3RT

� �

and x

¼ 1 �
1 � cð Þ

q
pþ q � 1ð Þ

� �

(18) 

For ideal mixture the interaction parameters become zero and Equation (14) will be reduced to 

Sid
ccð0Þ ¼ cAcB (19) 

In order to measure the degree of order in the liquid alloy, we can calculate the Warren-Cowley 
short-range order parameter α1ð Þ [21,22]. Experimentally,α1 can be determined on the basis of 
knowledge of the concentration–concentrationScc qð Þ and the number–number structure factors, 
SNN qð Þ.However, in most diffraction experiments, these quantities are not readily measurable. From 
the knowledge of nearest neighbour contacts of unlike atoms in the melt, one can simply obtain an 
expression [5]forα1. Knowledge of α1 provides a direct insight into the nature of the local arrange
ment of atoms in the mixture.α1 ¼ 0corresponds to a random distribution, α1 < 0 refers to unlike 
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atoms pairing as nearest neighbours whereasα1 > 0corresponds to like atoms pairing in the first 
coordination shell. From a simple probabilistic method it can be demonstrated that the limiting 
values ofα1 for equiatomic composition lie in the range � 1 � α1 � þ1. The minimum possible 
value of α1 isαmin ¼ � 1indicates complete ordering. On the other hand, the maximum 
valueαmax ¼ þ1implies total segregation leading to phase separation. Singh et al. [23] have recom
mended that α1 can be estimated fromSccð0Þ. 

α1 ¼
S � 1

Sðz � 1Þ þ 1
; S ¼

Sccð0Þ
Sid

ccð0Þ
(20) 

Herezis the coordination number of the alloy. It is taken as 10 for the present calculations, and the 
α1values are estimated.

The mixing behaviour of binary melt can also be understood at microscopic level by means of 
viscosity. The Moelwyn – Hughes equation for viscosity of liquid alloy [18] is 

η ¼ cAηA þ cBηB
� �

� 1 � 2cAcB
HM

RT

� �

(21) 

Where ηiis the viscosity of pure componenti. At temperatureT, it is given by [24] 

ηi ¼ ηi0 exp
Q

RT

� �

(22) 

Here ηi0is a constant in the unit of viscosity and Q is the activation energy.
The mixing behaviour of the binary liquid alloy can even be explored at the microscopic level in 

terms of diffusion coefficient. The mutual diffusion coefficient (DM) of liquid alloys can be 
expressed in terms of activity (ai) and self-diffusion coefficient (Did) of individual component 
with the help of Darken’s equation [25], 

DM ¼ ciDid
d ln ai

dci
(23) 

with 

DM ¼ cDB þ ð1 � cÞDA (24) 

Where DA and DB are the self-diffusion coefficients of pure components A and B respectively. The 
ratio of mutual diffusion coefficient (DM) to self-diffusion coefficient (Did) is also related to 
concentration fluctuation in long-wavelength limit (Sccð0Þ) as 

DM

Did
¼

cAcB

Sccð0Þ
(25) 

3. Results and discussion

3.1 Thermodynamic properties: free energy, enthalpy and entropy of mixing

The available experimental data on the thermodynamic properties as well as phase diagram 
information [12] have been used for the calculation of the order energy parameters for the Bi – 
Mg liquid phase indicating the compositional location of an energetically favoured compound. 
The Bi – Mg, thus, in the liquid alloys, the preferential arrangements of Bi and Mg constituent 
atoms favour the formation of Bi2Mg3 complexes (p= 2 and q=3). Keeping in mind the Bi – Mg 
phase diagram [12] and the presence of the liquid phase over the whole concentration range, all 
calculations have been done at T = 975 K. The data set of the Gibbs energy of mixing,GM ,of liquid 
Bi-Mg alloys together with the enthalpy of mixing,HM, have been used to calculate the interaction 
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energy parameters, i.e. w, V12,V13 and V23and their temperature derivatives at T = 975 K. The 
values of the interaction energy parameters were adjusted to give the concentration dependences 
of GM (Figure 1) that fit well with the corresponding thermodynamic data. The calculated 
interaction energy parameters for liquid Bi – Mg alloys are V12= 0, V13= −3.32RT, V23= 
−2.52RT,w = 16.28RT and remain constant in all calculations. Figure 1 shows the excellent 
agreement of computed free energy of mixing by the presented model with the experimental 
data [12] and the previous work [16].

Equations (8–9) along with Equation (3) were used to compute the number of complexes,x3. At 
the compound forming composition, cc=0.4, the concentration dependence of the equilibrium 
values of chemical complexes,x3, exhibits the maximum value of 0.1956 (Figure 1). For all composi
tions the mixing functions, i.e. the Gibbs free energy (Figure 1), are negative and exhibit a flat 
minimum of −3.3542at the composition, c= 0.444 indicating strong compound forming tendency. 
Even at the cc = 0.4 the value of GM/RT is less than −3 (i.e. −3.3265) shows the large tendency of 
chemical ordering about stoichiometric composition.

The temperature-dependent energies at T =975 K are ∂V12/∂T = 2.510 R, ∂V13/∂T = −3.200 R, 
∂V23/∂T = −1.400 R and ∂w/∂T = 1.571 R. The enthalpies of mixing, HMand entropies of mixing, 
SMhave been evaluated by Equations (5) and (6), respectively, and compared with available 
experimental data [12]. The calculated enthalpies and entropies of mixing are in good agreement 
with experimental data, however little discrepancy is observed for observed enthalpies of mixing 
with literature data [16] as presented in Figure 2.

The heat of mixing (HM/RT) shows a minimum of −2.8925 at cc=0.4. The values of HM and SM 
are found to be in poor agreement with the experiment if energy parameters are taken as being 
temperature independent. Therefore, we have considered the variation of these parameters with 
temperature to ascertain the variation of heat and entropy of formation with observed values. The 
variation of interaction energy parameters with temperature can be expressed as 

Vij TRð Þ ¼ Vij Tð Þ þ T � TRð Þ
@Vij

@T
(26) 

HereTR = 1175 K, 1375 K, 1575 K and 1775 K

Figure 1. Number of complexes (x3) and Free energy of mixing (GM/RT) vs. concentration of bismuth (cBi) in the liquid Bi -Mg alloy 
at 975 K.
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Now the values of interaction energy parameters at 975 K and their temperature derivatives 
were used in Equation (26) to obtain the interaction energy parameters at 1175 K, 1375 K, 
1575 K and 1775 K. The temperature dependence of interaction energy parameters excellently 
follows linear fitVij ¼ aþ bT,aandbare constants having different values for different interaction 
parameters. These interaction parameters at different temperatures are used in Equation (4) to 
obtain the variation of GM with temperature (Figure 3). The maximum value of GM/RT at 
equiatomic composition increases from −3.3265 to −2.9228 when temperature ranges from 
975 K to 1775 K showing phase separation tendency with increase in temperatures.

3.2 Surface properties: surface composition and surface tension

Surface composition,cs, and surface tension, σ, of liquid Bi2Mg3 alloy have been calculated as 
functions of bulk composition at different temperatures (T = 975 K, 1175 K, 1375 K, 1575 K and 

Figure 2. Heat of mixing (HM/RT) and entropy of mixing (SM/R) vs. concentration of bismuth (cBi) in the liquid Bi – Mg alloy at 
975 K.

Figure 3. Compositional dependence of GM/RT of liquid Bi – Mg alloy at different temperatures.
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1775 K), under the framework of the Butlers model [17]. Equation (11) is numerically solved, giving 
the surface composition values,cswith respect to bulk concentration of Bi (Figure 4). Surface 
concentration of Bismuth in Bi-Mg alloys is found to increase with the increase of bulk concentra
tion of Bi. There is positive deviation of surface composition of Bi from ideality. The values of 
surface composition with respect to concentration were further used in the same equations to 
obtain the surface tension (Figure 5). The surface tension isotherm shows an interesting behaviour. 
The positive deviation from ideality σideal ¼ cσA þ ð1 � cÞσBð Þ is observed for 0< c< 0:4and the 
negative deviation has been observed for 0:4< c< 1. This behaviour for surface tension of Bi2Mg3 
melt strongly suggests that the Bi – Mg alloy has maximum stability around stoichiometric 

Figure 4. Surface concentration of bismuth cs
Bivs. bulk concentration of aluminium (cBi) in the liquid Bi – Mg alloy at 975 K.

Figure 5. Surface tension (σ) vs. bulk concentration of bismuth (cBi) in the liquid Bi – Mg alloy at 975 K.
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composition cc=0.4. The surface tensions of pure components at fixed temperature and the 
necessary inputs to evaluate mean atomic surface area, the densities of pure component element 
at certain temperature are taken from Ref [24]. These values have been optimised at working 
temperature (T) by using the expressions, 

σiðTÞ ¼ σ0
i þ ðT � T0

i ÞΔσi (27) 

ρiðTÞ ¼ ρ0
i þ ðT � T0

i ÞΔρi (28) 

Here Δρi and Δσi represent temperature coefficient of density and surface tension, respectively, for the 
component metal of the alloys. The computed values of surface concentration for molten Bi – Mg alloys 
at 975 K and at varying temperatures are depicted in Figure 6. The surface concentration is found to 
decrease with increase in temperature. The decreasing tendency of surface composition with rise in 
temperature from 975 K to 1775 K is maximum (=0.366) at cBi= 0.444 and minimum (=0.042) at cBi = 
0.9. This implies the decreasing tendency of surface composition with respect to temperature, first 
increases with increase in bulk composition up to cBi=0.444 and then decreases slowly up to cBi=0.9.

The surface tensions of Bi-Mg alloy with respect to bulk concentration of Bi at different 
temperatures are plotted in Figure 7. It has been observed that the surface tension of the alloy 
decreases with increase in temperature showing the decreasing stability of the selected alloy with 
rise in temperature. The difference in surface tension values at the temperatures of 975 K to 1775 K 
is maximum (=0.2609) at cBi= 0.1 and minimum (=0.0576) at cBi = 0.9. This meansσ1775K � σ975K is 
found to be decreasing with increasing bulk composition of Bi.

3.3 Structural properties: concentration fluctuation in long wave length limit and Warren – 
Cowley parameter

The ordering phenomena in the Bi – Mg liquid phase have been analysed by concentration 
fluctuations in the long-wavelength limit,Sccð0Þ, and chemical short-range order parameter,α1, as 

Figure 6. Compositional dependence of surface concentration of bismuth (cs
Bi) in liquid Bi – Mg alloy at different temperatures.
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functions of bulk composition. The Sccð0Þvalues and the values that characterise ideal mixing,Sid
ccð0Þ, 

are calculated in strong interaction approximation by Equations (15) and (19), respectively. These 
values along with the observed values reproduced from Ref. [3] are plotted in Figure 8. At a given 
composition, forSccð0Þ< Sid

ccð0Þ, ordering in liquid alloy is expected and if Sccð0Þ> Sid
ccð0Þ, there is 

tendency of phase separation. Our theoretical analysis shows that the deviation of Sccð0Þ from the 
ideal value, Sid

ccð0Þ, is maximum at stoichiometric composition, i.e. at cc=0.4. This implies that cc is 
the concentration at which there is strongest tendency of compound formation [18].

This observation can be further justified by the negative values of the Warren–Cowley para
meter,α1, over the concentration range 0.2 to 0.7 (Figure 8). The α1value near the stoichiometric 
composition is smaller than −0.6 and approaching towards −1, strongly suggests the heterocoordi
nating tendency of Bi – Mg binary melt.

Figure 7. Compositional dependence of surface tension (σ) of Bi – Mg alloy at different temperatures.

Figure 8. Concentration fluctuation at long wavelength limit (Scc(0)) and chemical short-range order (α1) vs. concentration of 
bismuth (cBi) in the liquid Bi – Mg alloy at 975 K.
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3.3 Transport properties

The viscosities of constituent elements,ηi0, and corresponding activation energies at fixed tempera
ture are taken from Ref [24]. These values are optimised for the temperature of investigation by 
using Equation (21). Using the obtained values of heat of mixing at different composition, the 
computation of the viscosity of the liquid Bi- Mg alloy at 975 K is then done by Equation (20). The 
compositional dependence of the viscosity along with the ideal value is shown in Figure 9. The 
viscosities obtained are greater than the ideal values over the entire compositional range. The 
positive deviation from ideality increases up to cBi =0.4 at which the deviation is maximum (= 
0.001427). The plot of η at different temperature with respect to cBi(Figure 10) shows that there is 
decreasing tendency of η as temperature increases and the difference,η1775K � η975K is maximum 
(0.001519) around stoichiometric composition.

The mixing tendency of the liquid alloy is also studied at the microscopic level by investigating 
the mutual and intrinsic-diffusion coefficients. The ratio DM=Did explores the mixing behaviour of 
the binary components in terms of the degree of chemical ordering. DM=Did> 1, represents the 
tendency of compound formation; DM=Did< 1 indicates the separation of phase and DM=Did= 1 
represents the ideality of the solution. The values of DM=Didare obtained from Equation (25) and 
are found to be positive and greater than one in the composition range 0.2 to 0.7 (Figure 11). The 
maximum value (greater than 18.33) occurs at the compound forming composition. This value is so 
large that this further clarifies the theoretical analysis of the presence of the strong chemical order in 
the liquid state of Bi-Mg alloy at 975 K.

It is also observed that the increase in temperature causes decrease in DM=Didindicating the 
phase separation tendency with rise in temperature. The increasing value ofSccð0Þ, thereby decreas
ing the gap between ideal values and theoretical values with increase in temperature indicates the 
tendency of like atom pairing, leading towards homo co-ordination. Further increase in tempera
ture drives the solution towards ideality. The variation of α1 with temperature supports the phase 
separating tendency with larger values of temperature as shown by variation of free energy of 

Figure 9. Viscosity (η) vs. concentration of bismuth (cBi) in the liquid Bi – Mg alloy at 975 K.
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mixing with temperature. The very small change in the values of Sccð0Þ, α1 and DM=Didwith increase 
of temperature cause the corresponding plots indistinguishable so we present here only the 
numerical analysis.

4. Conclusions

From the theoretical analysis following conclusion can be drawn:

Figure 10. Compositional dependence of viscosity (η) of liquid Bi – Mg alloy at different temperatures.

Figure 11. The ratio of mutual and intrinsic diffusion coefficients (DM/Did) vs. concentration of bismuth (cBi) of liquid Bi – Mg alloy 
at 975 K.
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(1) The interaction parameters are found to be concentration independent and temperature 
dependent.

(2) Asymmetry is observed in number of complexes, free energy of mixing, heat of mixing and 
entropy of mixing.

(3) Surface concentration of Bi increases with increase in bulk concentration in all temperature 
of study, i.e. 975 K, 1175 K, 1375 K, 1575 K and 1775 K. And, with compare to temperature 
of study, it decreases as temperature of investigation increases.

(4) At all temperature of investigation, the surface tension decreases with the increase in bulk 
concentration of Bi. The surface tension decreases with increase in temperature.

(5) The concentration fluctuation in long wavelength limit is minimum and very small than 
ideal value at stoichiometric composition suggesting the strong tendency of compound 
formation at that composition.

(6) The Warren – Cowley short-range order parameter has negative values at almost composi
tions. This also supports the strong interaction in the selected binary system.

(7) The ratio of diffusion coefficients, DM/Did> 1 at almost compositions, which indicate that 
there is tendency of hetero co-ordination.

(8) Positive deviation of viscosity isotherms from linear law is observed. The viscosity decreases 
with increase in temperature.

(9) The temperature variation investigations of all the properties reveal that the compound 
forming tendency of Bi-Mg liquid alloy decreases as temperature increases.
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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].

© 2021 Informa UK Limited, trading as Taylor & Francis Group

CONTACT Devendra Adhikari adksbdev@yahoo.com; devendra.adhikari@mmamc.tu.edu.np

PHASE TRANSITIONS
https://doi.org/10.1080/01411594.2021.1933485

http://crossmark.crossref.org/dialog/?doi=10.1080/01411594.2021.1933485&domain=pdf&date_stamp=2021-05-28
http://orcid.org/0000-0002-6022-3615
mailto:adksbdev@yahoo.com
mailto:devendra.adhikari@mmamc.tu.edu.np
http://www.tandfonline.com


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)

2 I. B. BHANDARI ET AL.



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.

PHASE TRANSITIONS 11



(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: 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.

Keywords: Thermodynamic properties • Complex formation model • Segregation

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.
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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 

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, 
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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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atoms remains in the bulk phase throughout the 
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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We have extended a computational model used to research the thermodynamic proper-
ties of binary liquid alloys to study chemical short-range order parameters and diffusion
coefficients. Numerous simulations have also been employed for surface properties such
as surface concentration and surface tension. The propensities for phase separation of
the Pb–Sb alloy were also observed with a temperature rise. The structural and thermo-
dynamic properties of the alloys were measured using the same interaction parameters
that are suitable for the free energy of mixing and mixing enthalpy. The interaction
parameters are discovered to be temperature-dependent but concentration-independent.
Our results indicate that the liquid alloy Pb–Sb has a weakly interacting composition.
According to the surface property review, the element Sb having a higher surface con-
centration than its bulk concentration segregates over the surface of the alloy.

Keywords: Segregation; deviation; ideality; symmetry; interaction parameters.

1. Introduction

The theoretical models used to analyze binary liquid alloy yield valuable knowledge
as they deliver a substantial deviation from ideality in thermodynamic properties.
On this basis, certain alloys are known to be symmetrical alloys [Adedipe et al.,
2019; Adhikari et al., 2012a, 2012c; Akinlade and Boyo, 2004; Anusionwu, 2006;
Attri et al., 1996; Awe et al., 2011; Jha et al., 2014; Koirala et al., 2014a, 2014b;
Koirala, 2013; Novakovic et al., 2014; Odusote, 2014; Rafique and Kumar, 2007;
Singh et al., 2014; Yadav et al., 2015]. And alloys for which the deviation from

‡Corresponding author.

2150018-1

In
t. 

J.
 C

om
p.

 M
at

. S
ci

. E
ng

. 2
02

1.
10

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 1
24

.4
1.

21
1.

99
 o

n 
12

/2
7/

22
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

https://dx.doi.org/10.1142/S2047684121500184


September 20, 2021 8:8 WSPC-277-IJCMSE S2047-6841 2150018

I. B. Bhandari, N. Panthi & I. Koirala

ideality of thermodynamic properties creates asymmetry apart from the equiatomic
composition are recognized as asymmetric alloys [Adhikari et al., 2012a, 2012c;
Ajayi and Ogunmola, 2018; Akasofu et al., 2020; Akinlade and Singh, 2002; Anu-
sionwu et al., 2009; Awe and Azeez, 2017; Bhandari et al., 2020; Godbole et al.,
2004; Hoshino and Young, 1980; Ilo-Okeke et al., 2005; Jha et al., 2012, 2016;
Koirala et al., 2014a, 2014b; Kumar et al., 2011; Mishra et al., 2002; Novakovic
et al., 2014; Odusote and Popoola, 2017; Prasad et al., 2007; Shrestha et al.,
2017; Singh et al., 2012; Singh and Arafin, 2015; Yadav et al., 2020]. The asym-
metry in thermodynamic properties of binary melt is primarily related to the size
effect [Singh, 1987] and disparity in electronegativity [Akinlade et al., 2000]. In the
case of Pb–Sb liquid alloy, the size ratio (≈1.074) and the electronegativity differ-
ence (≈0.28) are sufficiently small to induce appreciable thermodynamic properties
asymmetry.

There are a variety of models available that can be used to estimate the ther-
modynamic properties of binary liquid alloys. The researchers have explored the
energetics of liquid alloy through different theoretical models such as Quasi Chem-
ical Approximation [Adhikari et al. 2012; Ajayi and Ogunmola, 2018; Anusionwu,
2006; Awe and Onifade, 2012; Jha et al., 2016], Regular Associated Solution Model
[Adhikari et al., 2012; Jha et al., 2012; Singh et al., 2010; Yadav et al., 2016], Four
Atom Cluster Model [Akinlade et al., 2003; Singh, 1993] and Flory Model [Adhikari,
2012; Odusote, 2014]. The Compound Formation Model [Akinlade and Boyo, 2004;
Attri et al., 1996; Awe and Oshakuade, 2016; Bhandari et al., 2020; Godbole et al.,
2004; Kumar et al., 2006; Mishra, 2007; Novakovic et al., 2012; Rafique and Kumar,
2007], Regular Solution Model [Akasofu et al., 2020], Simple Statistical Model [Anu-
sionwu et al., 1998; Anusionwu and Ilo-Okeke, 2005; Koirala et al., 2014a, 2014b;
Singh et al., 2014, 2017], Singh and Sommer Model [Akinlade et al., 1999; Anu-
sionwu et al., 2009; Anusionwu and Ilo-Okeke, 2005; Ilo-Okeke et al., 2005] and
Self-Association Model [Akinlade et al., 2001; Awe and Azeez, 2017; Koirala et al.,
2015; Odusote et al., 2016; Odusote and Popoola, 2017] are also widely used for
the investigation of microscopic properties and thermodynamics of many binary
liquid alloys. Recently, with the aid of RK Polynomial, Gohivar et al. clarified the
miscibility gaps (artefacts) in the thermodynamics of certain binary melt [Gohivar
et al., 2020]. In addition, the complex-forming behavior of Cu-Sn alloy was stud-
ied by quasi-chemical approximation (QCA) and the temperature-dependent mix-
ing behavior of Bi-Mg liquid alloy was evaluated by a compound formation model
[Bhandari et al., 2020; Panthi et al., 2020]. The use of a model to conduct ther-
modynamic calculations can be a function of the class of the binary alloy (whether
short-range ordered or phase separating). Interatomic interactions and associated
energies of bonding between the A and B elements of binary alloys play an impor-
tant role in the understanding of the mixing nature of the two metals. In the face of
that, energetically, preferred hetero-coordination of A–B atoms as closest neighbors

2150018-2

In
t. 

J.
 C

om
p.

 M
at

. S
ci

. E
ng

. 2
02

1.
10

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 1
24

.4
1.

21
1.

99
 o

n 
12

/2
7/

22
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



September 20, 2021 8:8 WSPC-277-IJCMSE S2047-6841 2150018

Temperature-dependent mixing behavior of Pb–Sb alloys in liquid state

over self-coordination of A–A and B–B atoms or vice versa leads to the grouping of
all binary alloys into two distinct groups: short-range ordered or segregating.

Low melting point lead alloys can be cast into several forms using a number
of molding materials and casting techniques. Antimony, calcium, tin, copper, tel-
lurium, arsenic and silver are the primary alloy metals used to strengthen lead. The
primary uses of lead alloys include lead-acid accumulator batteries; cable sheath-
ing; sheet building, wire and welding; bearings; gaskets; special castings; anodes;
fusible alloys; shielding and weights. Because of the corrosion resistance of lead
and lead alloys, their use is often correlated with the development of protective
corrosion film. Lead-antimony is the most commonly used lead alloy. These alloys
are very important materials for use in industry as die casting alloys and in the
production of acidic accumulators [Mostafa, 2004]. The addition of arsenic signifi-
cantly increases the rate of ageing and final strength. The addition of tin increases
fluidity and decreases the oxidation rate of molten lead-antimony alloys in con-
junction with copper and arsenic. Large antimony alloys (>3.5% antimony) are
reinforced mainly by the eutectic phase, whereas low antimony alloys are reinforced
by precipitation. The primary application of lead-antimony alloys is as grids, posts
and connectors for lead-acid batteries [Habashi, 1998]. The addition of Sb to Pb
resulted in improved mechanical properties and improved castability, enabling the
development of complicated shapes [Gancarz and Gasior, 2018]. According to the
Pb−Sb phase diagram, with the eutectic point at 524.5 K for 16.75 at.% Sb, Pb–Sb
alloys with 1−10 at.% Sb can be used in continuous casting and gravity casting
applications, more often for lead electrodes for batteries [Okamoto, 2011]. Many
studies have emphasized the Pb–Sb binary system in numerous ways in the past.
In the past, several researchers have explored the Pb–Sb binary system in vari-
ous ways. Thermodynamic properties of the Pb–Sb alloys were explored using emf
measurements in the temperature range 720–890K over a broad composition range
[Arkhipov et al., 2013]. The phase diagram of Pb–Sb system has been reproduced
and the enthalpies and activities are re-assessed [Gierlotka et al., 2013]. Electrical
resistivity and viscosity of Pb–Sb alloys are measured and the temperature depen-
dence of the resistivity varies constantly as the melts reach the undercooled liquid
state [Guo et al., 2012]. Lead-antimony alloy mixing enthalpies were calculated by
direct liquid–liquid reaction calorimetry (DLLRC) and thermodynamic modeling
at different temperatures [Hassam et al., 2009]. Thermodynamic properties of the
Pb–Sb alloys are analyzed by the emf measurement system at T = 723–873K for
an expanded composition area [Zaikov et al., 2007].

In this work, the free mixing energy, the mixing enthalpy and the mixing entropy
as well as the concentration variations in the long-wavelength limit of liquid Pb–Sb
alloys have been quantitatively discussed using the complex-forming model. The
model is generalized to estimate short-range order parameters and diffusion coef-
ficients and is further extended to observe the temperature-dependent nature of
Pb–Sb liquid alloys. In particular, as regards the transport and surface properties
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such as surface tension, diffusivity and viscosity of Pb–Sb liquid alloys, an absence
of experimental observations at the investigation temperature was found. It is only
possible to estimate the missing values by theoretical models.

In the next section, we will present the related formalism required for the present
calculation; in Sec. 3, we will discuss our findings. At the end of the paper, we
summarize our conclusions.

2. Theory

The benefit of the complex-formation model (CFM) [Bhatia and Hargrove, 1974;
Jha et al., 1990; Novakovic et al., 2011; Sharma et al., 2013] is that it attempts
to take into account the stabilization of compound by the concentration-dependent
free energy of mixing GM , heat of mixing HM and concentration fluctuation in the
long-wavelength limit Scc(0). Within the context of the CFM, there are two approx-
imations which make it possible to correctly approach the heteroatomic interactions
of atoms in the liquid state: the approximation for strongly [Westbrook and Fleis-
cher, 1995] and the approximation for weakly [Bhatia and Singh, 1984] interactive
systems. The lack of clusters in the mixture reduces the formalism to a QCA for
regular solutions [Guggenheim, 1952]. Formalism in weak interaction approximation
is applied to liquid Pb–Sb alloys to describe the behavior of their mixing properties.

The mixing entropy is related to the free energy of mixing and enthalpy of mixing
as follows:

SM = (HM −GM )/T. (1)

In the framework of CFM, A–B liquid alloy is considered to be a pseudo-ternary
mixture consisting of A-atoms, B-atoms and chemical complexes AαBβ with inter-
metallic stoichiometry present in a solid-state, all in chemical equilibrium with each
other. If there are x1 g moles of A atoms, x2 g moles of B atoms and x3 g moles of
AαBβ complexes in the mixture, then the free energy can be expressed as follows:

GM = −x3χ+RT
3∑

i=1

xi ln
(xi

x

)
+

∑
i<j

Ψij

(xixj

x

)
. (2)

Here, the first term −x3χ stands for lowering of the free energy due to the formation
of complex AαBβ , χ is the formation energy of the complex, Ψij(i = 1, 2, 3) are the
average interaction energies among the species i and j. The heat of formation is
given as follows:

HM = GM − T (∂GM/∂T )P,c,N , (3)

HM = −x3

[
χ− T

(
∂χ

∂T

)]
+

∑
i<j

∑ (xixj

x

)[
Ψij − T

(
∂Ψij

∂T

)]
. (4)

The values of the interaction energy parameters at the corresponding temperature
can be used to observe the behavior of the liquid alloy at higher temperatures. The
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value of the energy interaction parameters at the required temperature (TR) can be
determined from the following relation:

Ψij(TR) = Ψij(T ) + (T − TR)
∂Ψij

∂T
. (5)

The value of x3 can be calculated at a given pressure and temperature from the
equilibrium state of the free mixing energy, GM as follows:(

∂GM

∂x3

)
T,P,c

= 0. (6)

From Eqs. (2) and (6), the equilibrium value of x3 is given by the equation,

(x3x
α+β−1x−α

1 x−β
2 )−1 = exp

(
Φ − χ

RT

)
, (7)

where

Φ = Φ1 + Φ2 + Φ3

Φ1 =
[
(α+ β − 1)

x1x2

x2
− α

x2

x
− β

x1

x

] Ψ12

RT

Φ2 =
[
(α+ β − 1)

x2x3

x2
− β

x3

x
+
x2

x

] Ψ23

RT

Φ3 =
[
(α+ β − 1)

x1x3

x2
− α

x3

x
+
x1

x

] Ψ13

RT
.

(8)

The number of complexes of A, B and AαBβ are connected to each other as follows:

x1 = c− αx3, x2 = (1 − c) − β x3 and

x = x1 + x2 + x3 = 1 − (α+ β − 1)x3, (9)

where α and β are small integers determined from the stoichiometry of energetically
favored compounds and c is the atomic fraction of A atoms.

Using Eqs. (2) and (4) in Eq. (1) we get

SM = x3
∂χ

∂T
−R

3∑
i=1

xi ln
xi

x
−

∑
i<j

∑ (xixj

x

) ∂Ψij

∂T
. (10)

Knowledge of diffusivity and viscosity provides a greater understanding of the mix-
ing behavior of the binary liquid alloy at the atomic level. The Moelwyn–Hughes
equation for the viscosity of liquid alloy [Budai et al., 2005] is as follows:

η = (cAηA + cBηB) ×
(

1 − 2cAcB
HM

RT

)
, (11)

where ηi is the viscosity of pure component i. In terms of activation energy (E) and
temperature (T ), it can be expressed as follows [Brandes and Brook, 2013]:

ηi = η0
i exp

(
E

RT

)
. (12)

Here, η0
i is a constant in the unit of viscosity.
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For several metallurgical processes and heterogeneous chemical reactions, trans-
port properties such as diffusivity of metals in the liquid state are required. For
example, the rate of heterogeneous reactions between two liquid alloys, such as slag
and metal, is restricted by the diffusion of the reactant species [Iida and Guthre,
1988]. The mutual diffusion coefficient (DM ) of liquid alloys can be displayed in
terms of activity (ai) and self-diffusion coefficient (Did) of individual components
[Darken and Gurry, 1953].

DM = ciDid
d ln ai

dci
. (13)

Here

DM = cDB + (1 − c)DA, (14)

where DA and DB are the self-diffusion coefficients of pure components A and B,
respectively. One of the advantages of the presented model is that, the ratio of
mutual diffusion coefficient (DM ) and self-diffusion coefficient (Did) can be esti-
mated in terms of concentration fluctuation in the long-wavelength limit (Scc(0)).

DM

Did
=

cAcB
Scc(0)

. (15)

Similarly, knowledge of surface properties is crucial for the understanding of surface-
related properties such as wet joint capacity, epitaxial growth, corrosion and phase
transition kinetics [Iida and Guthre, 1988; Thwaites, 1984]. Centered on the assump-
tion of a monatomic surface layer, Butler’s method [Butler, 1932] for assessing sur-
face tension, σ of liquid solution can be expressed as follows:

σ =
μs

A − μb
A

SA
=
μs

B − μb
B

SB
= · · · =

μs
i − μb

i

Si
, (16)

where μs
i and μb

i are chemical potential of the hypothetical surface and the chemical
potential of the bulk, respectively. Si indicate the molar surface area of a pure
element i. The expression for the surface tension of the binary liquid alloys in terms
of partial excess free energy of mixing in the bulk (Gb

i ), the partial excess free energy
of mixing at the surface (Gs

i ), the bulk concentration (c) and surface concentration
(cs) can be written as follows [Trybula et al., 2016]:

σ = σA +
Gs

A −Gb
A

SA
+
RT

SA
ln

(
cs

c

)

= σB +
Gs

B −Gb
B

SB
+
RT

SB
ln

(
1 − cs

1 − c

)
, (17)

where σA and σB are the surface tensions of pure components A and B, respectively.
The monatomic surface area for each component is as follows:

Si = 1.091N1/3
A V

2/3
i , (18)

where Vi is the molar volume of the component i, can be determined from its molar
mass and density and NA stands for Avogadro number.
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The surface tension value of the constituent element at a certain temperature
(T 0

i ) is available in the literature [Brandes and Brook, 2013]. These values can be
optimized for working temperature (T ) by using the expression,

σi(T ) = σ0
i + (T − T 0

i )Δσi. (19)

Here, Δσi is the temperature coefficient of surface tension for the metal component
of the alloys and T is the working temperature in Kelvins.

The concentration fluctuations in the long-wavelength limit Scc(0) indicate the
preference for short-range ordering or phase-separation 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

[Bhatia and Thornton, 1970].

Scc(0) =
(

1
RT

∂2GM

∂c2

)−1

. (20)

Theoretically computed values of Scc(0) can be compared with the observed values
estimated from the activity of constituent elements at different compositions.

Scc(0) =
cBaA

(∂aA/∂cA)T,P,N
=

cAaB

(∂aB/∂cB)T,P,N
. (21)

Solving Eqs. (2) and (20) one obtains

Scc(0) =
RT

RT
∑3

i=1

( (x′
i)

2

xi
− (x′)2

x

)
+ 2x

∑
i<j

∑
Ψij

(
xi

x

)′(xj

x

)′ , (22)

where the prime on x denotes its first differentiation with respect to c.
For ideal mixture, Eq. (22) reduces to

Sid
cc(0) = cAcB. (23)

The degree of order in the liquid alloy can be viewed using the Warren–Cowley
short-range order parameter (α1) [Cowley, 1950; Warren, 1990]. Experimentally, this
parameter is not readily quantifiable by diffraction experiments. From the knowledge
of the nearest neighbor contacts of unlike atoms in the melt, the expression α1 can
simply be obtained. Singh et al. [1987] have suggested that α1 can be estimated
from Scc(0).

α1 =
S − 1

S(z − 1) + 1
, S =

Scc(0)
Sid

cc(0)
. (24)

Here, z is the coordination number of the alloy. It is taken as 10 for the present
calculations, and the α1 values are evaluated.
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3. Results and Discussion

3.1. Thermodynamic properties

Using energetics derived from experimental thermodynamic findings, we plan to
investigate some of the transport and surface characteristics of Pb–Sb alloys such
as viscosity, mutual diffusivity, surface concentration and surface tension. In order
to use the CFM to obtain the required energy parameters, we consider the existence
of a form AαBβ chemical complex in the liquid state of the alloy. By choosing the
values α and β from the phase diagram, we proceed to determine the mixing free
energy values of the alloy by varying the energy parameters χ and Ψij . The set of
energy parameters that propagates to a reasonable extent the computed values of the
free energy of mixing of liquid alloys will be further used in the calculation of their
enthalpy of formation HM , mixing entropy SM and concentration–concentration
fluctuation at the long-wavelength limit Scc(0). We extended the calculation to
observe the short-range order parameter α1 and mutual diffusivities DM/Did. The
experimental data set of the Gibbs energy of mixing, GM of liquid Pb–Sb alloys
together with the enthalpy of mixing, HM [Hultgren et al., 1973] have been used
to calculate the interaction energy parameters, i.e., χ, Ψ12, Ψ13 and Ψ23 and their
temperature derivatives at T = 905K (Table 1). Simultaneously, Eq. (7) is solved for
x3, whose values can further be used in Eqs. (2) and (4) for the calculation ofGM and
HM . At the compound forming composition, cc = 0.5, the concentration dependence
of the equilibrium values of chemical complexes, x3 exhibits the maximum value of
0.4314; reflects the symmetric behavior of the alloy. It should be remembered that,
within the context of the models described above, energy parameters χ and Ψij do
not depend on concentration but depend on temperature.

The values of the interaction energy parameters were adjusted to give the con-
centration dependences of GM that fit well with the corresponding thermodynamic
data. From Table 1, it is seen that only Ψ12 of the first system has a negative
temperature coefficient in the presented system; all energy parameters have posi-
tive temperature coefficients. Figure 1 shows the excellent agreement of computed
free energy of mixing by the presented model with the experimental data [Hultgren
et al., 1973]. The values of HM and SM are found to be in poor agreement with
the experiment if energy parameters are taken as being temperature independent.
Therefore, we have considered the variation of these parameters with temperature
to ascertain the variation of heat and entropy of formation with observed values.

The enthalpies of mixing HM and entropies of mixing SM have been evalu-
ated in Eqs. (4) and (10), respectively, and compared with available experimental
data. The calculated enthalpies and entropies of mixing are in good agreement with

Table 1. Interaction parameters and their temperature derivatives.

χ/RT Ψ12/RT Ψ23/RT Ψ13/RT
1
R

∂χ
∂T

1
R

∂Ψ12
∂T

1
R

∂Ψ13
∂T

1
R

∂Ψ23
∂T

1.05 −0.23 1.10 1.10 1.044 1.990 0.980 0.994
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Temperature-dependent mixing behavior of Pb–Sb alloys in liquid state

Fig. 1. The free energy of mixing (GM/RT ) and entropy of mixing (SM/R) vs. concentration of
lead (cPb) in the liquid Pb–Sb alloy at 905K.

Fig. 2. Enthalpy of mixing (HM/RT ) vs. concentration of lead (cPb) in the liquid Pb–Sb alloy
at 905 K.

experimental data as presented in Figs. 1 and 2. For all compositions, the mix-
ing properties, i.e., the Gibbs free energy (Fig. 1) and enthalpy (Fig. 2) are small
negative indicate weak interaction.

The variation of interaction energy parameters at higher temperatures is cal-
culated by using Eq. (5) and presented in Fig. 3. The temperature dependence of
interaction energy parameters excellently follows linear fit. However, the variation
of ψ12 with temperature fits the second-order polynomial, (ψ12/RT ) = p+qT+rT 2,
where p, q and r are constants having different values for different interaction param-
eters as presented in Table 2. These interaction parameters at different temperatures
are used in Eq. (4) to obtain the variation of GM/RT with temperature (Table 3).
The negative values of GM are observed to be decreasing showing phase separation
tendency with an increase in temperature.
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Fig. 3. Variation of the interaction parameters (χ and ψij) with temperature (T ). The solid line
is for χ, a solid line with square symbols is for ψ12, dashed line is for ψ23 and star symbols are for
ψ13.

Table 2. Values of coefficients for fit of various interaction parameters.

Coefficients Ψ12/RT Ψ13/RT Ψ23/RT χ/RT

p −2.93892 1.15799 1.15123 1.0529
q(K−1) 0.00391 −6.93655 × 10−5 −6.12729 × 10−5 −3.46828 × 10−6

r(K−2) −1.00803 × 10−6

Table 3. Variation of the free energy of mixing with tem-
perature.

cPb 905 K 1105 K 1305K 1505 K 1705K

0.1 −0.3413 −0.3412 −0.3411 −0.3408 −0.3408
0.2 −0.5360 −0.5356 −0.5353 −0.5344 −0.5342
0.3 −0.6659 −0.6653 −0.6647 −0.6633 −0.6628
0.4 −0.7388 −0.7380 −0.7373 −0.7355 −0.7349
0.5 −0.7497 −0.7487 −0.7480 −0.7460 −0.7453
0.6 −0.7388 −0.7381 −0.7376 −0.7361 −0.7357
0.7 −0.6659 −0.6655 −0.6651 −0.6642 −0.6639
0.8 −0.5360 −0.5358 0.5356 −0.5352 −0.5351
0.9 −0.3413 −0.3413 −0.3413 −0.3413 −0.3413

3.2. Transport properties

The calculation of the viscosity of the Pb–Sb liquid alloy at 905K is carried out by
Eq. (11). The necessary fundamental data for the constituent elements at fixed tem-
perature are taken from Ref. Brandes and Brook [2013]. These values are optimized
for the investigation temperature by using Eq. (12). The compositional dependence
of the viscosity with temperature is shown in Fig. 4. The viscosity obtained for the
selected system alloy has been observed to decrease with the bulk concentration for
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Temperature-dependent mixing behavior of Pb–Sb alloys in liquid state

Fig. 4. Compositional dependence of viscosity (η) of liquid Pb–Sb alloy at different temperatures.

temperature 905K. For higher temperature, it is found to be increasing with respect
to the bulk concentration of Pb. As the temperature of the investigation increases,
the viscosity is decreased.

The computed values of Scc(0) can be used to evaluate the ratio of mutual
diffusivities to intrinsic diffusivities (DM/Did) as a function of composition using
Eq. (15). The mixing behavior of binary liquid alloys can also be explained in terms
of the ratio of diffusivities. The unity value of DM/Did tells that the alloy has a
regular mixture of components leading to the ideal solution. The value of DM/Did

greater than unity shows the tendency to short-range ordering in the alloy system
while the smaller value of DM/Did leads the alloy towards phase separation. The
plots of DM/Did against concentration at various temperatures are presented in
Fig. 5. For the temperature of 905 K, it is clearly demonstrated in Fig. 5 that the
ratio of mutual diffusivity is greater than unity throughout the entire compositional
range. This undoubtedly showed that there is a presence of chemical order in the
system at that temperature. For higher temperatures, it is getting even smaller
leading the selected alloy towards homo-co-ordination.

3.3. Surface properties

The surface compositions and surface tension values for Pb–Sb liquid alloys have
been computed numerically from Eq. (17). The surface tensions and density of the
components of the alloy system at fixed temperature were taken from Ref. Brandes
and Brook [2013] (Table 4). Equation (19) is used to achieve surface tension and
density values at operating temperatures such as 905K, 1105K, 1305K, 1505K
and 1705K. The partial excess free energy of mixing in the bulk (Gb

i ) and partial
excess free energy of mixing at the surface (Gs

i ) for Pb and Sb were taken from Ref.
Hultgren et al. [1973].
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Fig. 5. Compositional dependence of the ratio of mutual and intrinsic diffusion coefficients
(DM/Did) vs. concentration of lead (cPb) in the liquid Pb–Sb alloy at different temperatures.

Table 4. Input parameters for calculation of surface tension and viscosity.

Element T 0
i (K) ρ0i Δρi σ0

i Δσi η0i E
(Kgm−3) (Kgm−3K−1) (Nm−1) (Nm−1K−1) (Nsm−2) (Jmol−1)

Pb 600 10678 −1.3174 0.468 −1.3 × 10−4 4.636 × 10−4 8610
Sb 903.5 6483 −0.565 0.367 −5 × 10−5 8.12 × 10−5 22000

The surface concentration of Pb is found to be increasing and that of Sb is
observed to be decreasing with the bulk concentration (cPb). A negative deviation
from ideality for the surface concentration of Pb and a positive deviation from ideal-
ity for the surface concentration of Sb has been observed. The surface concentration
values of Sb are observed to be larger with their corresponding bulk concentration;
confirms that the surface of the alloy is enormously rich with Sb atoms. With a rise
in temperature, the surface concentration of Pb has been found to increase and that
of Sb has been observed to decrease (Fig. 6). Surface tension values for Pb–Sb liquid
alloys over the entire bulk concentration range of the corresponding component are
presented in Fig. 7. The surface tension values of Pb–Sb increase with little addition
of Lead atoms. In addition, as can be seen in Fig. 7, the surface tension isotherm
with respect to the surface composition of Pb calculated by the above-mentioned
model for the presented melt deviate negatively with respect to that calculated by
the ideal solution model (τideal = τ1c1 + τ2c2), confirming that liquid alloys with
negative excess Gibbs energy in the bulk exhibit negative surface tension deviations
with respect to their ideal mixture [Westbrook and Fleischer, 1995]. The surface
tensions of Pb–Sb alloy with respect to the bulk concentration of Pb at different
temperatures are plotted in the same figure. It has been observed that the surface
tension of the alloy decreases with an increase in the temperature.
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Temperature-dependent mixing behavior of Pb–Sb alloys in liquid state

Fig. 6. Compositional dependence of the surface concentration of lead and antimony (csPb, csSb)
vs. concentration of lead (cPb) in the liquid Pb–Sb alloy at different temperatures.

Fig. 7. Compositional dependence of viscosity (η) of liquid Pb–Sb alloy at different temperatures.

3.4. Structural properties

The theoretical calculation of concentration variations in the long-wavelength limit
Scc(0) is of considerable importance because of difficulties in diffraction experiments
when it is required to explore the essence of the atomic interactions in the melt.
We determined Scc(0) and the Warren–Cowley short-range order parameter (α1)
using the energy parameters estimated in our earlier calculations. In general, in the
case of a liquid binary alloy, when Scc(0) > Sid

cc(0) the system is assumed to be
phase-segregating or to exhibit homo-coordination and when Scc(0) < Sid

cc(0) the
system is said to be short-range ordering. Sid

cc(0) is the ideal value of Scc(0) related
with the ideal mixture. In addition, awareness of α1 offers a clear glimpse into the
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essence of the local arrangement of atoms of the mixture. α1 < 0 applies to atoms
pairing as closest neighbors, α1 > 0 corresponds to like atoms pairing in the first
co-ordination shell, while α1 = 0 corresponds to a random distribution. The limit
values of α1 for equiatomic composition fall within the range −1 ≤ α1 ≤ +1. The
minimum possible value of α1 is αmin = −1, which reflects complete ordering. On
the other hand, the maximal value αmax = +1 is the absolute separation leading to
the separation of phases. The plot of Scc(0) with respect to the bulk concentration
of Pb at various temperatures for Pb–Sb complexes is shown in Fig. 8.

The lines are calculated values while the circles are experiment values calculated
with Eq. (21) using the activity data from Ref. Hultgren et al. [1973] and the
dashed line is for ideal values of Scc(0). Figure 8 shows that Pb–Sb is an ordering

Fig. 8. Compositional dependence of Scc(0) in liquid Pb–Sb alloy at different temperatures.

Fig. 9. Compositional dependence of chemical short-range order parameter (α1) of liquid Pb–Sb
alloy at different temperatures.
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alloy almost through the entire concentration range. This is also supported by the
chemical short-range order value, which has negative values throughout the entire
region (Fig. 9).

The variation of both α1 and Scc(0) with temperature supports the phase sepa-
rating tendency with larger values of temperature as shown by variation of the free
energy of mixing with temperature.

4. Conclusion

The thermodynamic, microscopic, transport and surface properties of Pb–Sb liquid
alloys at different temperatures have been successfully explained through the differ-
ent theoretical models. The theoretical analysis of thermodynamic properties reveals
that Pb–Sb is a weakly interacting system. Except Ψ12, all interaction parameters
decrease with rise in temperature. Symmetry is observed in the free energy of mix-
ing and entropy of mixing while asymmetric behavior is seen in enthalpy of mixing.
Except for 905K, the viscosity values are observed to be increasing with the bulk
composition which is an interesting point for further investigation. The ratio of dif-
fusion coefficients, DM/Did > 1 at all compositions which indicates that there is
the tendency of compound formation over the whole composition range. The sur-
face tension of the presented system is found to be smaller than ideal values. In
the context of different temperatures, as the temperature of the study increases, it
decreases. This study shows that component with larger surface concentration than
its bulk composition tends to segregate on the surface of molten alloys. The study of
concentration fluctuation in long-wavelength limit and CSRO show that there is the
tendency of hetero co-ordination in liquid Pb–Sb alloy. The temperature variation
investigations of all the properties reveal that the compound forming tendency of
Pb–Sb liquid alloy decreases as temperature increases.
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