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ABSTRACT

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

constituent metals.

The study focuses on the thermodynamic properties of four different binary liquid
alloys (Na-Hg, Pb-Mg, Bi-T1 and Cu-Al) of type A, B, by assuming NaHg,, PbMg,
BiTl; and CuzAl; as their most stable intermetallic compounds respectively using the
‘Quasi-Chemical Approximation’ model given by Bhatia & Singh (1982). The Gibbs free
energy of mixing, enthalpy of mixing, entropy of mixing, chemical activity, concentration
fluctuation in long wavelength limit and chemical short range order parameter are among
the properties that are the subject of study of this thesis. For this purpose, the interaction
energy parameters are optimized at the melting temperatures of the aforementioned
alloys. The study shows that the free energy of mixing is minimum at about compound
forming concentration for all the alloys. Similarly, the theoretical analysis of structural
properties indicate that all the preferred liquid alloys have ordering tendency at their
melting temperature, which is found more near the vicinity of the compound forming

concentration.

Next, the viscosity of preferred alloys is studied by using Kaptay model (Kaptay, 2003).
The computed viscosities for Na-Hg, Pb-Mg and Bi-T1 liquid alloys are positively deviated
whereas it is negatively deviated for Cu-Al liquid alloy from ideal behavior at their
melting temperatures. The surface properties of the aforementioned liquid alloys have
been studied by the refined Butler model (Kaptay, 2019). Surface tension and surface
concentration calculations have been used to analyze the patterns of surface segregations
in these liquid binary alloys. The segregation of the alloy component having a lower

surface tension is confirmed by theoretical analyses.

Finally, the Quasi-Chemical Approximation model has been extended to study the thermo-
physical properties of preferred liquid alloys at different temperatures. For this purpose,
the interaction energy parameters for each of the alloy system have been computed
at different temperatures by making the assumption that the concentrations or mole
fractions and the temperature derivative interaction energy parameters are independent

on temperature. The study shows that as temperature rises above melting point, the Gibbs

vi



free energy and the enthalpy of mixing of alloys gradually become less negative. Further,
the ordering tendency of these alloy systems gradually decreases. These findings are
supported by increase in concentration fluctuation in long wavelength limit at higher
temperatures. The viscosity and the surface tension both decrease with increase in
temperature. The liquid alloys thus show the maximum tendency towards complex
formation as well as maximum values of viscosity and surface tension at their respective

melting temperatures.
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CHAPTER 1

1. INTRODUCTION

1.1 General Consideration

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

structural properties of mixing of liquid alloys.

The knowledge of mixing behavior of alloys can be achieved from the experiment but
the major problems are related to high reactivity after the alloys are melted at a high
temperature. Similarly, the formation of alloy is not only associated with change in the
structure of a given system but also in bonding among the atoms. The interaction and
structural resetting of integral atoms during the formation of the alloy make the study
more interesting (N. Jha & Mishra, 2001; Adhikari et al., 2010; Bhandari, Koirala, &
Adhikari, 2021) . It becomes difficult to study all the properties of an alloy in solid
state and analysis by X-ray diffraction method has shown that a liquid is much more
like solid than gas (Guggenheim, 1952). Hence, different behavior of alloys are studied
in liquid state rather than solid. Concentration, temperature and pressure affect the
alloying characteristics of liquid alloys, which are considered most important for the
materials’ strength, stability, and electrical resistance among other things. As a result,

alloy forming qualities have been regarded as the critical tools in metallurgy and the



complete study of alloy formation is a difficult task. Furthermore, there is no easy method
to tell which constituent atoms in the alloy are grouped together. As a result, identifying
the nearest neighboring pair of atoms is extremely challenging. To solve this challenge,
thermodynamic or microscopic parameters are investigated in order to get information
on closest neighbour pairings or interactions (Singh & Sommer, 1997). Components in
some alloys are identical in terms of the Hume-Rothery rule (Hume-Rothery & Powell,
1935) and undergo relatively minute changes in electronic behavior on mixing. Local
structure is similar to that of pure elements under these conditions, and differences
in transport and thermodynamic characteristics from ideal behavior may be conveyed
from the perspective of size, electrochemical effect, and electron concentration. On the
other hand, a great number of alloys exist in which complicated ionic species emerge
during alloying and are distinguished by remarkable atomic geometrical configurations.
In these systems, there occur considerable differences in electrical behavior and large
asymmetries in the concentration dependence of thermodynamic functions. The solubility
of a homogeneous solid phase is influenced by the size factor, electrochemical effects and
electron concentrations. As a result, from a metallurgical approach; studying the mixing
behavior of liquid alloys may provide information on the energetics of the creation of

binary solid alloys.

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

arrangements.

Developments in statistical physics and computer approaches have made significant
contributions to study liquid alloys. Statistical physics attempts to analyze binary alloys
by establishing model equations that can be the simplest and the efficient means of
understanding or predicting asymmetries and anomalies in mixing behavior of alloys. For
many years, theoreticians (Butler, 1932; Flory, 1942; Redlich & Kister, 1948; Longuet-
Higgins, 1951; Bhatia et al., 1973; Lele & Ramachandrarao, 1981; Bhatia & Singh, 1982,
1984; Kozlov et al., 1983; Singh, 1987; Prasad & Singh, 1990, 1991; Prasad et al., 1994;
Liang et al., 2016; Zhang et al., 2019) have been creating various modelled equations
to get various intriguing information about thermodynamic, structural, transport and

surface behaviors of binary liquid alloys.



During the study, the metallurgists try to carry out the knowledge of thermodynamics,
structural, transport and surface properties of the alloy. Theoretical studies of thermo-
dynamic parameters such as free energy of mixing, chemical activities of constituent
elements of alloys, enthalpy and entropy of mixing yield knowledge about interaction,
phase stability, and bonding strength between constituent atoms. Similarly knowledge on
the structural arrangement is gained through qualitative analysis of microscopic function;
concentration fluctuation in long wavelength limit (Scc(0)) and chemical short range
order parameter (@1). The (Scc(0)) denotes the type of atoms’ ordering, whereas
denotes the degree of ordering of the atoms in the binary liquid alloys (Sharma et al.,
2014; Koirala et al., 2016; Mishra et al., 2018). In equiatomic composition, curves of
thermodynamic functions like Gibbs free energy of mixing and concentration fluctuation
in long wavelength limit of certain alloys are symmetric, whereas the remainder have
asymmetric curves. The binary liquid alloys can be categorized into symmetric and
asymmetric alloys based on the symmetry of curves expressing thermodynamic functions.
Asymmetric alloys are known as compound forming alloys, whereas symmetric alloys
are known as regular ones. The, binary liquid alloys such as Ga-In, Mg-Zn, In-Sn,
Bi-Pb etc are symmetric alloys whereas Ag-Al, Bi-Tl, Ga-Bi, Sb-Sn etc fall under the
category of asymmetric alloys (Hultgren et al., 1973; Akinlade et al., 2001; Anusionwu,
2006). The deviation of thermodynamic properties from equiatomic composition is due
to inter component interaction of the alloy. Figures 1 and 2 are the plots of compositional
dependence of the Gibbs free energy of mixing (Gy/RT) for In-Tl liquid alloy at 723 K
and Cu-Sn liquid alloy at 1400 K representing respectively symmetric and asymmetric

binary liquid alloys.
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Figure 1: Gibbs free energy of mixing versus concentration of In for In-T1 liquid alloys at 723 K (Hultgren
et al., 1973).
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Figure 2: Gibbs free energy of mixing versus concentration of Cu for Cu-Sn liquid alloys at 1400 K
(Hultgren et al., 1973).

On the other hand, the alloys can be categorized as ordering or segregating depending on
the pairing of atoms of constituent elements. In segregating alloys, like atoms are grouped
together but in ordering alloys, dissimilar atoms are paired together. The deviation
of concentration fluctuation in long wavelength limit (Scc(0)) of binary liquid alloys
with ideal concentration fluctuation in long wavelength limit (SicdC (0)) can be used to
distinguish ordering and segregating binary liquid alloys. For the given concentration
if Scc(0) < Sié‘C(O), the alloy is supposed to have compound forming nature. However
Scc(0) approaches to zero if the mixture is entirely composed of complexes. Figure
3 indicates the plot of composition dependent Scc(0) of Na-Pb liquid alloy at 700 K
representing the ordering alloy. Similarly if Scc(0) > SgC(O), the expected nature of
the alloy is segregating. If Scc(0) is too large in comparison to Sigc(O), the segregating
alloys lead to phase separation. Figure 4 shows the plot of composition dependent Scc(0)
of Ag-Pb liquid alloy at 1273 K indicating segregating alloy. Ag-Pb, Al-Ge, Co-Sn,
Bi-Za etc. are segregating alloys whereas, Na-Pb, Al-Mg, Mg-Ga etc. are ordering alloys
(Hultgren et al., 1973; Anusionwu et al., 2009; Yadav et al., 2016).

The following are some empirical and microscopic parameters used to identify the alloys’

ordering and segregating behavior (Singh & Sommer, 1997).

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

alloys deviate in a positive way.

2. For ordering alloys, the enthalpy of mixing and excess Gibbs free energy are

negative, but for segregating alloys, these are positive.

3. The concentration fluctuation in long wavelength limit (Scc(0)) is smaller for



ordering alloys and is greater for segregating alloys than ideal value.

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

is positive for segregating alloys.

However, some binary alloys exhibit unusual properties like a positive enthalpy of
mixing despite a negative excess Gibbs energy of mixing (Hultgren et al., 1973). As the

composition of constituent elements of the alloys changes, some liquid alloys shift from

segregating to ordering and vice versa (Anusionwu, 2006; Yadav et al., 2016).

0.3 . . . , :
0.25 | S,
0.2 - .

0.15 - .

5cc(0)

0.1 - .

0-05 — /'

T
experimental

ideal - --- _|

Cpp

Figure 3: Concentration fluctuation in long wavelength limit versus concentration of Pb for Na-Pb liquid

alloy at 700 K (Hultgren et al., 1973).
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alloy at 1200 K (Hultgren et al., 1973).



The surface tension and viscosity are key thermo-physical parameters examined in
metallurgy to provide data of surface and transport properties of liquid alloy respectively.
They are needed in casting method in order to create various devices with improved
mechanical performance. Similarly, surface segregation, that primarily denotes the
concentration disparity between the surfaces and bulk materials is the most essential
factor to be examined in metallurgical research. The difference in surface energy between
the alloy’s component elements is the major cause of this disparity, in which the element

with higher surface energy has tendency to segregate on the surface (Prasad et al., 1994).

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

The numbers denoted by the indices u and v (A,B, — uA + vB) correspond to the
number of A and B atoms in the alloy respectively. It is therefore instructive to study the
effect of different pairs of u and v values on thermodynamic properties of binary liquid
alloys. In the present research, we consider three types of complexes or three pairs of u

and v values as mentioned below:

values of u and v | Types of Complex
u=1landv =2 AB;
u=landv =3 ABj
,u=3andv:2 A3Bz

1.2 Overview of Preferred Binary Liquid Alloys

When small composition differences in the alloy (made up of two components A and
B) cause a large change in thermodynamic properties, the phase of the alloy is termed
as an intermetallic compound and is often stoichiometric. Such alloy is expressed in
the form of A,B,. Thus among various binary liquid alloys, the alloys of type A, B,
are referred to as compound forming alloys as they form compound in solid state at
one or more stoichiometric composition. The intermetallic compounds are known to

possess extraordinary functions and characteristics that are not present in common alloys.



Intermetallic alloys have a variety of special characteristics that make them interesting
for high-temperature structural applications, including high melting and disordering

temperatures, high stiffness, low diffusivity, etc. (Porter & Easterling, 2009).

This section provides an overview of following four compound-forming binary liquid

alloys which are the research interest in the present thesis.

1.2.1 Na-Hg System

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

sodium.

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

The phase diagram of Na-Hg (Hultgren et al., 1973; Balej, 1979) indicates that there are
various intermetallic compounds and hence it shows anomalous mixing behavior as a
function of concentration. Morachevskii (2014) also suggested that sodium and mercury
form a congruently melting compound NaHg, (mp. 626 K). The atomic volume ratio
(WNa/ Vg = 1.6), electronegativity difference (Ena — Eng = —1.07) and ionic character

(IC =0.2489) are insufficient to explain the anomalous behavior of the alloy.

1.2.2 Pb-Mg System

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

settings where the demand for lightweight structures is great (Loukil, 2021).

The lead magnesium alloy has a eutectic temperature 248.7 °C at 83% of Pb (Nayeb-
Hashemi & Clark, 1985). It shows an asymmetric nature of many thermodynamic
properties. Thus, different experimentalists tried to investigate the different thermody-
namic behavior of the alloys at about melting temperature of the alloy (Okajima & Sakao,
1968; Hultgren et al., 1973).



The atomic volume ratio (Vpy/Vimg), electronegativity difference (Epp — Ewmg) and ionic
character of the alloy are 1.3, 1.02 and 0.2290 respectively. The phase diagram of Pb-Mg
alloy shows the existence of PbMg; as one of the most stable intermetallic complex in
solid state (Hultgren et al., 1973).

1.2.3 Bi-Tl System

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

The atomic volume ratio (V;/ V1), electronegativity difference (d = Eg; — ET;) and ionic
character of the alloy are 1.23, 0.4 and 0.0392 respectively. The phase diagram of Bi-T1
(Okamoto et al., 1990) indicates that Bi and Tl atoms are energetically favoured to form

intermetallic compound BiTls.

1.2.4 Cu-Al System

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

strengths necessary for industrial uses (Verma & Lila, 2021).

Numerous researchers (Kanibolotsky et al., 2002; Curioni et al., 2010; Altintas et al.,
2015; Rasch et al., 2019) have been interested in the copper-aluminum alloys for some
years as these alloys provide a combination of different properties such as high strength,
hardness, corrosion resistance etc. The atomic volume ratio (Va1/Vcy), electronegativity
difference (d = Ea] — Ecy) and ionic character of the alloy are 1.41, —0.29 and 0.0208



respectively. The alloy shows a number of intermetallic phases viz. CuAl,, CuzAly,
CugAly (Hultgren et al., 1973). The present reserach thesis focuses on the study of

CusAl; as energetically favoured intermetallic compound in the molten state.

1.3 Rationale of the Study

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

provides beneficial to comprehend alloying behaviour of liquid alloys.

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

properties and can be employed in the appropriate sector.

1.4 Objectives of the Study

In the present work four liquid alloys (Na-Hg, Pb-Mg, Bi-T1 and Cu-Al) of type A, B,
are selected for the study. The Quasi Chemical Approximation method is applied to
study thermodynamic and structural properties. The transport and surface properties of
these alloys have been investigated in the frame work of Kaptay Model and Modified
form of Butler equation respectively to predict transport and surface properties of the
alloys. The interaction energy parameters required to investigate different properties are
optimized by successive approximation method with the help of experimental values.
The model is further extended to predict these properties of concerned liquid alloys at

different temperatures. In summary, the objectives of this research are pointed as follows:

1.5 General Objective

The general objective of the proposed research work is to study the mixing behavior of

binary liquid alloys of type A, B, .

1.6 Specific Objectives

To fulfill the general objective of our study, we aim to study
1. the thermodynamic properties of binary liquid alloys,

2. the structural properties of binary liquid alloys,



3. the transport properties of binary liquid alloys and

4. the surface properties of binary liquid alloys.

1.7 Organization of the Thesis

The thesis has been organized as follows:
CHAPTER 1: INTRODUCTION

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

CHAPTER 2: LITERATURE REVIEW

In this chapter, we have reviewed some previous literatures related to the
electronic and statistical theories of mixing as well as theoretical models of

viscosity and surface tension of liquid alloys.
CHAPTER 3: MATERIALS AND METHODS

In this chapter, a brief formulation of various thermo-physical properties of

binary liquid alloy have been presented.
CHAPTER 4: RESULTS AND DISCUSSION

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

Approximation method.
CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

In this chapter, we present conclusions of the present work and its possible

extension for further study.
CHAPTER 6: SUMMARY
Here, a brief overview of the whole studies have been presented.

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

2. LITERATURE REVIEW

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

sparked our interest in doing this study.

2.1 Review of Electronic Theory of Mixing

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

The Pseudopotential theory is another significant electronic theory for calculating many

11



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

of solid state physics.

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

binary liquid alloys.

2.2 Review of Statistical Approach of Mixing

2.2.1 Review of Thermodynamic and Structural Properties

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

binary molten alloys from bulk properties is a key emphasis of that theory’s research.

Meyer (1939) found the entropy of mixing of long chain chemical compounds dissolved in

simple solvents, providing a more convincing explanation for the anomalies of long chain

12



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

has become disordered.

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

as well as the chemical short range order parameter for binary liquid alloys.

The comprehensive analysis of heat of mixing for certain binary liquid alloys as done by
Kleppa (1958) revealed that valence difference causes the heat of mixing curve to become
more asymmetric. The Zn-Cd curve, he claimed, is essentially symmetric, whereas the
Cd-Bi curve has a lot of asymmetry. Similarly the study of the liquid alloy using neutron
diffraction (Ruppersberg & Egger, 1975; Alblas, 1983; Takeda et al., 1987; Harada et
al., 1988; Reijers et al., 1989) revealed anomalous behavior in short range order, with
intensities exhibiting a distinct peak before the principal peak of diffraction pattern. The
foregoing explanation, based on experimental evidence, demonstrated that anomalous
features of compound forming liquid alloys occur at or near stoichiometric compositions
in which stable intermetallic compounds exist in solid phase. Thus many theoreticians
added the concept that some of the alloy system has clusters of atoms (complex) in

equilibrium with a matrix’ of more randomly arranged constituent atoms (Wilson, 1965;
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Jordan, 1970; Prasad & Singh, 1990). Moreover the thermodynamic data compiled by
Hultgren et al., as well as a number of experimental reports (Predel & Oehme, 1974;
Matsunaga et al., 1983; Yakymovych et al., 2008) show that the properties of mixing
of a large number of liquid binary alloys are asymmetric with concentration, despite
the constituent atoms’ size differences. The enthalpy and the free energy of mixing are
usually large negative values at a concentration or another. Thus, based on the grouping
of constituent element atoms, alloys can be divided into two categories: compound
forming alloys (ordering), in which like atoms tend to be nearest neighbor over unlike
atoms, and segregating alloys, in which unlike atoms tend to be nearest neighbor over
like atoms (Novakovic et al., 2004).

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

parameters and the short range order parameter.

The asymmetry in mixing properties of binary liquid alloys as a function of concentration
cannot be explained by the theories outlined above. Hence the different complex formation
models of binary liquid alloys have been proposed. Jordan (1970) presented the Regular
Associated Solution Model for studying the thermodynamics of melting AB compounds.
He assumed association in the liquid phase with species A, B, and AB present and took
into consideration their interactions. He derived the equations for the thermodynamic and
the liquidus curve in the Zn-Te and Cd-Te binary alloys. Lele & Ramachandrarao (1981)
provided a comprehensive analytical procedure for the treatment of regular associated
solutions. He demonstrated how the interaction energies and equilibrium constant for
the formation of complexes in liquid alloys can be obtained. Using this model, they
were also able to accurately characterize the thermodynamic characteristics of Mg-Sn
and In-Sb liquid alloys. Adhikari et al. (2014) extended this model by presenting the
formulae for concentration fluctuation in long wavelength limit and chemical short range
order parameter and investigated thermodynamic and structural properties of Cd-Na,
Ag-Sb, Cu-Sn, Mg-TI binary liquid alloys. Similarly Yadav and his coworkers (Yadav et
al., 2015) studied the thermodynamic and structural properties of In-Bi and T1-Bi binary
liquid alloys by using the Regular Associated Solution model.

Bhatia et al. (1974) derived analytical expressions for the concentration dependence
of free energy of mixing and concentration fluctuation in the long wavelength limit by
assuming the chemical complex (A, B,) in the liquid state using another model called
’Compound Formation Model’. Bhatia & Hargrove (1974) explained the complex nature
of Mg-Bi, Ag-Al and Cu-Sn liquid alloys having small volume difference at about

their melting temperatures in order to understand the mixing nature of binary liquid
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alloys. However the short range order parameter was not taken into account in Bhatia
and Hargrove’s attempt. Bhatia & March (1975) developed a theory of concentration

fluctuation in long wavelength limit for the Na-Cs binary alloy of large volume ratio.

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

alloys were investigated by Novakovic et al. (2012).

Singh & Mishra (1988) proposed another model: the Simple Statistical Model. The model
uses pairwise interaction energies to calculate conditional probabilities for neighboring
atoms’ occupation in binary liquid alloys. This model has been extended to derive
equations for activity, free energy of mixing, concentration fluctuation in the long
wavelength limit, and chemical short range parameters. The concentration dependent
thermodynamic properties for Cu Pb, Na-K, Li-Mg, and Cd-Mg were explained in this
statistical framework by evaluating ordering energy. Singh et al. (1990) extended this
approach to describe the level of hetero-coordination in Cd-based regular binary liquid
alloys such as Cd-Bi, Cd-Mg, and Cd-Ga. Koirala (2016) studied the thermodynamic and
structural properties of four segregating In-T1, Ag-Cu, Cd-Pd, In-Pb and four ordering
,Bi-In, Cd-Bi, and Ag-Cu, Al-Mg liquid alloys. The model has the drawback of only
being able to study regular alloy.

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

obtain short range order for compound forming binary liquid alloys.

Based on this model, Singh (1987) studied the concentration fluctuation in long wavelength

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

binary liquid alloys.

2.2.2 Review of Theoretical Model of Viscosity

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

insufficient to meet the technological needs.

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

activation energy of viscous flow.

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

which the interionic interaction is modeled using a local pseudopotential.
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2.2.3 Review of Theoretical Model of Surface Properties

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

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

having unequal molar surface areas considering the case of zero surface area of mixing.

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

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

the good agreement between experimental and theoretical model.

Kaptay (2019) updated Butler’s surface tension equation for binary alloys. According to
him, Butler’s equation has an incorrect definition of partial surface tension of components.
Thus he gave a definition of surface tension as well as information regarding the significant

knowledge gap that is missing in Butler’s expression (Kaptay, 2015, 2019).
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2.2.4 Research Gap

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

melting temperature of the alloy.

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

some compound forming liquid alloys at higher temperatures.
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CHAPTER 3

3. MATERIALS AND METHODS

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

used for the study of binary liquid alloys.

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

3.1 Quasi - Chemical Approximation for Thermodynamic Functions

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

the alloys and used in the equation of enthalpy of mixing as derived in Subsection 3.1.2.

3.1.1 Excess Gibbs Free Energy and Gibbs Free Energy of Mixing

Let us consider a bulk of binary alloy of N4 and Np atoms of elements A and B

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

No+Np=N (3.1)
The grand partition function of bulk material is

E” = ¢4 (T)q"(T) expl(uaNa + upNp — E) [ksT (3.2)
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where qfv “(T) and y; be partition functions of atoms (i = A or B) with inner and
translational degrees of freedom and chemical potential of atoms respectively. E is

cofigurational energy of the atoms.

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

corresponding to the tiny cluster and the reminder, we get:

NA=N1A +N2A (3.3)
NB=N13+N23 (3.4)
E=E(+E,+E; (35)

where E; (i = 1, 2) are the configurational energies of domain i and E |, takes into account
the interaction between the atoms of domain 1 and 2. Thus the grand partition function

can be written as the product of the partition functions of first and second domains i.e.

—
= =
Mt

[1]

1B (3.6)

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

The partition function E/l can be written as:

E) = Z {3 R" exp[—(Ey + E1p) [kpT ] (3.7)
E
where
{a=qa(T)exp(ua/ksT), ¢p=qp(T)exp(up/ksT) (3.8)

and similar expression exits for Z,.

Here, E1>/kgT is the average energy of interaction through which atoms of domain 1
interact with the rest of domain 2. By the simple approximation (Fowler & Guggenheim,
1939),

—Ep ~ VA VB
exp( kBT) ~ ¢, g 3.9

where ¢4 and ¢p are constants. v4 denotes the number of lattice sites in domain 2 that

are closest neighbor of the A atoms in the cluster and similarly for vz. Now, Equation
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(3.7) becomes

By = Y LNy 9% 0 expl—(En) /ksT] (3.10)
E,

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

(9lnE'1 c?lnE.'1
(N1a) =4a s (Nig) =B 975 (3.11)
Dividing second by first, we get,
N 1-Cc C onz,
(M) _1-C _Cp _ {70 (3.12)

(Nia) € Ca {a g

A
where C and (1 — C) represent the average concentrations of A and B atoms in the cluster
respectively and are assumed to be equivalent to the concentrations of A and B atoms in
the alloys. As aresult, (1 — C)/C (or (Cg)/C,)) is independent of the size of cluster.

Hence, cluster of different sites may be utilized to assess Equation (3.12).

First we consider one lattice site which can be occupied by either an A atom or a B atom.
In this case there are no AA, AB or BB bonds and hence E| = 0. Similarly, v4 and vg
in Equation (3.9) is coordination number (Z) of the lattice site. Now, Equation (3.10)

reduces to

='(1

2\ = 040 + Lp05 (3.13)
Here, superscript (1) is added to indicate that this is the expression for E'l for the cluster
of one atom.

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

sites inside a cluster (Singh, 1987) .

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

Site 1 Site 2 Va Vg E|
A A 2Z - 1) 0 €Al
B B 0 20Z-1) | ess
A B Z-1 Z-1 €AB
B A Z-1 Z-1 €AB
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Now, for the cluster of two lattice sites, Equation (3.10) becomes
(2) §A¢2(Z 1) ¢~ EAA/KGT e ¢2(Z 1) ¢ €BB/kpT +2§A§B(¢A¢B)Z_le_EAB/kBT (3.14)

While deriving Equation (3.14), we didn’t consider the probability of formation of
complex or compound alloys of type A,B,. Actually a binary alloy is a mixture of
three types of constituents; A atoms, B atoms and complexes of type A, B,. Let ¢;
(i, j = A, B) denotes the energy of ij bond if the ij bond is free bond and let €;; + A¢;;
denote its energy if the ij bond is one of the bonds in the complex. Further, let p;; signify
the probability that an ij bond is a member of the complex. If the cluster contains two A

atoms, the energy is given by

Ey1 = (1—paa)éan +paa(€an +A€an) = €an + panléaa (3.15)
If the cluster contains two B atoms, the energy is given by

Ey = epp + pppA€pp (3.16)
and if the cluster contains two A and B atoms, the energy is

E1 = pap(€eap + Aepp) (3.17)

Now, Equation (3.14) can be rewritten as:

22 =262 Do+ 30277 0pp + 204 lp(dadp) 0 (3.18)
where
€j + PijA€ij
Qij = €Xp (—%) (3.19)

The bond in the cluster being a part of complex A, B, allows p;; to take following relation
(Bhatia & Singh, 1982).

pap=C""1(1-C) 2=t (1 - 0)] (3.20)
By the same method, it is possible to obtain

paa=CF2(1-C)Y'[2-C*2(1-0)], u=2 (3.21)
ppg=CH(1-C)?[2-CH(1-C)"2], v=>2 (3.22)

For u=1, paa =0and forv =1, ppp = 0, since Equations (3.21) and (3.22) are used
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only for u > 2 and v > 2 respectively.

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

1-C ¢ §B¢123(Z_1)QBB +2a(¢adB)* ' 0nB

= . (3.23)
¢ ga §A¢i(z Doan+p($adp)? ' 0an
From the Equations (3.12) and (3.13), we get
1-C ‘
— = ‘s [@] (3.24)
C {a | Pa
From Equations (3.23) and (3.14), we get
1-2C 1-C
2
- =0 3.25
o ( AC ) C (3:23)
where
1/2
e (‘/’_B) (éﬂ) (3.26)
$éa) \OBB
1/2
1= (0AA0BB) (3.27)
OAB
By solving Equation (3.25), we get
B—-1+2C
e A — 3.28
T e (3:28)
with
B=[1+4C(1-C)(2>-1)]"? (3.29)
Following Equations (3.27) and (3.28), we get
1/2
1-CB-1+2C
_ p-1+ (3.30)
C B+1-2C
From Equations (3.24) and (3.26),
Z/2
h_ € 2 (%) (3:31)
g 1-C  \oaa
From Equations (3.19) and (3.27),
2 2paBA€ap — A - A
2= exp w ex DPABAEAB — DPAAAEAA — DPBBAERB (3.32)
ZkBT kBT
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where

€AA T GBB)

CL):Z(EAB_ >

(3.33)

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

The activity coeflicients y4 and yp of two species are given as:

pa — py = kgT In(Cya) (3.34)
pg — py = keT In[(1 = C)y3] (3.35)

where ,ul.O is the chemical potential of pure component.

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

lny =ZInt+ (pAAAEAA - pBBAeBB) + @ (336)

2kgT

where v is ratio of activity coeflicients of two components A and B. ¢ is constant and

independent on concentration.

Here, w and Ag;; are sufficiently smaller and hence A% in Equation (3.32) can be expressed

in the linear terms of these parameters as:

=1+

ZkaT (2w +2papAwap — paaAwas — papAwpp) (3.37)

where Aw;; = ZA€;; and is called interaction energy parameter. Let us write above
Equation (3.37) as:

A2=1+Y (3.38)

where

Y = (ZkBT) [2w +2papAwap — pasAwaa — pppAwps]

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

B=[1+4C(1-O)Y]"? ~1+2C(1-C)Y (3.39)
2C(1-C
=1+ Z(kBT )(2w +2paAwap — paslwaa — pppAwps) (3.40)
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Now, Equation(3.30) becomes
1 2 22
Int = Eln[Y—ZCY—CY +CY"+1] (3.41)

As the values of w/(kgT) and Aw;;/(kgT) are smaller than unity (Guggenheim, 1952;
Bhatia & Singh, 1982) , we can easily conclude that Y < 1. As a result, the power of Y

can be neglected. Thus,

1
Int=In|l1+ EY(I - 2C)] (3.42)
Using the relation In(1 +x) = x — %2 + %3 ... and neglecting the higher order terms, we
get
1
Int = EY(l -20)

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

1
Iny = ZEY(I -2C) + (PaaA€eas — pppAepp) + ¢ (3.43)

Z
2kgT
Substituting the value of Y and simplifying, we get

1
Iny = P [(1 =2C)(w + papAwag) + Cpaalwas — (1 = C)ppgAwpp] +¢ (3.44)

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

GXS C
M__ Iny dC (3.45)
NksT S, 7 '

Since Gﬁs is zero at C = 0 and 1. Thus the value of ¢ can be obtained by setting
i1 InydcC = 0. Hence,

i
1

/0 T [(1=2C)(w+ papAwap) + Cpashwas — (1 — C)ppehwpg + ¢] dC =0

(3.46)

Now, simplying Equation (3.46) after substituting the values of p,; from Equations (3.20)
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to (3.22), the value of ¢ can be obtained as:

o =248 15804+ 1)) = 2B, v + 1) + B2 — 1.2v) — (241,20 — 1)]

~ kpT
2 B9 0 2y 1) — 28y + 1] (3.47)
knT
S8 124+ 1,9) ~ B+ 1,2 = )]
B

where S(m, n) is the beta function related to the gamma function as usual. Now, for one
mole of substance the fo/[s can be written in simplified form as:
Awap Awas Awpp

w
GS =RT | — +V¥ + + 3.48
M keT = ABkpr T M keT BB kT (3.48)

where ¥ = C(1 — C) and ¥;; are simple polynomial in C which can be written explicitly

for given value of y and v.

Foru=1andv =2,

1 5 1
Yap=-C+C?>-=C>+=C*
76 37 72
Wi =0 (3.49)
1.1 1
Ppp=—--C+-C> - -C*
BE= "4~ "2" T4
Fory=1andv =3,
1.2 1 1
Wap==-C+=C*-C*- _C°+=C°
ABT5ETS 57 73
Pya=0 (3.50)
3 .2 3 2 1
Wpp=——C+-C>—=C*+2C° - _(C°

20 3 4 5 6
Foruy=3andv =2,

13 2 3 3 2 5 1

Vap = 25C+ §C3 - §C4 + 505 + §C6 - 507 + ZCS
Pyp = —%c + §c3 - Zc“ + gc5 —Co+ §C7 - éCS (3.51)
Ppp = %c -~ %c“ + %cS + %C7 - écg
The Gibbs free energy of mixing can be obtained as:
Gm = Gy + G (3.52)
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where
Gﬁ =RT[CInC+ (1 -C)In(1-C)] (3.53)

is ideal Gibbs free enery of mixing.

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

w Aa)AB Aa)AA Aa)BB
GM=RT |V —+V¥ +¥ + ¥
M kel 2B TkeT T M kT T BB kT

+CInC+(1-C)In(1-C)
(3.54)

The Equation (3.54) is used to compute the free energy of mixing of compound forming
binary liquid alloys. Before using that the interaction energy parameters (w, Aw; ;) are

optimized with the help of experimental free energy of mixing.

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

Gy = RT ‘P%+Cln€+(1—€)ln(l—€) (3.55)
B

3.1.2 Enthalpy of Mixing

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

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

0Gm
Hy=Guy-T|——
wson=r (),
or,
H G 1 (0G
IM_ZM (M (3.56)
RT RT R\ 0T ),
Substituting the value of Gy from Equation (3.54) to Equation (3.56), we get
HM w 1 dw AwAB 1 6(AwAB)
T P R e i
B . (3.57)

[AU)AA _ 1 0(Awaa)

Awpp 1 0(Awpp)
ksT ks oT ]“”BB[

kBT kB oT

3.1.3 Activity

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

Since the integral value can be divided in to partial values, the Gibbs free energy of
mixing of an alloy can be expressed in terms of partial Gibbs energies G4 and G g of

components as:
GM:CAGA+CBGB=(I—CB)GA+CBGB (358)
where C4 = C is concentration of first element A and Cg = 1 — C is concentration of

second element B of binary liquid alloy. Differentiating with respect to Cp

0Gwm 0G4 0Gp
=Gp-Ga+C C 3.59
9Cs p—Ga+ AGCs + B3¢, (3.59)

From Gibbs-Duhem relation, (Darken, 1950), C40G 4 + CgdG g = 0. Therefore,

0Gm
0Cp

Gg =G+ (1-Cp) (3.60)
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In general,

aG
G :GM+6—C1:4(1 - ) (3.61)

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

G;=RTIna; (3.62)
where q; is activity of it component of the alloy. From Equations (3.61) and (3.62), we
get

0Gm
0C;

RT In a; = Gm+ (1 - Cl) (363)

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

GM 1- CA ’ ’ ’ CA

| =+ 1-2C +A V.p+A Vo +A Vor+In—

naa RT keT [( A)w WABY 4 WAAT g 4 WBBT'gp + 1N Cs
(3.64)

GM CA ’ ’ ’ CA

1 =——-—|(1-2C + A V.r+A P4+ A Vpp+In—
naa RT kgl [( A)w WABT 4 p WAAT g 4 WRBBT'gp T 1N CB]
(3.65)

where ¥, ; is first concentration derivative of #;;.

3.1.4 Entropy of Mixing

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

comprehensive understanding of mixing of metals in binary liquid alloys.

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

__(9m
Sm = ( — )P (3.66)

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

1 dw 1 0AwAB 1 8AwAA
SM=—R|V——— +Vyp— Wyp—
M [ ks 0T Pl oT Mk T a6
1 aAwBB '
VYpp— —ClnC-(1-C)In(1-C
+ BBkB aT n ( ) In( )

3.1.5 Concentration Fluctuation in Long Wavelength Limit

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

S = Zf] exp(—iG .7 (3.68)
J

where f; is atomic scattering factor of j™ atom, G is reciprocal lattice vector and r ;18

position of the j™ atom.

Bhatia & Thornton (1970) showed that the structure factor for a binary alloy may be
represented in g space in terms of three partial structure factors Syy(g), Scc(g) and
Snc(g) using the weak scattering approximation and the Van Hove (1954)) correlation-

function approach.

Suw(@) = 1+ po / (gun(r) - 1) exp(~id F)dr (3.69)
Scc(q) :CACB"'PO/gCC(r) exp(—ig.F)dr (3.70)
SNc(q)=1+po/ch(r) exp(—ig.F)dr (3.71)

where gyn(r), gcc(r) and gyc(r) are radial distribution function and pg is number

density of particles.

At g — 0, the structure factor Syy (0) represents the mean square fluctuation in the particle
number where as, Scc(0) represents the mean square fluctuation in the concentration.

Similarly, Sy (0) stands for the correlation between these two fluctuations. The partial
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structure factors at this condition can be expressed as:

Svwv(0) = ((AN)*)/N (3.72)
Scc(0) = N{(ACx)?) (3.73)
Snc(0) =  N((ANAC,)?) (3.74)

where (AN)? is the mean square fluctuation in the number of particles in the given
element of volume V, (AC4)? is the mean square fluctuation in the concentration and
< ANAC, > is correlation between the two fluctuations. AN and ACy4 are expressed as
(Bhatia & Thornton, 1970):

AN = ANy + ANp (3.75)
NAC4 = CpANy — C4ANp (3.76)

Here, AN4 and ANp represent the instantaneous deviation from mean number of atoms
N4 and Njp respectively. The mean square fluctuation in the concentration (AC4)? in
binary mixture can be expressed as the second concentration derivative of Gibbs free
energy (Bhatia & Thornton, 1970; March & Tosi, 1976) as:

NkgT

2\ _
(AC) = 5| T2 racE

(3.77)

1
N
T.P.N
From Equations (3.73) and (3.78), the concentration fluctuation in long wavelength limit

(Scc(0)) is expressed by following expression

NkgT

R Frawrre

(3.78)

T,P,N

The concentration fluctuation in long wavelength limit is also related to the observed

activities of components of binary alloys (Singh & Mishra, 1988) as given below.

Scc(0) = Cpaa = Cpap

-1
6a3
— 3.79
(8CB)T,P,N] ( :

Substituting the value of G from Equation (3.54) to Equation (3.78), the expression for

(5]
9Cx T,P,N

the concentration fluctuation in long wavelength limit can be expressed as below,

C(1-C)

_ w 7 Awap 7 Awaa 7 Awpp
L+c(1 C)( 257t asTor t¥anTor t VBB Rer )

Scc(0) = (3.80)

17 . . .
where ¥ ; are second concentration derivatives of ¥;;.
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If there is no interaction between the constituent particles or for the ideal case, Equa-

tion (3.80) can be written as:
SK-(0) = C(1 - C) (3.81)

For the theoretical study of local arrangement of constituent particles in the binary

liquid alloy, the S

pressure, if the value of Scc(0) is less than Si(‘:iC

(heterocoordinating) in the alloys and if the value of Si4.(0) is greater than Scc(0), there
g Y cc g

(0) is considered as reference value. For given temperature and

(0), there is pairing of unlike atoms

is pairing of like atoms together (homocoordinating). The heterocoordinating condition
of the alloy is called ordering whereas the homocoordinating condition of the alloy is

called segregating.

3.1.6 Chemical Short Range Order Parameter

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

a short distance, often on the order of few nearest neighbor spacing.

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

PA/B
Ca

pajp=Ca(l—ay) or aj=1- (3.82)

—(1-Ca) _ _Cg

When py/p=1,a1 = o o and when p4/p =0, a; = 1.

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

randomness of arrangement of the atoms in the alloy.

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

C 1

—1 AC <a; <1 Cy SE (3.83)
—Cy
1-Ca 1

- < <1 Cy > — 3.84
C <ap < Az3 (3.84)

If X;; is the generalized probability that one lattice site of nearest neighbour pair is
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occupied by an i atom and other by a j atom, then from Equation (3.18) (Bhatia & Singh,
1982; Singh, 1987),

_ 20alp(padp) “Vous

o — (3.85)
=1
Xiq = 2§,§¢i;ZI;I)QAA (3.86)
=1
Xpp = w (3.87)
=1
From Equations (3.27), (3.85), (3.86) and (3.87),
2= XA;;fBB (3.88)
AB
From the normalization condition,
Xaa+Xpp+ Xap+Xpa=1 (3.89)
Solving Equations (3.23), (3.85),(3.86) and (3.87) we get
Xap=C—-Xsn=(1-C) - Xpp (3.90)
Similarly, by solving Equations (3.88) and (3.90), we get
Xap = % (3.91)

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

Xap=1-C)pap or Xap=C(1-C)(1-ay) (3.92)

From the Equations (3.91) and (3.92),

_B-1
- B+1

a1 (3.93)

The relation between Scc(0) and «; is obtained by taking the second derivative of Gibbs

free energy with respect to concentration using Equation (3.78) and then using Equations

33



(3.40) and (3.93) as given below (Singh, 1987):

Scc(0)= C(1-C)(1+a)[l-(Z-Day]™’

_ S—1 (3.94)
N Szl
where
_ Scc(0) (3.95)
id :
SCC(O)

3.2 Transport Property

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

ANAD  AG*
= 1\; exp G (3.96)

n

where

h = Plancks constant
Na = Avogadro number
D = density of the alloy
M = molecular weight of the alloy

AG™ = Gibbs activation energy of viscous flow

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

M:CAMA+CBMB (397)
D=CyDs+CgDp (398)

where M; and D; are the molecular weight and the density of components of the alloy

respectively. Similarly, Gibbs activation energy of viscous flow (AG*) due to mutual
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interaction between different components is expressed as:

AG™ = CAAGZ + CBAGE + GM + 3RTCACB
= CAAG, + CpAGy + Hy — TSy
+RT(CA lnCA+CBIIlCB)+3RTCACB (399)

XS . e
where S{;' is excess entropy of mixing.

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

points.

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

V = CaVa + CpVp + AVXS (3.100)

where V; is the molar volume of pure metal at given temperature and AVXS is the

excess molar volume upon alloy formation.

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

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

can be written as:

hNa CAAGZ + CBAG*B — Hy
= X
T CoVa+CaVg + AVSS P RT

(3.101)

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

following form:

hN CAAG: + CBAG*B — aHwm
= X
CaVat CaVp + AVS P RT

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

. niVi
AG;* =RT1 3.103
(2] -
where 7; is the viscosity of i™ component of the alloy and the variation of viscosity

with temperature for metals is given as (Brandes & Brook, 2013):

>
i = — 3.104
1; = No €Xp RT ( )

where 179 and > are constants with units of viscosity and energy per mole respectively.

3.3 Surface Properties

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

of binary liquid alloys.

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

below.

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

the chemical potential of the bulk liquid phase.
_,,0 Xs
Mib = Hip + RTInCip + AG;y (3.105)

where, ,u?b is the bulk chemical potential of pure liquid, AG,XS is the excess partial molar

Gibbs energy of component i in the bulk liquid phase.

The following fundamental Gibbs equation is valid for planar surfaces (Gibbs, 1928).
G =) pidnis+ odA (3.106)

where G is the Gibbs energy of the surface region. y; s and n; ¢ are the chemical potential
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and amount of /" component in the surface region, A is the surface area between the two

bulk phases. For the surface region , the Gibbs energy is
Gs=G -Gy (3.107)

where G and Gy, are Gibbs energies of the system and bulk phases respectively. Similarly

total amount of matter in the surface region is
Nijs =N; —Njp (3108)

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

0G,
= ‘ 3.109
7 ( aA )T,P,}’ZLS ( )

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

i
Mis =
ani’s T7P7nj¢i,s

_Sio (3.110)

where S; is partial molar surface area of i component in the liquid mixture. It is

expressed as:

0A
8”“ T,P.njzis

(3.111)

ggs is reduced chemical potential of i/ component in
i,s

the surface means chemical potential without the term S;o. Let us represent it by u; .

In the Equation (3.110), the term

Thus, Equation (3.110) can be rewritten as:

%
l‘t[’s - /’tl'ys

3.112
3 ( )

Mis = fis—Sioc or o=
The reduced chemical potential y;  can be expressed similar to Equation (3.105) as:
O Xs
Mis = Mg+ RT InCis + AG; ¢ (3.113)

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

Hi = Mib = Mis (3.114)

37



Solving Equations (3.105), (3.112), (3.113) and (3.114), the surface tension can be

expressed as:

0« _ 0 X Xs
_His —His RT .  Cis N Gis —AGH

3.115
Si " S; nC,',b S; ( )

If we substitute C;, = C;s = 1 in Equation (3.115) then the surface tension of pure it

component (0'1.0) becomes:

0= 0
Hig = H;
of = % (3.116)

1

h

where S? is the molar surface area of pure i component when the whole system is made

up of only one component. Now, from Equations (3.115) and (3.116) we get

X Xs
S RT Cis N AG/S - AGi,l;

- 3.117
'Si Si GCip Si ( )

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

8P = FVO)* P (Naw)?? (3.118)

where, Vl.0 is the molar volume of pure component and f is geometrical constant. The

geometrical constant is given as:

2/3 _1/3

3f\/ ) T

=|—= — (3.119)
! ( 4 fs

where fy and fs respectively are volume and surface packing fraction. For liquid metal,

the values of fv and fs are 0.66 and 0.906 respectively (Kaptay, 2008). In the case of

binary liquid alloys, Equation (3.117) can be rewritten as:

X X
()Sg El CA,s + AGA,gs - AGA,gb

o=0,—">=+ n
AS4 Sa Cap Sa
S() RT C AGXS‘ _ AGXS
0~B B,s B,s B,b
=0p— + —1 + 3.120
O-BSB Sp ! Csp Sg ( )

The bulk partial excess free energy of components (AGng) of the liquid alloy required to
compute surface properties of the alloy at different temperatures can be determined by

using activity of each component by following relation.

AGX = RTIn (%) (3.121)

i
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, we describe our study and offer the key findings. As we are dealing with
properties of four different types of binary alloys of type A, B,, the results and discussion

of each problem are separately presented sectionally for simplicity as follows:

4.2 Free Energy of Mixing of Binary Liquid Alloys

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

energy of mixing.

4.2.1 Significance of Energy Parameters on the Free Energy of Mixing

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

as compared to the parameter w.

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

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

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

melting temperatures of the alloys.

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

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

A A
10524, 29AB _5 914 and 29BB

kBT kBT B

=9.987

Now using such interaction energy parameters and values of ¥;; for u = 1 and v = 2 from
Equation (3.49) to Equation (3.54), the free energy of mixing (Gym/(RT)) of the alloy is
computed. The free energy of mixing thus computed and experimental values are listed in
Table 2 and plotted against concentration of sodium (Cny) as shown in the Figure 5 . The
minimal value of the free energy of mixing (= —3.102) found at Cn, = 0.4 (at the vicinity

of compound forming concentration Cc = u/(u+v) = 1/(1 +2) = 0.33 of Na) shows
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that the alloy is asymmetric about the equi-atomic composition Cn, = 0.5. The computed
values and experimental values exhibit good agreement between them. The negative
value of w/(kgT) reveals that Na and Hg are attracted to each other and hence form
complex in the liquid mixture. Thus it can be understood from the theoretical calculations
of the free energy of mixing that the alloy Na-Hg in the liquid state is interacting and

hence shows tendency of compound formation.

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

Concentration of Na | Free energy of mixing (Gy/RT)
CNa Theoretical Experimental*
0.1 —-1.404 —-1.354
0.2 —-2.323 -2.292
0.3 -2.872 -2.872
0.4 -3.102 -3.126
0.5 -3.056 -3.084
0.6 -2.775 -2.776
0.7 -2.300 -2.275
0.8 -1.670 —-1.650
0.9 -0.914 -0.914
*Hultgren et al. (1973)
0.0 e U B A E—
a theoretical —— _
10 L experimental ¢ |
E i 4
<~ 2.0+ |
& | |
-3.0 - -
4.0 ! | ! | ! | ! | !
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5: Free energy of mixing versus concentration of Na for Na-Hg liquid alloy at 673 K.

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

The phase diagram ( Hultgren et al., 1973) shows that PbMg, is one of the most stable

intermetallic complexes in solid state. As a result, using this complex as a foundation,
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we estimated the interaction parameters and were able to compute the composition
dependent free energy of mixing based on the Quasi-Chemical Approximation. By using
experimental values of the Gibbs free energy of mixing (Hultgren et al., 1973) at 973 K in
the concentration range Cpy, = 0.1 to Cpp, = 0.9, the values of the interaction parameters

are assessed. The approximate values of the energy parameters are

A A
&Y 5779, 2948 508 and —2BB

kT kgT kT

= 4.984

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

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

*Hultgren et al. (1973)

0-0 T | T | I' T | T
i theoretical —— _
05 L experimental ¢ a
E - —
< -1.0 [ —
¢ | _
-1.5 T
-2.0 ! | ! | ! | ! | !
0.0 0.2 0.4 0.6 0.8 1.0

Figure 6: Free energy of mixing versus concentration of Pb for Pb-Mg liquid alloy at 973 K.

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

system is weakly interacting.

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

The phase diagram of Bi-Tl alloy (Okamoto and Massalski ,1990) indicates that the BiTl3
is one of the stable intermetallic complex in the solid state. Hence by assuming this
complex, the values of interaction parameters are evaluated by successive approximation
method with the help of experimental values of Gibbs free energy of mixing (Hultgren
et al., 1973) at 750 K in the concentration range Ct; = 0.1 to Ct; = 0.9. The results
of the calculation show that the interaction energy parameters of Bi-T1 liquid alloy at

aforementioned temperature are

A A
iT = 1.084, "B _ 3660 and —2BB

=1.493
kB kB B

The value of G/ RT for the Bi-Tl liquid alloy at 750 K is now calculated from Equation
(3.54) using these interaction energy parameters and the values of ¥;; for y = 1 and v = 3
as determined by Equation (3.50). The theoretically computed and experimental values
of Gum/RT are shown in Table 4 and the plots of the theoretical and experimental values

of Gwm/RT versus concentration of Tl are shown in Figure 7.

Table 4: Free energy of mixing for liquid Bi-T1 alloy at 750 K for different concentrations of thallium.

Concentration of T1 | Free energy of mixing (Gm/RT)
Cn Theoretical Experimental*
0.1 -0.519 —-0.486
0.2 -0.872 -0.844
0.3 —-1.141 -1.126
0.4 -1.335 —-1.331
0.5 —1.445 —1.445
0.6 —1.455 —1.455
0.7 —1.343 —1.343
0.8 -1.087 -1.086
0.9 —-0.665 -0.657

*Hultgren et al. (1973)

The theoretical values of Gy;/RT are in good agreement with experimental values

(Hultgren et al., 1973) within whole range of concentration of T1. The minimum value
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of Gym/RT for Bi-Tl is —1.445 at Ct; = 0.6 which is exactly same with experimental
value. The less negative value of Gyi/RT suggests that the alloy is weakly interacting,
nevertheless it shows complex nature. As the alloy exhibits asymmetry at an equiatomic

concentration of Ctj = 0.5, it is categorized as an irregular alloy.
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Figure 7: Free energy of mixing versus concentration of T1 for Bi-T1 liquid alloy at 750 K.

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

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

energy parameters are given below:

A A A
2= 4710, S4B _96.942, “2A4 - 61061 and ——tP

= -37.995
kgT B B kg

For the phase Cu3Aly, u = 3 and v = 2. So values of ¥;; are taken from Equation (3.51)
and the values of Gy;/RT are computed using Equation (3.54) with the help of above

mentioned interaction energy parameters.

The computed and experimental values of Gy;/RT are shown in Table 5. The plots of the

theoretical and experimental values versus concentration of Cu are shown in Figure 8.

From the figure, it is observed that the computed and experimental values of G/ RT are

in good agreement. The theoretical value of free energy Gy;/RT of mixing is minimum
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i.e. —1.943 at 0.6 concentration of Cu. The negative value of w/kgT and the theoretical
free energy of mixing indicate that at liquid state the alloy Cu-Al shows the compound
forming tendency but moderately interacting i.e. the tendency of compound formation is
not so strong. The alloy is classified as an irregular alloy since it shows asymmetry at

Ccu = 0.5 equiatomic concentration.

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

Concentration of Cu | Free energy of mixing (Gym/RT)
Ccu Theoretical Experimental
0.1 -0.610 -0.632
0.2 —1.054 —1.088
0.3 —1.430 —1.450
0.4 -1.729 -1.723
0.5 -1.915 —1.895
0.6 —1.943 -1.939
0.7 —1.781 —1.798
0.8 -1.418 —1.439
0.9 —-0.855 —-0.865
*Hultgren et al. (1973)
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Figure 8: Free energy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.3 Enthalpy of Mixing of Binary Liquid Alloys

Enthalpy of mixing, which provides information on the kind and extent of bonding
between the constituent atoms of liquid alloys, has been identified as one of the important
thermodynamic features. Breaking of chemical bonds often occurs when two substances

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

negative.

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

binary liquid alloys.

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

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

level of consistency.

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

For Na-Hg liquid alloy, the best fit values of temperature derivative interaction energy

parameters for computing enthalpy of mixing at 673 K as determined by successive
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approximation method are found as follows (Panthi, Bhandari, & Koirala, 2021):

1 dw 1 6AwAB 1 aAwBB
— %Y 5097, — 8971 and —
kg OT ks 0T me e T

=—-19.105

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

shown in Figure 9.

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

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

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

Theoretical and experimental calculations of the enthalpy of mixing of the liquid Na-Hg
alloy are reasonably consistent. The values are lowest at Cn, = 0.4 for both theoretical
and experimental data. The theoretical value of Hy at this concentration is —3.621RT,

while the corresponding experimental value is —3.674RT. According to the low negative
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value —3.674, the alloy system is interacting. Thus, the proposed theoretical model has

provided a good explanation for the enthalpy of mixing of the concerned alloy.

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

The quasi-chemical temperature derivative interaction parameters for the Pb-Mg alloy in

the molten state at temperature 973 K have been found to be

| 1 dA 1 A
100 _ 345, 1O89aB 5419 apg L 9A9BB

=—-4.691
kg 0T kg 0T kg OT

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

values.

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

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

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

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

of mixing.

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

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

1 dw 1 0AwAB _ 1 6Aw33

——— =0489, — -0.985 and —

= =2.488
kg kgT kg oT kg OT

The computed and experimental values of Hy/RT at 750 K are listed in Table 8.
Similarly, the plot of theoretical along with experimental values of Hy;/RT as a function

of concentration of TI in the concentration range Ct = 0.1 to 0.9 is shown in the Figure 11.

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

energy during mixing and the alloy shows ordering or compound forming nature.

Table 8: Enthalpy of mixing for liquid Bi-T1 alloy at 750 K for different concentrations of thallium.

Concentration of T1 | Enthalpy of mixing(Hw/RT)
Cni Theoretical Experimental*
0.1 -0.182 —0.183
0.2 —0.343 —0.343
0.3 —0.485 -0.470
0.4 -0.602 -0.576
0.5 —0.685 —0.685
0.6 -0.717 -0.733
0.7 -0.680 -0.693
0.8 -0.557 —0.557
0.9 -0.332 -0.321

*Hultgren et al. (1973)
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Figure 11: Enthalpy of mixing versus concentration of TI for Bi-T1 liquid alloy at 750 K.

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

For the Cu-Al liquid alloy, the best fit values of temperature derivative interaction energy

parameters at 973 K are found to be

1 dw 1 dwap

———=-3221, — =26.850

kg OT kg

1 0Awan 1 0Awpp

2 = -53.466 and — = —37.402
ks T T ke T

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

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

*Hultgren et al. (1973)

Using these parameters in Equation (3.57), the computed and experimental values of
enthalpy of mixing of the alloy at all concentration of Cu are displayed in the Table
9. The plot of theoretical along with experimental values of Hy/RT as a function

of concentration is shown in the Figure 12. The calculated and the observed results
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for the enthalpy of mixing of the alloy are in agreement. It is observed that both the
theoretical and experimental values of enthalpy of mixing are negative within entire
concentration of Cu. The theoretical and experimental values both reach their minimum
at Ccy = 0.6 indicating weakly interacting system. It is also noted that the Quasi-Chemical
Approximation model accurately reproduces the concentration-dependent asymmetry

found in the experiment.
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Figure 12: Enthalpy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.4 Activity of Binary Liquid Alloys

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

repulsive force predominates.

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

4.4.1 Results for Na-Hg, Pb-Mg,Bi-T1 and Cu-Al Binary Liquid Alloys

In this section, we present the methods to estimate the activities and results so obtained
together with a discussion for four distinct liquid alloys: Na-Hg, Pb-Mg,Bi-T1 and Cu-Al

on the basis of Quasi-Chemical Approximation.

4.4.1.1 Activities of Na (an,) and Hg (agg) for Na-Hg Liquid Alloy at 673 K

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

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

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

*Hultgren et al. (1973)

From the figure, it is observed that there is good agreement between the computed and
observed values of activities of both species Na and Hg of the concerned system at 673
K. The interaction of two lines doesn’t have any physical significance. It just informs
that the two components of the alloy have same value of activity at certain concentration.
The activities of both components are quite small in comparision to their respective

concentrations. This result is the indication of metallurgical stability of the alloy.
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Figure 13: Activities of Na (an,) and Hg (ap,) for Na-Hg liquid alloy at 673 K.

4.4.1.2  Activities of Pb (apy) and Mg (amg) for Pb-Mg Liquid Alloy at 973 K

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

Pb (app) and Ag (amg) against concentration of Pb is shown in the Figure 14.

The Figure 14 shows that theoretical and experimental values of activity of Pb and
Mg in liquid Pb-Mg alloy are in excellent agreement to each other. The activities of
both components have smaller value at their lower concentration and both increase with
increase in their concentration. This result gives the idea that the PbMg; is one of the

stable intermetallic phases of the alloy.
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Table 11: Activities of Pb (app) and Mg (amg) for liquid Pb-Mg alloy at 973 K for different concentrations
of lead.

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

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

4.4.1.3 Activities of Bi (ag;) and TI (at)) for Bi-Tl Liquid Alloy at 750 K

We have determined the activities of Bi and T1 for a Bi-T1 liquid alloy using Equations
(3.64) and (3.65). The interaction energy parameters are the primary components used for
the computation of activity. We have used same values of interaction energy parameters
for the evaluation of activity as given in Subsection 4.2.2.3 The calculated along with
experimental (Hultgren et al., 1973) values of activities of each components of the alloy at
750 K are listed in Table 12. Similarly, the plot of computed and experimental activities

Bi (ag;) and TI (aty) against concentration of T1 is shown in the Figure 15.

From the Figure 15, it is observed that the theoretical and experimental values of

activities of Bi and TI agree throughout the entire concentration of Tl. The activities
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Table 12: Activities of Bi (ag;) and Tl (aty) for liquid Bi-Tl alloy at 750 K for different concentrations of
thallium.

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

*Hultgren et al. (1973)

of both components have smaller value at their lower concentration and both increase
with increase in their concentration. This result depicts that BiTls is one of the stable

intermetallic phases of the alloy.
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Figure 15: Activities of Bi (ap;) and Tl (aty) for Bi-T1 liquid alloy at 750 K.

4.4.1.4 Activities of Cu (acy) and Al (aa)) for Cu-Al Liquid Alloy at 1373 K

The activities of Cu and Al for Cu-Al liquid alloy are determined using Equations (3.64)
and (3.65). The same values of interaction energy parameters as mentioned in Subsection
4.2.2.4 are used for the evaluation of activity. The calculated along with experimental
(Hultgren et al., 1973) values of activities of each components of the alloy at 1373 K are
listed in Table 13 and the plot of computed and experimental activities Cu (acy) and Al

(aa1) against concentration of Cu is shown in the Figure 16.
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Table 13: Activities of Cu (acy) and Al (aa;) for liquid Cu-Al alloy at 1373 K for different concentrations
of copper.

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

*Hultgren et al. (1973)

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

4.5 Entropy of Binary Liquid Alloys

Understanding the mixing behavior of binary liquid alloys requires an understanding of an
essential thermodynamic function called entropy of mixing. It offers deep understanding
of the direction of spontaneous change for many common processes and also defines
the equilibrium state of a system. When the energy is at its lowest and the entropy

is at its highest, a system is said to have reached equilibrium state. It is thought that
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information regarding the structural arrangement of the atoms in binary liquid alloys can
be found in the entropy of mixing. The value of the entropy of mixing of an alloy at a
given temperature can be used to examine the deviation in the nature of mixing of the
alloy from the regular behavior (Sommer et al., 2001). In this work we have employed
Quasi-Chemical Approximation for the theoretical study of entropy of mixing of some

binary liquid alloys.

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

In this section, we present the methods to calculate the entropy of mixing for four
distinct liquid alloys; Na-Hg, Pb-Mg, Bi-T1 and Cu-Al on the basis of Quasi-Chemical
Approximation. The results so obtained together with a discussion and the calculated

results are compared with experimental results.

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

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

4.3.1.2 as primary input parameters.

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

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

*Hultgren et al. (1973)

Table 14 displays the calculated and actual values of entropy of mixing for liquid Na-Hg
alloy at 673 K. Figure 17 displays the plot of the calculated values of mixing entropy
as a function of concentration in the concentration range Cn, = 0.1 to 0.9 together with
the experimental values. There is a slight departure of computed result than that of
experimental result as shown in the Figure 17. In the both experimental and theoretical

results, the entropy of mixing (Sy/R) are negative at Cn, < 0.8 concentration of Na
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but behind this concentration, it is positive. The decrease in microstate promoting the

formation of complex is indicated by the negative entropy.
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Figure 17: Entropy of mixing versus concentration of Na for Na-Hg liquid alloy at 673 K.

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

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

Concentration of Pb Entropy of mixing(Sm/R)
Cpyp Theoretical | Experimental*
0.1 0.325 0.394
0.2 0.472 0.506
0.3 0.548 0.539
04 0.583 0.589
0.5 0.595 0.624
0.6 0.586 0.623
0.7 0.553 0.583
0.8 0.479 0.473
0.9 0.330 0.302

*Hultgren et al. (1973)

To determine the entropy mixing of a binary Pb-Mg liquid alloy as a function of
concentration at 973 K, the Equation (3.67) is employed. Since PbMg; is most stable
intermetallic compound of lead magnesium alloy, the values of ¥;; are used from Equation
(3.49). We used the same interaction parameter values from Subsection 4.2.2.2 and

4.3.1.2 as basic input parameters.
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Figure 18: Entropy of mixing versus concentration of Pb for Pb-Mg liquid alloy at 973 K.

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

values are positive throughout the entire concentration of Pb.

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

As we have already discussed in Subsection 4.2.2.3 that the complex BiTl3 is one of
the most stable state of Bi-Tl alloy. So the values of ¥;; has been used as mentioned
in Equation (3.50) and the entropy of mixing of Bi-T1 binary liquid alloy as a function
of concentration has been computed using Equation (3.67). The fundamental input
parameters for the computation of entropy of mixing are temperature derivative interaction
energy parameters. We utilized the same interaction parameter values that were used
in Subsection 4.3.1.3 for the calculation of entropy of mixing. The computed and
experimental values of entropy of mixing for Bi-Tl alloy in liquid state at 750 K are
presented in Table 16. The plot of computed values of entropy of mixing as a function of
concentration in the concentration range Ct; = 0.1 to 0.9 along with the experimental

values is shown in Figure 19.

The computed values of entropy of mixing (Sy/R) as a function of concentration are
good agreement with the experimental results. Thus we can conclude that the alloy is
disorder at all composition however degree of disorder is more at Cty = 0.5. Similarly the

entropy of mixing (Sy/R) for Bi-Tl alloy in liquid state is symmetric around equi-atomic
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Table 16: Entropy of mixing for liquid Bi-Tl alloy at 750 K for different concentrations of thallium.

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

*Hultgren et al. (1973)

composition which has been successfully explained on the basis of Quasi-chemical

Approximation.
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Figure 19: Entropy of mixing versus concentration of Tl for Bi-T1 liquid alloy at 750 K.

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

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

values that were used in Subsection 4.3.1.4.

The computed and experimental values of entropy of mixing for Cu-Al alloy in liquid

state at 1373 K are presented in Table 17. The plot of computed values of entropy of
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Table 17: Entropy of mixing for liquid Cu-Al alloy at 1373 K for different concentrations of copper.

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

*Hultgren et al. (1973)

mixing as a function of concentration in the concentration range Cc, = 0.1 to 0.9 along

with the experimental values is shown in Figure 20.

From the Figure 20, it can be observed that both experimental and theoretical results are
agree and positive in the whole concentration range of copper. The rise in disorder or

randomness of mixing event is indicated by the positive entropy of mixing.
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Figure 20: Entropy of mixing versus concentration of Cu for Cu-Al liquid alloy at 1373 K.
4.6 Concentration Fluctuation in Long Wavelength Limit and Chemical Short
Range Order Parameter

The liquid states are known as disordered states and hence the basic feature of liquid is
that it exhibits short range order in contrast to the long-range periodicity of solid crystals.

From the understanding of the bulk characteristics, a great deal of interest has been

61



exhibited in determining the microscopic properties of binary molten alloys. The work
of Bhatia and Thornton (Bhatia & Thornton, 1970) of compound forming molten alloys
has shown the path in the desired direction. The key microscopic function developed by
Bhatia and Thornton to visualize and understand the nature of microscopic structure in
molten binary alloys are the concentration fluctuation in long wave length limit (Scc(0))

and chemical short range order parameter (o).

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

In the present section, we intend to apply the Quasi-Chemical Approximation for the study
of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary alloys and analyze their microscopic ordering.
For this we compare theoretical as well as experimental concentration fluctuation in
long wavelength limit Scc(0) with ideal concentration fluctuation in long wavelength
limit (SicdC (0)) since visualizing the type of atomic interactions in the mixture depends
on the departure of Scc(0) from the ideal value (Singh & Sommer, 1998). The ideal
concentration fluctuation in long wavelength limit is obtained using Equation (3.81) for
all the alloys. Similarly, the degree of ordering or segregating of the alloys is quantified
by chemical short range order parameter (@) with the help of Equation (3.94).

4.6.1.1 Scc(0) and a; for Na-Hg Liquid Alloy at 673 K

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

liquid Na-Hg alloy at 673 K for different concentrations of sodium.

Concentration of Na Scc(0) aq
Cna Theoretical | Experimental* | Ideal
0.1 0.022 0.013 0.090 | -0.233
0.2 0.027 0.018 0.160 | —0.331
0.3 0.031 0.037 0.210 | -0.370
0.4 0.036 0.033 0.240 | —0.375
0.5 0.043 0.037 0.250 | -0.355
0.6 0.051 0.053 0.240 | -0.311
0.7 0.064 0.083 0.210 | —0.247
0.8 0.082 0.072 0.160 | —0.165
0.9 0.083 0.073 0.090 | -0.075
*Hultgren et al. (1973)
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Figure 21: Concentration fluctuation in long wavelength limit versus concentration of Na for Na-Hg liquid

alloy at 673 K.
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a;

Figure 22: Chemical short range order parameter versus concentration of versus concentration of Na for
Na-Hg liquid alloy at 673 K.

4.6.1.2 Scc(0) and o, for Pb-Mg Liquid Alloy at 973 K

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

order parameter () as a function of concentration is determined by Equation (3.94).
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Figure 23: Concentration fluctuation in long wavelength limit versus concentration of Pb for Pb-Mg liquid
alloy at 973 K.
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Table 19: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Pb-Mg alloy at 973 K for different concentrations of lead.

Concentration of Pb Scc(0) aq

Cpp Theoretical | Experimental* | Ideal

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

*Hultgren et al. (1973)

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

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

alloy as stated by Scc(0).
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Figure 24: Chemical short range order parameter versus concentration of Pb for Pb-Mg liquid alloy at 973
K.
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4.6.1.3 Scc(0) and «a; for Bi-Tl Liquid Alloy at 750 K

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

Table 20: Concentration fluctuation in long wavelength limit and Chemical short range parameter for
liquid Bi-T1 alloy at 750 K for different concentrations of thallium.

Concentration of TI Scc(0) ay

Cn Theoretical | Experimental* | Ideal

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

*Hultgren et al. (1973)

The theoretically computed values of Scc(0) along with the corresponding experimental
and ideal values and «a; are given in Table 20. The plots of Scc(0) and @ against

concentration of TI are shown in the Figures 25 and 26 respectively.

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

Similarly, more negative value of a; at about 0.75 concentration of T1 insights that the

ordering nature of the alloy is maximum near the stoichiometric concentration.
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Figure 25: Concentration fluctuation in long wavelength limit versus concentration of Bi for Bi-T1 liquid
alloy at 750 K.
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Figure 26: Chemical short range order parameter versus concentration of Bi for Bi-T1 liquid alloy at 750 K.

4.6.14 Scc(0) and a; for Cu-Al Liquid Alloy at 1373 K

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

values of Scc(0) have been derived. With the help of the theoretical values of Scc(0) in
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Equation (3.94), the values of the chemical short range order parameter (@) have been

computed.

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

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

Concentration of Cu Scc(0) ay

Ccu Theoretical | Experimental* | Ideal

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

*Hultgren et al. (1973)

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

dissimilar atoms of the preferred alloy takes place in the initial melt.

Similarly, Figure 28 indicates that the computed values of chemical short range order
parameter ( 1) are negative within entire concentrations. The value being more negative
at about compound forming concentration, allows us to claim that the degree of ordering

is maximum at that concentration.
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Figure 27: Concentration fluctuation in long wavelength limit versus concentration of Cu for Cu-Al liquid
alloy at 1373 K.
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Figure 28: Chemical short range order parameter versus concentration of Cu for Cu-Al liquid alloy at
1373 K.

4.7 Transport Property

Although there are theoretically quite a few different transport properties, three are by far
the most significant from a practical and scientific standpoint which correspond to the
transfer of momentum, energy, and matter respectively from one region of a material to
another under the influence of composition, temperature or velocity gradients. These are
important for the most efficient engineering design of many processes in the chemical,

oil and biotechnological industries.
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Among the three, the transport of the momentum of the fluid is incorporated by the
property called viscosity. It is characterized as a form of internal friction brought on
by the layers of the liquid and is mainly related to fluids in metallurgy. Every ordinary
fluid has viscosity. It displays the microscopic interactions between the molecules of
the material. It is a significant factor in deciding the forces that must be overcome when
fluids are utilized in lubrication and transported in pipelines. Thus it is a measure of the
amount of energy that is irreversibly lost when a fluid is forced to flow through a physical
configuration that involves boundaries that are not moving at the same velocity (Hendriks
et al., 2010; Gasior, 2014; Delsante et al., 2019) . In the present work, we have used
Kaptay’s model (Kaptay, 2003) to compute the concentration dependent viscosity of four

different binary liquid alloys.

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

In this section, we present the methods to estimate the viscosity and results so obtained
together with a discussion for four distinct liquid alloys: Na-Hg, Pb-Mg, Bi-T1 and Cu-Al
on the basis of Kaptay’s model. The ratio of atomic mass to density is used to calculate
the molar volume of the pure component. The densities and the viscosities required for

each component are taken from Table 22.

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

Melting Density Viscosity
Metals temperature | (kg m~3) (Nsm™2)

Ty (K)
Aluminum (Al) | 933 2385 -0.28 x (T —Tp) | 1.49 x 10~* exp(16.50 x 10°/RT)
Bismuth (Bi) 544 10068 — 1.33 x (T —Tp) | 4.46 x 107 exp (6.45 x 10°/RT)
Copper (Cu) 1356 8000 — 0.80 x (T —Tp) | 3.01 x 10~*exp(30.50 x 103 /RT)
Lead (Pb) 600 10678 — 1.32 x (T = Tp) | 4.64 x 107* exp(8.61 x 103 /RT)
Magnesium (Mg) | 924 1590 = 0.27 x (T = Ty) | 2.45 x 10 exp (30.50 x 103/RT)
Mercury (Hg) 234.1 13691 — 2.44 x (T —Tp) | 5.57 x 10~*exp(2.51 x 10°/RT)
Sodium (Na) 369.5 927 — 0.24 x (T - Tp) 1.53 x 107 exp(5.24 x 103/RT)
Thallium (TI) 575 11280 — 1.43 x (T —Tp) | 2.98 x 10~*exp(10.50 x 103 /RT)

Now, Equation (3.102) is used to calculate the viscosities of liquid alloys using the
aforementioned input parameters at their corresponding melting temperatures. The
computed viscosities of Na-Hg, Pb-Mg, Bi-Tl and Cu-Al binary liquid alloys are
respectively given in Tables 23, 24, 25 and 26. Similarly, the corresponding natures of
the viscosities are shown in Figures 29, 30, 31 and 32 respectively. Due to scarcity of
experimental data of the alloys, the computed values are not compared with experimental
results. However in order to gain the knowledge of interacting tendency of the components
of the alloys, the computed viscosities are compared with ideal viscosity (i.e. Rideal =
n4Ca +15Cp).

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

Concentration of Na Viscosity(n)

(mN s m~2)
Cna Theoretical | Ideal
0.1 1.000 0.823
0.2 1.085 0.775
0.3 1.110 0.727
04 1.070 0.679
0.5 0.974 0.630
0.6 0.844 0.582
0.7 0.705 0.534
0.8 0.576 0.486
0.9 0.469 0.437

increase in the concentration of Na and shows maximum positive deviation from the
ideal viscosity at about compound forming concentration of the alloy. As expected,
with addition of Na component having smaller value of viscosity at 673 K (Brandes &
Brook, 2013), the viscosity of the alloy is observed finally to decrease towards Na rich
end. Similarly, the viscosities of other three liquid alloys, Pb-Mg, Bi-T1 and Cu-Al vary
nonlinearly with increase in the concentration of Pb, Tl and Cu respectively as shown in
the Figures 30, 31 and 32.

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

Concentration of Pb Viscosity ()

(mN s m™?)
Crb Theoretical | Ideal
0.1 1.248 1.091
0.2 1.319 1.119
0.3 1.365 1.147
0.4 1.386 1.175
0.5 1.385 1.204
0.6 1.369 1.232
0.7 1.344 1.260
0.8 1.321 1.288
0.9 1.309 1.316

Figure 31 shows that the viscosity of Bi-Tl increases with increase in the concentration
of Tl and looks deviated more at its compound forming concentration. Similarly, Figure
32 indicates the increasing tendency of viscosity with increase in concentration of Cu in
the case of Cu-Al liquid alloy but it is negatively deviated than that of ideal viscosity.
The trend of this curve resembles similarity to the experimentally determined viscosity
at 1345 K by Trybula et al. (2018) to 0.5 concentration of Cu. The viscosities of
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Na-Hg,Pb-Mg and Bi-T1 alloys show maxima on the viscosity plots in the region close to
the stoichiometric compositions of intermetallic compounds. Such anomalies give the
information of strong interaction between unlike atoms of these alloys. Thus we conclude
that for compound forming liquid alloys, non linear behaviour of viscosity has been noted
and usually maxima on the viscosity curves of the compound forming systems frequently

lie close to the stoichiometric compositions of their intermetallic compounds.

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

Concentration of TI Viscosity (1)

(mN s m~2)
C1 Theoretical | Ideal
0.1 1.319 1.287
0.2 1.386 1.323
0.3 1.452 1.358
0.4 1.515 1.394
0.5 1.573 1.429
0.6 1.621 1.465
0.7 1.653 1.500
0.8 1.664 1.536
0.9 1.649 1.571

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

Concentration of Cu Viscosity(n)

(mN s m™?)
Ccu Theoretical | Ideal
0.1 0.775 1.005
0.2 0.947 1.377
0.3 1.156 1.749
0.4 1.410 2.121
0.5 1.724 2.493
0.6 2.099 2.865
0.7 2.542 3.237
0.8 3.059 3.609
0.9 3.658 3.981
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Figure 29: Viscosity versus concentration of Na for Na-Hg liquid alloy at 673 K.
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Figure 30: Viscosity versus concentration of Pb for Pb-Mg liquid alloy at 973 K.
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Figure 31: Viscosity versus concentration of Bi for Bi-T1I liquid alloy at 750 K.
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Figure 32: Viscosity versus concentration of Cu for Cu-Al liquid alloy at 1373 K.

4.8 Surface Property

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

particles and also upon the gas, solid, or liquid in contact with it.

In the present work, we have used Butler equation as improved by Kaptay (2019) to

compute the concentration dependent surface segregation and surface tension of four
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different binary liquid alloys.

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

In this section, we present the methods to estimate the surface tension and surface
concentration and results so obtained together with a discussion for four distinct liquid
alloys: Na-Hg, Pb-Mg, Bi-T1 and Cu-Al on the basis of improved Butler’s equation. It
is important to have accurate reference data on the surface tension of pure metals of
the alloys in order to determine the surface tension of molten metallic alloys. At any

temperature (T), they can be taken as given in the Table 27.

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

Melting temperature | Surface tension

Metals Ty (K) (Nm™)

Aluminum(Al) 933 0.914 — 0.35 x 1073 (T-T0)
Bismuth(Bi) 544 0.361 — 0.10 x 1073 (T-T0)
Copper (Cu) 1356 1.285 - 0.13 x 1073 (T-T0)
Lead(Pb) 600 0.468 — 0.13 x 1073 (T-T0)
Magnesium(Mg) 924 0.559 — 0.35 x 1073 (T-T0)
Mercury(Hg) 234.1 0.498 — 0.20 x 1073 (T-T0)
Sodium(Na) 369.5 0.195 - 0.09 x 1073 (T-T0)
Thallium(TI) 575 0.464 — 0.08 x 1073 (T-T0)

The partial molar surface area of each component is calculated using Equation (3.118) and
surface molar excess partial energy(AGng) of i™ component required for the calculation
is obtained from observed bulk excess bulk molar partial energy (AGleS) using following

relation:
AGS = BAGY, 4.1)

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

the surface layer is lower than that in the bulk phase (Trybula et al., 2014).

The bulk composition is typically known. However, it is uncertain what makes up the

surface. Therefore, it is necessary to find the surface concentration with the help of

bulk concentrations. Here, it could be appropriate to point out that C3; + Cy = 1 and
b, b _

Ca+Cr=1

For the calculation of surface properties,densities and partial excess free energies of

the component of pure metals at the temperature of investigations are also required.The
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density which is used to calculate molar volume of metals are obtained as given by
Brandes & Brook (2013).

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

due to the dearth of experimental data for the alloys.

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

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

Concentration | Surface concentration | Surface concentration | Surface tension
of Na (Cna) of Na (CY.) of Hg (ng) o(Nm™)
0.1 0.376 0.624 0.377
0.2 0.669 0.331 0.334
0.3 0.832 0.169 0.294
04 0913 0.087 0.259
0.5 0.954 0.046 0.232
0.6 0.975 0.025 0.211
0.7 0.986 0.014 0.195
0.8 0.993 0.007 0.184
0.9 0.997 0.003 0.175
1.25 — T
theoretical .
- 1.00 — —
S . _
o 0.75 —
= L i
< 0.50 |- -
Ud) N
0.25 - _
0.00
0.0 1.0

Figure 33: Surface segregation of Na and Hg versus concentration of Na For Na-Hg liquid alloy at 673 K.
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Figure 33 is the plot of surface segregation (or concentration) of Na and Hg with respect
to the bulk concentration of Na for Na-Hg liquid alloy at 673 K. The figure elucidates
that the surface concentration of Hg is lower than the corresponding ideal value, that
of Na is higher than the ideal value. The intersecting point of two curves at certain
bulk concentration of Na indicates the equal amount of surface segregation of both the
components. The figure also depicts that mostly the Hg atoms remain in the bulk of
the liquid mixture and Na atoms segregate to the surface. Since the size of Na atom is
more than Hg atom, the Na atom has more surface energy. This causes the Na atoms to
remain on the surface. Similarly, as shown in Figure 34, the surface tension of the alloy

decreases with increase in concentration of Na.

0.40 T T T T T T T T T

0.35 - -

~

0.30 [~ -

o (Nm1
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0.20 - —

0.15 ! | ! | ! | ! | !
0.0 0.2 0.4 0.6 0.8 1.0

CNa

Figure 34: surface tension versus concentration of Na For Na-Hg liquid alloy at 673 K.

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

Concentration | Surface concentration | Surface concentration | Surface tension
of Pb (Cpp) of Pb (C3,) of Mg (Cfag) o(Nm™)
0.1 0.119 0.881 0.541
0.2 0.294 0.706 0.533
0.3 0.479 0.521 0.518
0.4 0.637 0.363 0.500
0.5 0.754 0.246 0.481
0.6 0.837 0.163 0.464
0.7 0.895 0.105 0.450
0.8 0.937 0.063 0.438
0.9 0.971 0.029 0.428

Figure 35 shows that above 0.3 bulk concentration of Pb, the surface concentration of

Pb exceeds that of Mg. Accordingly the Mg atoms segregate on the surface of liquid
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mixture below 0.3 bulk concentration of Pb at 973 K. Pb and Mg have higher and lower

surface concentrations respectively than their corresponding ideal values. The surface

tension of the Pb-Mg alloy gradually reduces with increase in the bulk concentration of

Pb as shown in Figure 36.

1.25 . I

- theoretical
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0.75

0.50
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0.25

0.00
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0.45
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Figure 36: Surface tension versus concentration of Pb For Pb-Mg liquid alloy at 973 K.

Figure 37 shows that the surface segregation of Tl is less than ideal value but that of Bi

is more than the ideal value within entire concentration of T1. Thus, theoretically it is

observed that the Bi atoms have tendency to remain on the surface of the alloy. Similarly,

it is observed from the Figure 38 that the surface tension of the system increases with

increase in the bulk concentration of T1.
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Table 30: Surface concentrations of Bi and TI and surface tension for liquid Bi-T1 alloy at 750 K for
different concentrations of thallium.

Concentration | Surface concentration | Surface concentration | Surface tension
of T1 (Ct1) of TI (C3)) of Bi (Cg)) o(Nm™)
0.1 0.032 0.968 0.370
0.2 0.071 0.929 0.378
0.3 0.119 0.881 0.386
0.4 0.181 0.819 0.395
0.5 0.264 0.736 0.406
0.6 0.377 0.623 0.417
0.7 0.522 0.478 0.429
0.8 0.690 0.310 0.439
0.9 0.856 0.144 0.446
1 .25 T T T T T T T T
- theoretical .
1.00 —
= i i
o 0.75 —
Il B 7]
" 0.50 —
b | .
0.25 —
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Figure 37: Surface segregation of Bi and T1 versus concentration of Bi For Bi-Tl liquid alloy at 750 K.

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

with increase in bulk concentration of Cu.

From all of the four alloys , it is observed that the components having lower surface

tension segregate on the surface of their corresponding alloys.

79



0.46 T T T T T T T T T

0.44 |- -
0.42 |- -
0.40 - .

o (Nm1)

0.38 - —

0.36 [~ -

0.0 0.2 0.4 0.6 0.8 1.0

Figure 38: Surface tension versus concentration of Tl For Bi-T1 liquid alloy at 750 K.

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

Concentration | Surface concentration | Surface concentration | Surface tension
of Cu (C¢y) of Cu (C2) of AL (CS) o(Nm™)
0.1 0.013 0.987 0.783
0.2 0.028 0.972 0.808
0.3 0.046 0.954 0.838
0.4 0.074 0.926 0.876
0.5 0.119 0.881 0.927
0.6 0.196 0.804 0.993
0.7 0.318 0.682 1.067
0.8 0.492 0.508 1.143
0.9 0.719 0.281 1.216
1.25 T T T | T | T
- theoretical .
1.00 ideal ----- —
:_(\ L .- i
s 0.75 -
(I-I) L ]
o2 0.50 - -
b - <
0.25 -
0.00
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Figure 39: Surface segregation of Cu and al versus concentration of Cu For Cu-Al liquid alloy at 1373 K.
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Figure 40: Surface tension versus concentration of Cu For Cu-Al liquid alloy at 1373 K.

4.9 Examination of Behavior of Binary Liquid Alloys at Various Temperatures

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

research inside a theoretical framework is extremely interesting.

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

properties of liquid alloys at various temperatures.

4.9.1 Theoretical Modelling Equation

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

temperature derivative terms of the interaction energy parameters using the formula
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below:

dlw;;j(T)] =
o or 4.2)

6w,-j
w;j(Tx) = w;j(To) + a_T(TK —To)

Here, Tjy denotes the melting point of the concerned liquid alloy under and Tx denotes

the temperature of interest for determining the various properties of the liquid alloy.

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

parameters are kept constant.

4.9.2 Free Energy of Mixing at Different Temperatures

This section covers the study of composition dependent free energy of mixing of Pb-
Mg, Bi-Tl and Cu-Al liquid alloys at different temperatures. In order to calculate and
predict the free energy of mixing of the alloys under the Quasi-Chemical treatment at
different temperatures, it is necessary to determine the interaction energy parameters
and their temperature derivatives at the concerned temperatures of the alloys. For small
change in temperature the temperature derivatives of interaction energy parameters are
considered constant. The interaction parameters at high temperatures are obtained under
the assumption that the parameters are linearly dependent on temperature and independent
on the concentration of each component of the alloy with the help of Equation 4.2. The
temperature of study for Pb-Mg liquid alloy are 973 K, 1073 K, 1173 K and 1273K,
for Bi-T1 liquid alloys are 750 K, 850 K, 950 K, and 1050 K and for Cu-Al liquid alloy
are 137 3K, 1573 K, 1773 K and 1973 K. The temperatures 973 K, 750 K and 1373
K are assumed as melting temperatures of the Pb-Mg, Bi-Tl and Cu-Al liquid alloys

respectively.

The interaction energy parameters for different alloys at concerned temperatures thus
found are shown respectively in the Tables 32, 33 and 34 for Pb-Mg, Bi-T1 and Cu-Al

binary liquid alloys respectively.

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

Temperature (K) | w/kgT Awap/ksT Awpp/kgT
973 -5.779 2.808 4.984
1073 -5.459 2.902 4.082
1173 -5.194 2.980 3.334
1273 -4.970 3.046 2.704

Using such parameters of different alloys at concerned temperatures in the Equation
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Table 33: Interaction energy parameters for Bi-T1 liquid alloy at different temperatures.

Temperature (K) | w/kgT Awap/kgT Awpp/ksgT
750 -1.084 -3.660 1.493
850 -0.899 3.345 1.493
950 -0.753 -3.097 1.703
1050 -0.634 -2.896 1.777

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

Temperature(K) w/kgT Awap/kT | Awaa/kgT | Awaa/ksgT
1373 -4.710 26.942 -61.061 -37.995
1573 -4.521 26.931 -60.095 -37.919
1773 -4.374 26.922 -59.347 -37.861
1973 -4.257 26.914 -58.751 -37.836

(3.54), the free energy of mixings (Gy/RT) of the liquid alloys are computed as shown
in the Tables 35, 36 and 37. The plots of the free energy of mixing for the Pb-Mg, Bi-Tl

and Cu-Al liquid alloys as a function of concentration at elevated temperatures are shown

respectively in the Figures 41, 42 and 43.

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

of lead.

Concentration of Pb

Free energy of Mixing(Gwm/RT)

Cppb 973K | 1073 K | 1173 K | 1273 K
0.1 -0.875 | -0.825 | -0.785 | -0.750
0.2 -1.406 | -1.321 | —=1.252 | -1.193
0.3 -1.706 | -1.601 | —1.513 | —1.439
0.4 -1.819 | =1.706 | —1.612 | —1.533
0.5 -1.777 | =1.668 | —1.578 | —1.502
0.6 -1.609 | —1.515 | —1.436 | —1.370
0.7 -1.339 | -1.267 | —1.206 | —1.155
0.8 —-0.987 | -0.940 | —0.901 | -0.868
0.9 -0.560 | -0.539 | —0.522 | -0.507

83



0,0 T I T I T I T I T
i 973 K —*— i
B 1073 K —=— |
-0.5 1173 K —=—
E 1ol 1273 K —— )
& I ]
-1.5 -
_2.0 1 | 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0
Cpp

Figure 41: Free energy of mixing for Pb-Mg liquid alloy at different temperatures.

Table 36: Free energy of mixing for liquid Bi-T1 alloy at different temperatures for different concentrations
of thallium.

Concentration of TI Free energy of mixing(Gw/RT)
Cr 750K | 850K | 950K | 1050 K
0.1 -0.519 | -0.498 | —0.481 | —0.467
0.2 —-0.872 | -0.832 | —0.800 | —0.774
0.3 -1.141 | -1.084 | —1.039 | —1.003
0.4 -1.335 | -1.264 | -1.209 | —-1.163
0.5 —1.445 | -1.365 | —1.301 | —1.250
0.6 -1.455 | -1.370 | -1.304 | —1.250
0.7 -1.343 | -1.263 | —1.199 | —1.148
0.8 -1.087 | -1.022 | -0.970 | —-0.928
0.9 -0.665 | -0.626 | —0.595 | —0.570

84



0.0 T I T I T I T I T
i 750 K —— i
B 850 K —=— |
0.5 950 K —o—

E 1ol 1050 K —*— )
-1.5 + —
_2.0 1 | 1 | 1 | 1 | 1

0.0 0.2 0.4 0.6 0.8 1.0
G

Figure 42: Free energy of mixing for Bi-T1 liquid alloy at different temperatures.

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

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

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

towards the complex formation decrease.
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Figure 43: Free energy of mixing for Cu-Al liquid alloy at different temperatures.

4.9.3 Enthalpy of Mixing at Different Temperatures

In this section, we study and predict the enthalpy of mixing of liquid alloys of Pb-Mg,
Bi-T1, and Cu-Al at various temperatures. On the floor of present theoretical modelling,
the values of the interaction energy parameters and their temperature derivatives are
necessary for the study of the alloys at different temperatures. The interaction energy
parameters are used as obtained in the Section 4.9.2. However, the temperature derivatives
of such parameters are employed as determined at their melting temperatures because

they are considered to be constant for small changes in temperature.

Now, the enthalpy of mixing (Hy/RT) of liquid alloys at various temperatures are
determined using such parameters as illustrated in Tables 38, 39 and 40. Similarly, the
plots of enthalpy of mixing for the Pb-Mg, Bi-T1 and Cu-Al liquid alloys as a function of
concentration at elevated temperatures are shown respectively in the Figures 44, 45 and
46.
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Table 38: Enthalpy of mixing for liquid Pb-Mg alloy at different temperatures for different concentrations
of lead.

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

Table 39: Enthalpy of mixing for liquid Bi-T1 alloy at different temperatures for different concentrations of
thallium.

Concentration of TI Enthalpy of mixing(Hys/RT)
Cr 750K | 850K | 950K | 1050 K
0.1 -0.182 | -0.161 | -0.144 | —0.130
0.2 —-0.343 | -0.303 | -0.271 | —0.245
0.3 —-0.485 | —0.428 | —0.383 | —0.346
0.4 -0.602 | -0.531 | -0.475 | —0.430
0.5 —0.685 | —0.604 | —0.541 | —0.489
0.6 —-0.717 | -0.633 | —0.566 | —0.512
0.7 —-0.680 | —0.600 | —0.537 | —0.486
0.8 -0.557 | -0.491 | —0.440 | —-0.398
0.9 -0.332 | -0.293 | -0.262 | -0.237

87



0.0 T T T T T T T T T
B 750 K —— i
i 850 K —=— 1
0.2 950 K —o—
I~ - L |
< 04l 1050 K |
£ i |
-0.6 -
_0.8 1 | 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0
Cri

Figure 45: Enthalpy of mixing for Bi-Tl liquid alloy at different temperatures.

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

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

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

formation of the alloys.
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Figure 46: Enthalpy of mixing for Cu-Al liquid alloy at different temperatures.

4.9.4 Activities of the Components of the Alloys at Different Temperatures

This section deals with the theoretical study of composition dependent activities of the
constituents of each Pb-Mg, Bi-T1 and Cu-Al liquid alloys at various temperatures. The
basic inputs for theoretical calculation of activity of the component atoms of the alloys
are interaction energy parameters. The values of such parameters required for the study
at various temperatures on the ground of the current theoretical modeling are taken from
Section 4.9.2 that were used for the computation of free energy of mixing. Using such
parameters in the Equations (3.64) and (3.65), the activities of each components of the
liquid alloys at different temperatures are computed as shown in the Tables 41, 42 and 43
and their plots at elevated temperatures are shown respectively in the Figures 47, 48 and
49.

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

Con. of Activity of Pb (app) Activity of Mg (awmg)

Pb(Cpp) | 973K | 1073 K | 1173 K | 1273 K [ 973 K | 1073 K | 1173 K | 1273 K

0.1 0.001 | 0.002 | 0.002 | 0.003 | 0.813 | 0.819 | 0.824 | 0.828
0.2 0.009 | 0.013 | 0.017 | 0.021 | 0.553 | 0.569 | 0.582 | 0.594
0.3 0.045 | 0.055 | 0.065 | 0.075 | 0331 | 0.353 | 0.372 | 0.388
0.4 0.135 | 0.153 | 0.169 | 0.184 | 0.183 | 0.204 | 0.223 | 0.241
0.5 0.292 | 0310 | 0.326 | 0.340 | 0.098 | 0.115 | 0.131 0.146
0.6 0.487 | 0.497 | 0.506 | 0.513 | 0.053 | 0.065 | 0.077 | 0.088
0.7 0.672 | 0.672 | 0.672 | 0.672 | 0.029 | 0.037 | 0.045 | 0.054
0.8 0.812 | 0.812 | 0.813 | 0.815 | 0.017 | 0.021 0.027 | 0.032
0.9 0911 | 0908 | 0.906 | 0.904 | 0.009 | 0.011 0.013 | 0.016
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Figure 47: Activities of Pb (ap,) and Mg(an) for Pb-Mg liquid alloy at different temperatures.

Table 42: Activities of Bi (ag;) and TI (aqy) for liquid Bi-T1 alloy at different temperatures for different
concentrations of thallium.

Conc. of Activity of Tl (ar;) Activity of Bi (ap;)
TI(Cyy) | 750K | 850K [ 950K | 1053 K | 750K | 850K | 950 K | 1050 K

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

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

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

Conc.of Activity of Cu (acy) Activity of Al (aa;)

Cu(Cqy) | 1373 K | 1573 K | 1773 K | 1973 K | 1373 K | 1573 K | 1773 K | 1973 K

0.1 0.007 | 0.007 | 0.008 | 0.009 | 0.886 | 0.887 | 0.888 | 0.888
0.2 0.013 | 0.015 | 0.016 | 0.017 | 0.787 | 0.788 | 0.790 | 0.791
0.3 0.022 | 0.024 | 0.026 | 0.028 | 0.669 | 0.671 0.673 | 0.675
0.4 0.040 | 0.043 | 0.046 | 0.049 | 0.482 | 0487 | 0.491 0.493
0.5 0.083 | 0.090 | 0.095 | 0.099 | 0.260 | 0.267 | 0.271 0.275
0.6 0.185 | 0.194 | 0.202 | 0.209 | 0.098 | 0.103 | 0.107 | 0.110
0.7 0.370 | 0.382 | 0.391 0.398 | 0.027 | 0.029 | 0.032 | 0.033
0.8 0.610 | 0.618 | 0.624 | 0.629 | 0.006 | 0.007 | 0.008 | 0.008
0.9 0.832 | 0.835 | 0.836 | 0.838 | 0.001 0.001 0.001 0.002

91



1.0 T T T T T T T T T
0.8 -
0.6 -

0.4 -

a;(i= Cu, Al)

0.2 -

0.0
0.0

Figure 49: Activities of Cu (acy,) and Al (aa;) for Cu-Al liquid alloy at different temperatures.

4.9.5 Structural Properties of the Alloys at Different Temperatures

The importance of microscopic functions, concentration fluctuation in the long wavelength
limit Scc(0) and chemical short range order parameter () for the structural study of
binary liquid alloys has already been discussed in previous chapters. This section
focuses on the theoretical analysis and prediction of the structural properties Scc(0)
and a; for Pb-Mg, Bi-Tl, and Cu—Al liquid alloys at various concerned temperatures.
Interaction energy parameters are also the fundamental inputs for theoretical calculations
of concentration fluctuation in the long wavelength limit and chemical short range order
parameter of the alloys. The values of these parameters, which were used to calculate
the free energy of mixing, were obtained from Section 4.9.2 in order to conduct the
investigation at various temperatures. The concentration fluctuation in long wavelength
limit at various temperatures thus determined using such parameters are illustrated in
Tables 41, 42 and 43 for Pb-Mg, Bi-T1 and Cu-Al liquid alloys . Similarly, the computed
values of chemical short range order parameter for these alloys are respectively given
in tables 44, 45 and 46. The Figures 50, 51 and 52 illustrate the plots of concentration

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

Concentration of Pb Concentration fluctuation in
Cpp long wavelength limit(Scc(0))
973K | 1073 K | 1173 K | 1273 K

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

Table 45: Concentration fluctuation in long wavelength limit for liquid Bi-T1 alloy at different temperatures
for different concentrations of thallium.

Concentration of TI Concentration fluctuation in
Cn long wavelength limit (Scc(0))
750K | 850K | 950K | 1050 K
0.1 0.079 | 0.080 | 0.081 | 0.082
0.2 0.124 | 0.128 | 0.131 | 0.133
0.3 0.135 | 0.140 | 0.144 | 0.148
0.4 0.120 | 0.126 | 0.132 | 0.136
0.5 0.100 | 0.106 | 0.112 | 0.117
0.6 0.082 | 0.088 | 0.094 | 0.098
0.7 0.070 | 0.075 | 0.080 | 0.084
0.8 0.060 | 0.065 | 0.069 | 0.073
0.9 0.048 | 0.051 | 0.055 | 0.057

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

Concentration of Cu Concentration fluctuation in
Ccu long wavelength limit (Scc(0))
1373 K | 1573 K | 1773 K | 1973 K

0.1 0.082 0.083 0.083 0.084
0.2 0.159 0.162 0.163 0.164
0.3 0.135 0.137 0.139 0.140
04 0.088 0.090 0.092 0.093
0.5 0.063 0.065 0.066 0.067
0.6 0.052 0.054 0.055 0.056
0.7 0.050 0.051 0.053 0.054
0.8 0.051 0.053 0.054 0.056
0.9 0.041 0.042 0.043 0.044
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Figure 50: Concentration fluctuation in long wavelength limit for Pb-Mg liquid alloy at different

temperatures.
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Figure 51: Concentration fluctuation in long wavelength limit for Bi-T1 liquid alloy at different temperatures.

G

94



0.30 . , : : : : . : ,
- 1373 K —— |
0.25 |- I - 1573 K —=— _|
- 1773 K —+— |
0.20 L 1973K —— ]
a - . ideal ----- ]
< 0.15 S R
Q . — N ]
0.10 / i
0.05 - / -
0.00 L ! - ! - | . ! L\
0.0 0.2 0.4 0.6 0.8 1.0

Ceu

Figure 52: Concentration fluctuation in long wavelength limit for Cu-Al liquid alloy at different
temperatures.

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

segregating tendency of the alloy of Pb-Mg has decreased with increase in temperatures.

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

given in Figures 53, 54 and 55.

It is observed that the a7 is sensitive to Scc(0) and coordination number (Z). The value
of a1 goes towards less negative with increase in temperature which is the indication of
decreasing tendency of ordering nature of the alloys as predicted by Scc(0). But behind
0.8 concentration of lead for Pb-Mg liquid alloy,the value of a; goes towards less positive

predicting the trend of segregating to ordering transformation.
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Table 47: Chemical short range parameter for Pb-Mg liquid alloy at different temperatures for different

concentrations of lead.

Concentration of Pb

Chemical short range order parameter(a;)

Cpp 973K | 1073 K | 1173 K 1273 K
0.1 -0.152 | -0.139 | -0.131 -0.124
0.2 -0.214 | -0.196 | —-0.183 -0.173
0.3 -0.229 | -0.209 | -0.194 -0.181
0.4 -0.214 | -0.194 | -0.178 -0.164
0.5 -0.177 | =0.159 | -0.144 -0.131
0.6 -0.125 | -0.112 | -0.100 -0.090
0.7 —-0.065 | -0.060 | —0.053 —-0.048
0.8 -0.012 | -0.014 | -0.014 -0.014
0.9 0.016 | 0.010 | 0.007 0.004

Table 48: Chemical short range parameter for Bi-T1 liquid alloy at different temperatures for different

concentrations of thallium.

Concentration of Tl

Chemical short range order parameter(a)

Ct 750K | 850K | 950K 1050 K
0.1 -0.014 | -0.012 | -0.011 -0.009
0.2 -0.028 | -0.025 | —0.022 -0.020
0.3 —-0.053 | —=0.048 | —0.044 —-0.040
0.4 -0.091 | -0.082 | -0.076 -0.071
0.5 -0.131 | -0.120 | -0.110 -0.103
0.6 -0.161 | -0.147 | -0.135 -0.126
0.7 -0.167 | —0.152 | —0.140 -0.130
0.8 -0.142 | -0.127 | -0.116 -0.106
0.9 -0.079 | -0.072 | -0.061 -0.055

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

concentrations of copper.

Concentration of Cu

Chemical short range order parameter(a;)

Ccu 1373 K | 1573 K | 1773 K 1973 K
0.1 -0.010 | —0.009 | -0.008 -0.007
0.2 -0.001 | 0.001 0.002 0.002

0.3 -0.053 | —0.051 | -0.049 —-0.048
0.4 -0.147 | -0.143 | -0.140 -0.137
0.5 -0.229 | -0.223 | -0.218 -0.215
0.6 -0.265 | -0.258 | -0.252 —-0.248
0.7 -0.245 | -0.237 | -0.230 -0.225
0.8 -0.177 | -0.169 | —0.163 -0.158
0.9 -0.106 | -0.102 | —0.099 -0.096
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Figure 53: Chemical short range order parameter for Pb-Mg liquid alloy at different temperatures.
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Figure 54: Chemical short range order parameter for Bi-T1 liquid alloy at different temperatures.

97



0.0 — = T T T T

1373 K ——

1573 K —=—
ot b 1773K —=— |
e 1973 K —*—

s -0.2 —
-0.3 —
-0.4 L | L | L | L |

0.0 0.2 0.4 0.6 0.8 1.0
Cau

Figure 55: Chemical short range order parameter for Cu-Al liquid alloy at different temperatures.

4.9.6 Viscosity

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

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

Concentration of Pb Viscosity(7n)
(mN s m™2)
Cpp 973 K | 1073 K | 1173 K | 1273 K
0.1 1.248 | 0900 | 0.685 | 0.548
0.2 1.319 | 0983 | 0.768 | 0.630
0.3 1.365 | 1.052 | 0.845 | 0.711
0.4 1.386 | 1.106 | 0.916 | 0.790
0.5 1.385 | 1.148 | 0.980 | 0.866
0.6 1.369 | 1.178 1.039 | 0.941
0.7 1.344 | 1.202 1.095 1.017
0.8 1.321 | 1.228 1.156 | 1.100
0.9 1.309 | 1.264 1.228 1.198

In this section, we focus on the theoretical analysis and prediction of the viscosity for
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Pb-Mg, Bi-T1, and Cu —Al liquid alloys at various temperatures. The basic variable
input parameters for calculating the viscosity of the alloys are Gibbs activation energy of
viscous flow and enthalpy of mixing. The Gibbs activation energy of each component of
the alloy at preferred temperatures can be obtained by taking molar volume and viscosity
of each component using Equations (3.103) and (3.104) for respective temperatures.
Similarly, the enthalpy of mixing as calculated in different temperatures in Section 4.9.3
are used for various alloys. The computed values of viscosities for these alloys are
respectively given in Tables 50, 51 and 52. The variations of viscosities with temperatures
of the are alloys shown in Figures 56, 57 and 58 respectively for Pb-Mg,Bi-T1 and Cu-Al
liquid alloys.
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Figure 56: Viscosity for Pb-Mg liquid alloy at different temperatures.

Table 51: Viscosity for Bi-T1 liquid alloy at different temperatures for different concentrations of thallium.

Concentration of TI Viscosity(n)
(mN s m™2)
Cn 750K | 850 K | 950 K | 1050 K
0.1 1.319 | 1.155 | 1.040 | 0.956
0.2 1.386 | 1.201 | 1.072 | 0.979
0.3 1.452 | 1.245 | 1.103 | 1.000
0.4 1.515 | 1.287 | 1.131 | 1.019
0.5 1.573 | 1.324 | 1.156 | 1.035
0.6 1.621 | 1.353 | 1.173 | 1.045
0.7 1.653 | 1.370 | 1.182 | 1.048
0.8 1.664 | 1.372 | 1.178 | 1.041
0.9 1.649 | 1.354 | 1.160 | 1.023
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Figure 57: Viscosity for Bi-Tl liquid alloy at different temperatures.

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

formation of the alloys.

Equation (3.104) suggests that the variation on the viscosity is found to be more for the
large value of activation energy ( 3) for same temperature change. The value of > of Pb
is less than that of Mg (Brandes & Brook, 2013). Thus there is large gap among the
viscosities towards Mg rich end than that of Pb rich end as shown in the Figure 56. The

case is identical in the graphs shown in Figures 57 and 58.

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

Concentration of Cu Viscosity(7)
(mN s m~2)
Ccy 1373 K | 1573 K | 1773 K | 1973 K
0.1 0.775 0.633 0.541 0.478
0.2 0.947 0.760 | 0.641 0.560
0.3 1.156 | 0913 0.760 | 0.657
0.4 1.410 1.097 0.902 | 0.771
0.5 1.724 1.317 1.069 0.905
0.6 2.099 1.578 1.264 1.060
0.7 2.542 1.882 1.491 1.238
0.8 3.059 2.233 1.750 1.440
0.9 3.658 2.636 2.045 1.670
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Figure 58: Viscosity for Cu-Al liquid alloy at different temperatures.

4.9.7 Surface Properties

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

processes.

In the present section, we aim to study and predict the surface segregation and surface
tension of three binary liquid alloys Pb-Mg, Bi-T1 and Cu-Al at high temperatures. For
this purpose the values of bulk partial excess free energies of components at different
temperatures are obtained from the Equation (3.121) as given in the Appendix. Similar to
procedure as done in Section 4.8, the middle and right sides of Equation (3.120) are solved
to obtain the surface concentration of the components of the alloys at working temperature
for whole bulk concentration range. Using the findings of such surface concentrations
as well as bulk concentrations of components of the alloys, the composition dependent

surface tensions of the corresponding alloys at different temperatures are determined.

Theoretically calculated values of the composition dependent surface concentrations of
components Pb and Mg for Pb-Mg liquid alloy at different temperatures are presented in
Table 53 and plots of values calculated in this manner are displayed in Figure 59. The
figure shows that as temperature rises above the melting temperature, the values of le,[g
gradually climb while those of Cgb gradually fall with increase in temperatures of the

alloy beyond its melting temperatures. These studies suggest that at higher temperatures,
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Mg atoms fall from the bulk to the surface and Pb atoms move from the surface to the

bulk.

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

Conc. of | Surface concentration of Pb(Cl;Sb) Surface concentration of Mg(C ]f/[g)
Pb(Cpp) 973K | 1073 K | 1173 K | 1273 K | 973 K | 1073 K | 1173 K | 1273 K
0.1 0.119 | 0.102 0.089 0.083 | 0.881 | 0.898 0.911 0.917
0.2 0.294 | 0.256 0.226 0.207 | 0.706 | 0.744 0.774 0.793
0.3 0.479 | 0.428 0.385 0.352 | 0.521 | 0.572 0.615 0.648
0.4 0.637 | 0.584 0.537 0.495 | 0.363 | 0416 0.463 0.505
0.5 0.754 | 0.707 0.664 0.621 | 0.246 | 0.293 0.336 0.379
0.6 0.837 | 0.800 0.764 0.726 | 0.163 | 0.200 0.236 0.274
0.7 0.895 | 0.868 0.841 0.811 | 0.105 | 0.132 0.159 0.189
0.8 0.937 | 0.920 0.903 0.883 | 0.063 | 0.080 0.097 0.117
0.9 0971 | 0.962 0.954 0944 | 0.029 | 0.038 0.046 0.056
1.00
S 0.75 -
= |
g
" 0.50
wn- i
© 0.25
0.00

Figure 59: Surface concentrations of Pb and Mg for Pb-Mg liquid alloy at different temperatures.
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Figure 60: Surface tension for Pb-Mg liquid alloy at different temperatures.

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

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

Conc. of Surface Tension (o)
(Nm™)

Pb(Cpp) | 973K | 1073 K | 1173 K | 1273 K

0.1 0.541 0.509 | 0477 | 0.443
0.2 0.533 0.505 | 0476 | 0.444
0.3 0.518 0.494 | 0.469 | 0.441
0.4 0.500 0.480 | 0.458 | 0433
0.5 0.481 0464 | 0445 | 0424
0.6 0.464 0.449 | 0433 | 0414
0.7 0.450 0.436 | 0.421 0.404
0.8 0.438 0.425 | 0410 | 0.395
0.9 0.428 0415 | 0.402 | 0.388

At the Mg-rich end, the surface tension of magnesium has a greater impact and it decreases
at a faster rate with rising temperatures than does the surface tension of lead. (Brandes &
Brook, 2013). Thus there is large variation on surface tensions towards right end of the

Figure 60 with increase in temperatures.
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Table 55: Surface concentration of Tl and Bi for liquid Bi-T1 alloy at different temperatures for different
concentrations of thallium.

Conc. of | Surface concentration of Tl (C%) Surface concentration of Bi (Cgi)
TI(Cr) | 750K | 850K | 950K | 1050 K | 750K | 850 K | 950 K | 1050 K

0.1 0.032 | 0.037 | 0.041 | 0.045 | 0.968 | 0.963 | 0.959 | 0.955
0.2 0.071 | 0.080 | 0.089 | 0.096 | 0.929 | 0.920 | 0.911 | 0.904
0.3 0.119 | 0.134 | 0.146 | 0.157 | 0.881 | 0.866 | 0.854 | 0.843
0.4 0.181 | 0.201 | 0.218 | 0.232 | 0.819 | 0.799 | 0.782 | 0.768
0.5 0.264 | 0.289 | 0.309 | 0.325 | 0.736 | 0.711 | 0.691 | 0.675
0.6 0.377 | 0403 | 0.424 | 0.441 | 0.623 | 0.597 | 0.576 | 0.559
0.7 0.522 | 0.546 | 0.564 | 0.579 | 0.478 | 0.454 | 0.436 | 0.421
0.8 0.690 | 0.706 | 0.718 | 0.728 | 0.310 | 0.294 | 0.282 | 0.272
0.9 0.856 | 0.863 | 0.868 | 0.872 | 0.144 | 0.137 | 0.132 | 0.128

Similarly, computed values of C3. and C3, for Bi-TI liquid alloy and Cj; and C3, for
Cu-Al liquid alloys at concerned temperatures are presented in Tables 55 and 57 and their
corresponding plots are shown in Figures 61 and 63.

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

Conc. of Surface Tension(o-)
(Nm™)

TI(Ct)) | 750K | 850K | 950K | 1050 K

0.1 0.370 | 0.364 | 0.357 | 0.350
0.2 0.378 | 0.372 | 0.365 | 0.358
0.3 0.386 | 0.380 | 0.374 | 0.367
0.4 0.395 | 0.389 | 0.383 | 0.377
0.5 0.406 | 0.400 | 0.394 | 0.387
0.6 0.417 | 0.411 | 0.405 | 0.398
0.7 0.429 | 0422 | 0.415 | 0.408
0.8 0.439 | 0432 | 0.424 | 0.416
0.9 0.446 | 0.438 | 0.430 | 0.422

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

Cu steadily increases whereas the surface concentration of Al gradually decreases.

The computed surface tensions of the Bi-T1 and Cu-Al liquid alloys are displayed in
Tables 56 and 58, respectively, along with the related graphs in Figures 62 and 64. Due
to the loss of cohesive force of the constituents of the alloy at higher temperatures, as
mentioned for the Pb-Mg liquid alloy, the surface tensions of both liquid alloys fall as

temperature rises.
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Figure 62: Surface tension for Bi-T1 liquid alloy at different temperatures.
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Table 57: Surface concentration for liquid Cu-Al alloy at different temperatures for different concentrations
of copper.

Conc. of Surface concentration of Cu(Cgu) Surface concentration of Al(C /{1)
Cu(Ccy) | 1373 K | 1573 K | 1773 K | 1973 K | 1373 K | 1573 K | 1773 K | 1973 K

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

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

Conc. of Surface Tension(o-)
(Nm™")

Cu(Ccy) | 1373 K | 1573 K | 1773 K | 1973 K
0.1 0.783 | 0.699 | 0.618 | 0.561
0.2 0.808 | 0.727 | 0.648 | 0.594
0.3 0.838 | 0.760 | 0.684 | 0.632
0.4 0.876 | 0.804 | 0.734 | 0.685
0.5 0927 | 0.864 | 0.801 | 0.750
0.6 0993 | 0939 | 0.886 | 0.840
0.7 1.067 1.023 | 0978 | 0.932
0.8 1.143 1.106 1.068 1.030
0.9 1.216 1.185 1.153 1.122

106



o (Nm1)

1.40

1.20

1.00 -

0.80 -

0.60 -

1973 II(

0.40
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CHAPTER 5

5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

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

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

The study of binary liquid alloys of type A, B, by Quasi-Chemical Approximation has
been the main emphasis of the research effort described in this thesis. Here, u and v are
two small integers whose values are derived from knowledge of the phase diagram of the
particular alloy in the solid state and depend on the stoichiometric composition at which
the majority of intermetallic compounds are formed. For the study, we have selected four
different types of alloys Na-Hg, Pb-Mg, Bi-T1 and Cu-Al. The analytical expressions for
thermodynamic functions such as free energy of mixing, enthalpy of mixing, activity,
entropy of mixing and structural functions such as concentration fluctuation in long
wavelength limit and chemical short range order parameter have been obtained using

the grand partition function. These functions help to understand the concentration

108



dependent properties in terms of interaction energy parameters. The relationship between
microscopic and bulk characteristics has been established using the structural properties.
For the validity of the preferred model, the computed thermodynamic and structural
results are compared with the experimental values. The Kaptay’s equation is employed
to determine and study the viscosity of the liquid alloys. Similarly Kaptay’s modified
form of Butler equation has been used to compute and evaluate surface properties such

as surface tension and surface segregation of preferred liquid alloys.

The present research work is also an attempt to extend the model equations of Quasi-
Chemical Approximation, Kaptay equation and improved Butler equation to predict and
explain the thermodynamic, transport and surface properties of Pb-Mg, Bi-T1 and Cu-Al
liquid alloys at different temperatures. The Na-Hg alloy is not explored in this attempt
since the Hg component evaporates at temperatures higher than that stated for the liquid

alloy.

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

groundwork for the study of surface science.

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

derivative interaction energy parameters are independent on temperature. The values of
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the interaction energy parameters are estimated for each of the aforementioned systems
at higher temperatures using the modeling equations by extending the Quasi-Chemical

Approximation under specific limited conditions.

We investigated several properties using interaction energy parameters and found many
interesting features pertaining to the thermodynamic, structural, transport and surface
properties of the alloys considered for the investigation of type A, B,. Following is a

summary of some of the key findings from the research done for this thesis:

5.1.1 Gibbs Free Energy of Mixing

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

forming alloys are well explained by preferred statistical model.

2. The position of maximum asymmetry appears directly linked to the nature of
chemical complexes i.e. the values of u and v. The minimum values of the free
energy of mixing have been found to occur at or close to compound forming

concentration(C¢c = u/(u + v)).

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

higher temperatures.

4. The interaction tendencies of the liquid alloys at their respective melting temper-
atures can be ordered as Na-Hg, Cu-Al, Pb-Mg, and Bi-T1 on the ground of the

comparative analysis of the free energy of mixing.

5.1.2 Enthalpy of Mixing

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

melting temperatures.

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

the mixing is exothermic.

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

temperatures.
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5.1.3 Activity

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

alloys.

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

values at their respective melting temperatures.

3. The computed values of activities increase with increase in temperature of the

components of the alloys revealing less compound forming nature of the alloys.

5.1.4 Entropy of Mixing

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

compute the entropy of mixing of the liquid alloys.

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

temperatures.

5.1.5 Structural Properties

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

compute aforementioned thermodynamic properties have been used.

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

compound forming concentration for all of the alloys.

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

chemical short range order parameter.
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5.1.6 Transport Properties

1. The transport properties (viscosity) of alloys have been studied using Kaptay’s

model (Kaptay, 2003) and theoretically computed enthalpy of mixing of the
preferred alloys at different temperatures have been used to explain their transport

behavior at different temperatures.

2. The computed values of viscosities for Na-Hg, Pb-Mg and Bi-T1 liquid alloys are

positively deviated and for Cu-Al, it is negatively deviated from ideal behavior at

their melting temperatures.

5.1.7 Surface Properties

5.2

1. The surface properties of alloys have been studied in the framework of Kaptay’s

modified form of Butler equation (Kaptay, 2019) and theoretically computed partial
excess free energy of each component of preferred alloy system at different temper-
atures have been used to explain their surface tension and surface concentration of

components of each alloys at different temperatures.

. The component of the alloy having lower surface tension is found to segregate on

the surface of the alloy for all preferred systems.

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

Recommendations

. This research is only a small beginning. We encourage the other researchers to

look beyond our calculations in order to look at additional properties, even though

they are useful for the investigation of compound forming binary liquid alloys.

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

measurements.

. The mixing behavior of ternary liquid alloys cannot be explained by the Quasi-

Chemical Approximation due to the complexity in the formulations. Therefore, for
proper understanding of the properties of ternary liquid alloys, further modifications

to the model are needed.

The viscocity of Cu-Al liquid alloy is negatively deviated from the ideal behaviour.

For most of the interacting alloys, it is positively deviated. Thus, experimental data
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of thermodynamic properties and phase diagram of Cu-Al liquid alloy should be

revisited.
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CHAPTER 6

6. SUMMARY

In the present thesis, we have studied and analyzed the thermodynamic, structural,
transport (viscosity) and surface(surface segregation and surface tension) properties of
compound forming binary liquid alloys of type A, B, at their melting temperatures. For
this, we have selected four different alloys ( Na-Hg, Pb-Mg,Bi-T1 and Cu-Al) considering
NaHg,, PbMg, , BiTl; and CuszAl, as their most stable intermetallic compounds. The
thermodynamic and structural properties of the alloys have been studied in the framework
of Quasi-Chemical Approximation. The viscosity and surface properties are studied by
Kaptay’s model and Kaptay’s modified form of Butler equation respectively. The models
are again extended to predict the aforementioned properties of Cu-Al, Pb-Mg and Bi-TI

liquid alloys at higher temperatures.

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

following points:

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

tendencies of the alloys gradually decline at higher temperatures.

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

that the alloy systems tend to change from ordering to segregating with increase in
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temperatures.

. The computed values of viscosity for the alloys Na-Hg, Pb-Mg and Bi-T1 deviate
positively from the ideal behaviour but it it is negatively deviated for Cu-Al liquid
alloy. Similarly, the viscosity of the alloy system decreases with increase in
temperature. This is due to the fact that atoms gain more thermal energy and can

easily overcome the attraction forces holding them together.

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

and structural properties.

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

ordering propensity weaken.
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APPENDIX

A. Partial Excess Free Energy

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

Conc. of Partial excess free energy(AGﬁ)
(J mol™")
For Pb For Mg
Pb (Cpp) | 973K | 1073 K | 1173 K | 1273 K | 973K | 1073 K | 1173 K | 1273 K
0.1 -37052 | -37033 | -37014 | -34089 | -821 -842 -864 -817

0.2 -24669 | -24452 | -24236 | -22132 | -2984 | -3039 | -3093 -2900
0.3 -15398 | -15153 | -14908 | -13511 | -6050 | -6112 | -6174 | -5747

0.4 8777 | -8594 | -8411 -7582 | -9587 | -9615 -9642 | -8910
0.5 -4353 | -4263 -4172 | -3761 | -13175 | -13126 | -13077 | -12005
0.6 -1683 | -1673 -1664 | -1524 | -16399 | -16252 | -16105 | -14705
0.7 -334 -366 -398 -394 | -18856 | -18627 | -18399 | -16743
0.8 121 137 162 179 -20153 | -19914 | -19676 | -17911
0.9 97 79 62 41 -19903 | -19803 | -19703 | -18063

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

Conc. of Partial excess free energy(AGlX;E)
(Jmol~1)
For Tl For Bi

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

Conc. of Partial excess free energy(AGfg)
(I mol™1)
For Cu For Al

Cu (Ccy) | 1373 1573 1773 1973 1373 1573 1773 1973
0.1 -30965 | -34011 | -37057 | -40132 | -178 -191 -204 -218
0.2 -30831 | -33943 | -37056 | -40194 | -189 -190 -190 -192
0.3 -29931 | -32983 | -36035 | -39105 | -523 -548 -574 -602
0.4 -26401 | -29075 | -31748 | -34433 | -2490 | -2727 | -2963 | -3208
0.5 -20437 | -22461 | -24485 | -26511 | -7452 | -8229 | -9005 | -9797
0.6 -13456 | -14740 | -16024 | -17304 | -16051 | -17739 | -19426 | -21135
0.7 -7271 | -7935 | -8600 | -9258 | -27550 | -30385 | -33220 | -36080
0.8 -3100 | -3385 | -3671 | -3951 | -39984 | -43945 | -47905 | -51886
0.9 -891 -986 | -1082 | -1176 | -52477 | -57517 | -62557 | -67599
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ABSTRACT ARTICLE HISTORY

We have used a theoretical model based on the assumption of Received 9 December 2020

compound formation in binary alloys to study the thermodynamic, Accepted 24 March 2021

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 Bi-Pb: - )
A S R d . i-Pb; In-Pb; asymmetry;

stable complexes for Bi-Pb liquid alloy is BiPbs; also that In-Pb is a interaction parameters;

stable phase in liquid In-Pb alloys. Using the same interaction deviation

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.

KEYWORDS

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
coeflicient, 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].

CONTACT Devendra Adhikari @ adksbdev@yahoo.com; devendra.adhikari@mmamc.tu.edu.np
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Lead (Pb) is among the top 10 essential commodities consumed in the industrial world. Lead has
some exceptional properties: low melting point, easy casting, high density, softness, malleability,
low strength, easy production, acid resistance and electrochemical reactions with sulfuric acid.
Due to its excellent resistance to air, water and soil corrosion, Lead is one of the most stable
materials produced. Lead is ductile and malleable and can be produced by rolling, extruding, for-
ging, spinning and hammering in different shapes. Low tensile strength and very low creep strength
make it unfit for use without the addition of alloy elements. Lead can be easily alloyed to a lot of
other metals. Lead alloys with low melting points can be cast into many shapes using a variety of
molding materials and casting processes. Antimony, calcium, tin, copper, tellurium, arsenic and sil-
ver are the main alloy elements used to strengthen lead. Minor alloy elements include selenium,
sulfur, bismuth, cadmium, indium, aluminum and strontium. The main uses of lead alloys are
lead-acid ammunition batteries; cable sheathing; construction of sheets, pipes and solders; bearings;
gaskets; special castings; anodes; fusible alloys; shielding; and weights. Because of the corrosion
resistance of lead and lead alloys, their applications are also associated with the formation of the
protective corrosion film. Despite many useful applications, lead and its compounds are combined
toxins and should be treated with recommended precautions. Such chemicals should not be used in
diet or other consumption substances [51].

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

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

2. Theory

The advantages of complex formation model (CFM) [12,17,25,54] are that, it seeks to account stab-
ility of compound through concentration-dependent free energy of mixing Gy, heat of mixing Hy,
and concentration fluctuation in long wavelength limit S.(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 A,Bg with intermetallic stoichiometry
present in a solid state, all in chemical equilibrium with each other [56,57]. If there are x; number
of A atoms, x, number of B atoms and x3 number of A,Bg complexes in the ternary mixture, then
we have from the conservation of atoms,

x1=c—ax;, x,=(1—¢)—Bxsandx=x1+x+x3=1—(a+ B—1)x; (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 x; can be calculated at a given pressure
and temperature from the equilibrium state of free mixing energy,Gy as

0
<_8GM> _o @)
X3 /) T.pc

where G for binary alloys can be written as

Gy = —x3x + RTix,» ln(%) + Z\I’U(%) (3)
i=1

i<j
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Here the first term —x; y stands for lowering of free energy due to the formation of complex A,Bg, x
is the formation energy of the complex, W;; (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

(x3xc“+37le"‘xz_ﬁ)f1 = exp (CI) — R_XT) 4)
where
D =P, + P, + P;

X1X X1 \PIZ

nfiepn -
_ X2X3 %27 Va3 (5)

=@t -T2 =B+ Y] 57

x1x3 x5 x] Vi3

=== 2 m ) =2

[((a—i—ﬁ ) ax+x]RT

The heat formation, Hy, can be obtained through Equation (3) and the relation
Hy = Gy — T(0Gpm/0T)p e (6)

Equations (3) and (6) yield

@3] o

The other thermodynamic function entropy of mixing(Sys)can be expressed as
Sm = (Hu — Gm)/T (8)

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

SM_x3——RZx, n——ZZ(xlx]>a\PlJ 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,
o of liquid solution can be expressed as follows:

s _ b
U:GA+M+R_T1H ﬁ (10)
SA SA C
S Gb+RT1 L=¢ (11)
=0 =2 24 Inl—
B SB SB 1—¢

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

ing in bulk (Gf-’), partial excess free energy of mixing at the surface (G;), bulk concentration (¢) and surface

concentration (c*). Where o4 and o are the surface tensions of pure components A and B, respectively.
The monatomic surface area for each component is

S = 1.091N)/*v?/? (12)

where V; is the molar volume of the component i that can be determined from its molar mass and
density and N, 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, Sc.(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,
Gy is known, S..(0) can be expressed by Gy as [61].

1 PGy "
RT ¢

Scc(o) - ( (13)
Theoretically computed values of S..(0) can be compared with the observed values evaluated from
the activity of constituent element at different composition by the following expression

Cpay caap
«(0) (0aa/dca)rpn  (dap/0cB)rpN (14)

Solving Equations (4) and (12) one obtains

SO =5 e Wy - X\ (%Y 1)
RTY, (T,.‘ " ) “x;jz“’ﬁ(;) 6
where the prime on xdenotes its first differentiation with respect to c.
For ideal mixture Equation (15) reduces to
Sic‘i(O) = caCp (16)

The degree of order in the liquid alloy can be viewed using the Warren-Cowley short-range order
parameter (o) [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 «; can be simply obtained [27]. Knowledge of a; provides a direct insight
into the nature of the mixture’s local arrangement of atoms. a; < 0 refers to unlike atoms pairing
as nearest neighbors, o; > 0 corresponds to like atoms pairing in the first coordination shell, while
a; = 0 corresponds to a random distribution. The limiting values of a; for equiatomic composition
fall in the range —1 < a; < +1. The minimum possible value of &, is i, = —1representing com-
plete ordering. On the other hand, the maximum valuean,x = +1limplies total segregation leads to
phase separation. Singh et al. [64] suggested that «; can be estimated fromS.(0).
S—1 Sec(0)

“Se-D+1 0TS0 (17)

ay

Here z is the coordination number of the alloy. It is taken as 10 for the present calculations, and the
«; 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

( 1/2

ZC,‘M,‘)

- B H,
nZPTl/ziexP[f(E CiTm,i_q_IA{[)i| (18)

2/3 :
(o)

The detailed formalism of the above-mentioned model 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 liquid metals. 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]. The mixing behavior of the binary liquid alloys can also be explored at the microscopic level in terms

of diffusion coefhicient. The mutual diffusion coefficient (D,,) ofliquid alloys can be displayed in terms of

activity (a;) and self-diffusion coefficient (D;4) of individual component applying Darken’s equation [67].
dlna;

Dy = CiDidT (19)

Here
Dy = cDp+ (1 —¢)Dy (20)

where D, and Dj are the self--diffusion coeficients of pure components A and B, respectively. The ratio
of mutual diffusion coefficient (D,) and self-diffusion coefficient (Djq) is also associated with concen-
tration fluctuation in long wavelength limit (S..(0)) as

Dy cacp
Dig Sec (0)

1)

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 form A,Bg chemical complex in the liquid state of the alloy.
By choosing the values a and 3, we continue to determine the free energy of the alloy mixing values
by varying the energy parameters y and Wj. 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 Hy, mixing entropy Sy, concentration-concentration
fluctuation at the long wavelength limit S..(0) and mutual diffusivitiesDys/Di4. The values of «
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 BiPbs 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 « and 3 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 Gy /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 , ¥; 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 calculations made using & = 1 and 8 = 3 for BiPb; complex and & = 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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Figure 1. Free energy of mixing (Gy/RT) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.

mentioned above show a good fit for the values of free energy at the given temperatures. We used
experimental H) values taken from Ref. [68] in conjunction with Equation (7) to fit the Hy, 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 Hy, data. The values of Hy
and Sy 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 of Hy;/RT in both alloy systems. For the Bi-
Pb system, the values of Hy/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
Hy/RT at all composition show that it is very weaker in complex formation than the previous system.

Table. 1 shows that only W, 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 Gy, and Hy are further used to calculate Sy/R through
Equation (9). Figure 3 shows the reasonable agreement between the experimental values and calcu-
lated values of Sy, 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

Table 1. Interaction parameters and their temperature derivatives.

1 3)( 1 3‘1’12 1 8\1’13 1 3\1’23
System 3 B )(/RT 1l’n/RT lIjzg/RT q’]g/RT Eﬁ ET ET E oT
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 (Hy/RT) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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Figure 3. Entropy of mixing (Su/R) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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Table 2. Input parameters for the calculation of surface tension and viscosity [72].

Element T2(K) PP (kgm~3) Ap;(kgm—3K~) a?(Nm~") Aoi(Nm~'K~") 77 (Nsm~=2) EUmol™")
Bi 544 10,068 -133 0.378 —7x107° 4458 %107 6450
In 429.6 7023 —0.6798 0.556 —9x10™° 3.02x107* 6650
Pb 600 10,678 -13174 0.468 -13%x107* 4636%107* 8610

mixing in bulk (G?) and partial excess free energy of mixing at the surface (G) for Bi, Pb and In in
both alloys were taken from Ref. [68]. The surface tension (0?), density (p?) at fixed temperature
(T?) 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.

p(T) = P? +(T — T?)AP;' (22)

gi(T) = 0'? + (T — T?)Aa'i (23)

Here Ap; and Ao; are the temperature coeflicients 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.

1.0 4
0.8
%5 0.6 -
0®
o
0.4
0.2 - —— Theoretical
Ideal
' I ! I v I N I N |
0.0 0.2 0.4 0.6 0.8 1.0

Cgi» Cin

Figure 4. Surface concentrations (c;, ¢j,) vs. bulk concentrations (cg, ¢;p) for Bi-Pb and In-Pb alloys at 700 K and 673 K,
respectively.
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Figure 5. Surface tension (o) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.

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 S..(0) is of great significance when the nature of the atomic inter-
actions in the melt has to be investigated. We calculated S..(0) and the Warren-Cowley short-range
order parameter (a;) using the energy parameters estimated from our earlier calculations. In general,
for a liquid binary alloy, when Sc.(0) > S'(0), the liquid alloy is said to be phase-segregating or exhi-
bits homo-coordination. Sicccl(O) is the ideal value of S..(0) which is associated with ideal mixture.
When S..(0) < Sic‘i(O), the liquid alloys have a tendency of compound formation or manifest the het-
ero-coordination. In addition, the chemical short-range order parameter (o) provides a measure of
the degree of compound formation in the liquid alloy. The maximum value of ¢, is 1 which shows
complete separation of alloy components, while the minimum value of &; is —1 which means com-
plete ordering in a liquid alloy. The plots of S..(0) and the chemical short-range order parameter (a;)
for Bi-Pb and In-Pb complexes are shown in Figures 6 and 7, respectively.
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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.

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 S..(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 S..(0) values are smaller than the ideal values Si4(0) so the Bi-Pb
liquid alloys have a good tendency for compound formation at all compositions. It can also be seen
that a values for Bi-Pb complex appear stronger with a minimum depth of oy = —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 ¢, = 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 S..(0) for Bi-Pb and In-Pb were further used to evaluate the ratio of
mutual diffusivities to intrinsic diffusivities (Dy/D;4) as a function of composition using Equation
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Figure 7. Chemical short-range order (a4) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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Figure 8. Viscosity (1) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K and 673 K, respectively.
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Figure 9. Ratio of mutual and intrinsic diffusion coefficients (Dy/Dj4) vs. bulk concentration for Bi-Pb and In-Pb alloys at 700 K
and 673 K, respectively.

(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 Dy;/D;z = 1, the alloy has a regular mixture of components leading to the
ideal solution. Hence Dy/D;; > 1 shows a tendency to hetero-coordination, while Dy;/Djy < 1
shows a tendency to homo-coordination. The plots of D);/D;; against concentration are presented
in Figure 9.

The Bi-Pb alloy is stronger by better predicting the measured S..(0). We, therefore, expect it to
better emulate the other properties of the alloy. The values of Dy/D,; for Bi-Pb liquid alloy based
on the energy parameters, due to the BiPb; 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 Dy;/D;; 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 coeflicient 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.
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Abstract

Thermodynamic properties of compound forming binary liquid sodium-mercury alloy at temper-
ature 673 K have been analyzed as a function of concentration by considering NaHg, complex using
quasi chemical approximation. The surface tension of the alloy has been studied by the compound
formation model, Butler equation as improved by Kaptay, and Statistical mechanical approach. The
mixing behavior of the alloy is studied in detail with more emphasis on the interaction energy
parameters between neighboring atoms of the alloy. The study provides the information of moderately
interacting as well as ordering nature on the entire range of concentration of the liquid alloy and

the computed theoretical thermodynamic data are in good agreement with the corresponding
experimental data at 673 K. The surface tension of the alloy computed predicts deviation from the
ideal case.

1. Introduction

In metallurgical science, alloys are considered superior to individual metals due to their high mechanical
strength, chemical resistance, and heat resistance. The formation of an alloy is due to the interaction and
structural rearrangement of constituent atoms so that the chemical properties of each constituent element are
repressed and new properties are evolved. Most of the alloys are far away from the ideal solution and show the
micro-inhomogenous atomic arrangement and hence are difficult to realize as compared to the crystals.

The mixing property of the alloy is mainly governed by the electrochemical effect, size of atoms and the
concentration of constituent elements so that atoms of individual elements either tend to align showing
self-coordinated tendency or a strong ordering tendency [1]. Thus the understanding of the mixing behavior of
metals forming alloys has been of great interest to metallurgists and physicists. However, materials remained
uninvestigated due to experimental difficulties and time constraints. In order to solve such problems, different
theoretical models have been developed.

Alloys are widely used in industries as commercial materials and hence studied extensively in solid-state. The
properties of the initial melt of mixing play a vital role in the formation of alloys. Various properties of the alloys
in the liquid state are studied in metallurgy as well as for the discovery of new materials for high-temperature
application.

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

There are a number of solid intermetallic compounds of sodium amalgam. Balej [4] has suggested sodium
concentration in the liquid amalgams below 18%, viz: NaHg,, NaHg,, NaHg, NaHg,, NaHg,, NaHg, ,
NaHg,, and NaHg, . Similarly, mercury and sodium form a congruently melting compound in the form of
NaHg, (mp. 626 K) [9]. It shows negative deviation from Raoult’s law and also shows anomalous behavior that

©2021 The Author(s). Published by IOP Publishing Ltd
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some of its equilibrium mixing properties such as free energy of mixing, enthalpy of mixing, entropy of mixing,
and concentration fluctuation in long-wavelength limit at 673 K are asymmetric at equiatomic composition.
The alloys showing such behavior are usually known as compound forming binary alloys at one or more defined
compositions [10].

The present work aims to study Na — Hg alloy theoretically to determine concentration-dependent
thermodynamic properties at 673 K assuming NaHg, complex in the melt by using quasi chemical
approximation [11] and study of surface tension by the compound formation model developed by Novakovic
et alin which connection between surface and bulk properties has been developed through the grand partition
functions[12] by the consideration of interaction energy parameters as that of the aforementioned method. Due
to lack of experimental data, we intend to compare surface tension thus obtained with other two models: the
Butler model as improved by Kaptay [ 13] and the Statistical approach [14].

The model used in the study assumes an alloy as a pseudo ternary mixture of X atoms, Y atoms, and X, Y,
group of atoms (¢ and ¥ are small integers) of an energetically favored compound forming alloys all in chemical
equilibrium with each other. The equilibrium properties of mixing binary alloy are governed by short-range
atomic interaction energies €xx, gyy and exy for XX, YY, and XY atomic pairs respectively [15]. Based on the
pairing of atoms of the constituent elements, the alloys can be classified into two main categories, segregating
where like atoms tend to be the nearest neighbor and the compound forming alloys (ordering) where unlike
atoms tend to be the nearest neighbor.

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

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

2. Theoretical basis

2.1. Thermodynamical functions
Consider a binary alloy of N number of atoms with elements X and Y.The model (QCA) considers the existence
of chemical complexes X,, Y, where

uX +vY =X,Y, (6]

With this consideration, grand partition function in terms of configurational energy ‘E is simplified and excess
free energy of mixing (G;\°) at temperature T is expressed as

C
GXS = Nks T f Tde @)
0

Where 7 is ratio of activity coefficient of element x to y, ¢ is the concentration of X atoms.
After simple mathematical calculation [11] the solution of equation (2) is given below.

Gg/l(s == N[@w + axyAwa + exwaXX + ayyAu}Yy] (3)
Where § = C(1 — C)and 0 /s(j.k = X, Y) are the simple polynomials in C depending on the values of X
andY, 0 {=Ze,, — (exx/2 + &yy/2)})} isinterchange energy, Awj (=ZAej) are interaction energy
parameters and Zis coordination number.
For X = Na, Y = Hg, u = 1, ¥ =2, the values of 6; /s are found tobe [11]
0 (c)—lC—&- C2—£C3+1C4 4)
e 372

Oxx(C) =0 )
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1 1 1
Oyy(C) = ——C + =C* — —C* 6
vy (C) 2 5 2 (6)

The Free energy of mixing for the complex alloy is given by
Gu = Gy + Gy
=GB 4+ RT[CInC+ (1 — O)ln(1 — O)]
= N[Hw -+ oxyAwa + GXXAWXX + GWAwa]
+RT[CInC + (1 — O)ln(l — C)] %)

Here 0y is taken zero because according to the model for p = 1, the probability of X and X (or XX) pair to be

part of the complex is zero so that the coefficient of ”;Y in equation (7) also tends to zero. If there are not

complexes in the alloy then Awj is zero. In such case, the above equation takes the form as,
Gy =NOw +RT[CInC+1—-Cln(1 — Q)] (8)

The heat of mixing is found out by using standard thermodynamic relation:

Hy = Gy — T(dGM)
P

daTr

G(a) — TZ—(;) + axy(eu)xy — TdAd(;XY )+

- dA dA ®
9xx(9wxx - T wXX) + QYY(OWYY -T wYY)
daT
The standard thermodynamic relation for the entropy of mixing is
Hvy Gum

Sy=—4 _ M 10
M= T 10)

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

RTInaj(j=X,Y) = GM+(1—C)[8GM] (11)
G o
By solving equations (7) and (11), the theoretical values of activities of each component are given as follows,
RT lnay = Om —|— —C [(1 —20)w + Oy Awxy + O Awxy + 04y Awyy + In ¢ ] (12)
RT kT 1-C

GuMm C
RT Inay = R k_ (1 = 20)w + Oy Awxy + 0% Awxx + 04y Awyy + ln c (13)

5T _

Where 0'yy, 0'x and 6y are concentration derivatives of fxy, fxx and fyy respectively.

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

) -1
Scc(®) = RT[ i GQA] (14)
oC* |,y
The value of Sc(0) can be obtained by using observed activities as
—1 —1
Sce(0) = Cyﬂx[ Oax ] = cxay[%] (1s)
9Cy T,P,N 9Cy T,P,N

Where Cx (=C)and Cy(=1 — C) are concentrations of elements X and Y respectively. The values of Sc(0)
obtained from equation (15) are called experimental values.
Solving equations (7) and (14), the theoretical value of Sc(0) is found as follows.

Scc(0) = ca-9 (16)
1 Owxy f)wxx 1 Owyy
+(1 -0 - +9XYkT+9XXkT HYYkB_T

Where 07 is the second derivative of 6 with respect to concentration.
The Warren-Cowley short-range order parameter [ 19, 20] is related to concentration fluctuation in the long-
wavelength limit as,




10P Publishing

J. Phys. Commun. 5(2021) 085005 N Panthi et al

L—1
_ 17
T TZoD+1 an
Where,
L= Sde(O) (18)
Scc(0)

2.3. Surface tension
The surface tension is considered as an important factor in metallurgy for the processes such as molten-metal
processing, fusion-welding, soldering, etc. in which liquid alloy or metal is involved. It concerns the problems
related to the surface and interface in the liquid metal process [21, 22]. The interfacial motion caused by the
surface tension of liquid plays a major role in many industrial phenomena and hence the surface and interfacial
behavior of liquid metals are considered to have importance in metallurgical processes for solidification,
controlling the processes of welding and casting [23].

In the present work, we try to study the surface tension of Na—Hg alloy at 673 K by using three different
models: compound formation model improved Butler equation and Statistical mechanical approach.

2.3.1. Compound formation model

The model assumes the compound forming tendency in the binary liquid alloy in the form of short-ranged
volume elements due to the formation of intermetallic compound (X, Y, ) in the melt like that of a compound
forming tendency in solid-state. The equation of surface tension (o) at temperature T is given below.

S
o=ox+ KT}, Cx + Zp(¢® — 9) — gyl
p &ooop
A
B 8 o) qcpxyH%[p(soiy — Pyy) — q¥yy] (19)
S
= oy + LI 2L Lip(fs — f) — gf]
p & ooop

A

JF%[P(f;S(Y — fxy) — fxy]
A

+ = (S, — ew) — dhy] (20)

p

Where o; and CJS (G = X, Y) are surface tensions and surface concentration of pure component X and Y
respectively. Similarly ¢, f, ¢ and f; are bulk concentration functions and oS, 3, ga?k and f;’( are surface
concentration functions. p and g are surface coordination fractions that indicate the fraction of the number of
nearest neighbors of an atom within its own layer and adjoining layers respectively and are related as

p + 2q = 1.Foraclosed packed crystal, p = 1/2and g = 1/4. p is the mean surface area of the alloy and is
calculated by:

p=2.Gip, )
j
with the surface area of each component p; is givenas [12]:
2
~ o[ A (22)
p] o NAV

Where Vjis the molar volume of pure metal and N, is Avogadro’s number.
For 4y = 1and v = 2, thebulk concentration functions are:

o= C? (23)
1 , 16 , 3 )
Py =2 +20 -0 =60~ O + 2(1 =0 = 21~ C) (24)
_ 1 R VY v 3oy
=3+ A=0 == CF+(1=CF=2(1-0O (25)
f: (1 _ C)Z (26)
fop = —(1 — O + ?(1 —cp - %(1 _ oy @7)

4
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fivy = —%(1 -0 + %(1 - O (28)

The surface concentration functions 5, gp?k, » fSand f;’( are obtained from equations (23) to (28) by

replacement of bulk concentration C by surface concentration CS.

2.3.2. Improved butler equation
Itis the layered interface concept that assumes the existence of a monoatomic layer (called surface monolayer) at
the surface of aliquid as a separate phase and is in thermodynamic equilibrium with the bulk phase. The
equation for binary liquid alloy at temperature T is given as:
0 $,XS b,XS
A RT  C' G -G

o= —0j+—In— +

(29)
Ai A A

Where A]Q is the molar surface area of pure liquid metal, A;is the partial molar surface area of component i
respectively. G]-S’XS ,and Gjh’xs are the partial excess free energy of mixing in the surface and bulk of constituent
components of the alloy, respectively

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

A} = g(V))P 3 (Ny)V/? (30)

Where gis geometrical constant and is given as,

3 2/3 _1/3
-

Where f,, and f; are volume packing fraction and surface packing fraction respectively. Their values are based
on the crystal structure type of every pure component of the alloy. For liquid metal the values of f;, and f; are
0.66 and 0.906 respectively [24].

2.3.3. Statistical mechanical approach
This method is also based on the layered structure concept near the interface and assumes a surface monolayer,
as well as the layer just below the surface layer that bridges the surface monolayer to the bulk solution [25]. The
model relates the surface tension to thermodynamic properties through interchange energy (w) and activity
coefficients ) between the elements of the alloy. The equation at temperature T is given as below.
$
o=0j+kB—TlnC—] + [p(1 = C)? 4+ q(1 — C]')Z]ﬁ (32)
7 Ci p

3. Results and discussion

3.1. Thermodynamic properties

The properties of binary liquid alloys depend on temperature, concentration, and pressure. The study of the
binary alloy Na — Hg was carried out as a function of the concentration of the alloy at fixed atmospheric
pressure and a temperature 673 K. For the calculations of thermodynamic as well as structural properties of
liquid alloy by quasi chemical approximation, the main work is to calculate the interchange energy (w) and
interaction energy parameters (Awj). During the calculation of parameters, no any statistical method like mean
square deviation is applied in order to decide the best fit so that the parameters used here are considered as
reasonable for the study. For the sake of consistency, the same theoretical parameters have been considered
throughout the calculations of other mixing properties. The different results thus obtained from the study are
outlined in the section below.

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

_ 10524, B9y _ 5oy, Bwry

kB B B

= 9.987

The plot of free energy of mixing versus concentration of sodium (Cy,) is shown in figurel. The computed and
experimental values of G;/RT are in good agreement. The theoretical value of free energy of mixing is
minimum 1.102RT at 0.4 concentration of Na. The theoretical calculation of free energy of mixing shows that

5
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Figure 1. Gibb’s free energy of mixing versus concentration of Na at 673 K.
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Figure 2. Chemical activity versus concentration of Na at 673K.

thealloy Na — Hg in theliquid state is moderately interacting and hence the tendency of compound formation
is not so strong.

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

For the theoretical determination of heat of mixing, temperature derivatives of interaction parameters are
required which are obtained by successive approximation method. The best fit values of parameters are

Ldo gy, LB _ g o7y LdB0m _ 1905
kg dT kg dT kg dT

The plot of heat of mixing versus concentration of sodium (Cy,) is shown in figure 3. It is found that the heat
of mixing is more negative at 0.4 concentration of sodium. The computed and experimental values of Hy; /RT
are in good agreement.
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Figure 3. Heat of mixing versus concentration of Na at 673 K.
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Figure 4. Entropy of mixing versus concentration of Naat 673K.

Using equations (7) and (9), the entropy of mixing (Sy) is computed. Energy parameters used in Gibb’s free
energy and heat of mixing of the alloy are used consistently throughout our calculation.

The plot of entropy of mixing (Sy;/R) versus concentration of sodium is shown in figure 4 for both
theoretical and observed values. From the figure, it is observed that theoretical values are in reasonable
agreement with observed values.

3.2. Microscopic properties

One of the important functions for the study of nature of atomic order of the binary liquid is considered as the
concentration fluctuations in the long-wavelength limit Scc (0) because it removes difficulties in the diffraction
experiment [18]. For a given concentration if Scc(0 ) < Si.(0), then complex formation tendencies are
expected while S¢¢(0) > S (0)) points to the segregating tendencies. The experimental and theoretical values
of Scc(0) at different concentrations of sodium are obtained from equations (15) and (16) respectively. The plot
of experimental and theoretical along with ideal values of Sc¢(0) versus concentration of Na (Cy,) is shown in
figure 5.
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Figure 5 . Concentration fluctuation in long-wavelength versus concentration of Na at 673 K.
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Figure 6 . Chemical short-range order parameter versus concentration of Naat 673 K.

Itis clear from the figure that the theoretical value of lies below the ideal value of Scc(0) throughout the
whole range of concentration of lead which is the good signature of ordering in the alloy.

The Warren-Cowley short-range order parameter (o) is another most powerful parameter to provide
information on the local arrangement of the atoms in the molten alloys. Actually, it quantifies the degree of
chemical order in the liquid alloys whose value lies between —1 to +1. The negative value of ¢ is an indication of
the ordering nature of the alloy, which is complete for oy = —1. The value oy = 0is the indication of the
random distribution of the atoms in the mixture and similarly, positive values of o, is the indication of
segregating nature, which is complete for o = 1. The value of o has been computed as a function of the
concentration of Na using equation (17). For this, we take coordination number Z = 10. The plot of theoretical
values of oy versus concentration of Na (Cy,) is shown in figure 6. From the figure, it is observed that the value
of a; is negative throughout the whole range of concentration of sodium with maximum negative at 0.4
concentration of sodium which signifies the strong tendency of ordering nature of the alloy.

3.3. Surface tension
To calculate the surface tension of Na — Hg alloy the densities and surface tension of individual metals for all
models required are calculated at 673 K by using relations given in reference [27].
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Figure 8. Surface tension (N/m) versus concentration of Naat 673 K.

For the unknown or negligible excess molar volume of the alloy, the partial molar volume is replaced by the
molar volume of the pure component in the case of the improved Butler model and hence the partial surface area
(A)) of each component is definitely replaced by surface area (A]O) of the same pure component [13, 28]. The bulk
and partial excess free energy of mixing of individual sodium and mercury in aliquid state at 673K are taken
from reference [26]. The geometrical structure factor and ratio of surface excess energy to the bulk excess energy
(st’Xs / Gjb”‘s) are considered 1.061 and 0.818 [24] respectively. Now writing these values to both metals in
equation (17) and solving them simultaneously, we first obtain surface concentrations of both metals, and then
using each surface concentration of corresponding metals, the surface tension is obtained. Similar method is
applied for the other two models as well.

For the statistical model, the interchange energy (w = —9.564 kg T') obtained from equation (7) is used since
this method is not based on the complex of the alloys. Similarly, for the compound forming model, the same
interaction energy parameters w and wj are used as in thermodynamic properties. The computed values of
surface concentrations and surface tensions from different models are compared in figures 7 and 8 respectively.

Figure 7 shows the surface concentration increases with increasing bulk concentration of Na(Cy,) in all
three models. The computed values of surface concentration suggest the segregation tendency of Na atoms to
the surface but the segregation is more at higher bulk concentration of Na. This further suggests that at lower

9
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bulk concentration of Na, the two different atoms of the alloy involve in the formation of chemical complexes or
intermetallic compounds: possibly NaHg,,.

In figure 8, the surface tension of Na — Hg alloy decreases gradually with an increase in the bulk
concentration of Na and is almost negatively deviated from the ideal value. In the compound formation model,
the interaction energy parameters are considered which is the case of uniform deviation from the ideal one.

4, Conclusion

The present study is the theoretical analysis for the understanding of thermodynamic, structural, and surface
behavior of binary liquid Na-Hg alloy at 673 K, under the assumption of the existence of NaHg, complex in the
liquid mixture by quasi chemical approximation. The study explains the asymmetry behavior of the
thermodynamic properties as a function of concentration. The theoretical study shows that the alloy exhibits
ordered tendencies that become weaker with increasing temperature. It is noticed that segregating tendencies are
not to be found in the bulk alloy for any concentrations. The sodium atoms segregate more on the surface at
higher concentrations of sodium. The surface tension is negatively deviated from the ideal value.
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Abstract. A theoretical model based on the assumption of compound formation in binary
liquid alloy has been used to investigate the thermodynamic properties (free energy of mixing,
enthalpy of mixing and entropy of mixing), microscopic properties (concentration fluctuation
in long wavelength limit and chemical short range order parameter), surface properties (surface
tension and surface composition) and dynamic properties ( viscosity and diffusion coefficient).
All the properties of AlLFe 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 Al;Fe, which has a complex end —
centered monoclinic structure, AlsFe,, which has an end — centered orthorhombic structure, AlFe,
which has an ordered bee (B.) structure isotypic with CsCl, AlFes;, which has an ordered bce (DO0s)

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL.
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structure isotypic with BiFs;, and AlLFe having a complex rhombohedral structure. Among these
phases, the presence of Al,Fe 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. N ,, = x number of Al
atoms and N, = (1 —x) number of Fe atoms make up the total number of atoms in the provided

binary system, which equals N = N, + N,. 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 7, g, n,g and n, g atoms of Al, Fe
and ALFe respectively,
n=x—2nyand n, =1-x—-n, (1)
After mixing, the total number of atoms is
n=n, +n,+n, =1-2n, ()
The free energy loss due to compound formation is given by — n;/ ; 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],
G, =G -ny 3)
In the case of the ternary ideal solution,

3
o =R (

n Inn,) 4
i=1

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, V.. can be expressed as,

y

, RT 1
G :—Z(nl. lnni)+—2ninjl/;j (5)
n i n i
The free energy of mixing for compound forming and regular binary alloys is now expressed as
RT ¢ 1
G,=— 2 (nl. In ”1)4‘;2’%”;1/;; —ny (6)

i<j

The equilibrium state at a particular pressure and temperature may be used to calculate the value of 7, .
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oG
( H ] =0 (7
(3113 T,P,N,x
Substituting G,, from equation 6 and doing some algebraic calculations, we get
In(mnn 2 )+ g =2 8
( S ) =T (®)
Which is the equilibrium equation, where
2 2 2 |4
—| -2n,—n, Vo I el ey —n, +n, Vs 4| 2 —2n, +n, |—2 )
n nRT n nRT n nRT
The heat of mixing H,, can be expressed as follows [14]:
oG
H,=G,-T|—%£ 10
- oo

Using the value of G,, from equation 6, we obtain

=) ) ;Zm{ (Z?M

The entropy of mixing expression, Sy, may be written as

H, -G 8
SM:( MT M) W Rz

12
’faT (12

l<]

2.2 Structural Properties
Any variation from the ideal value S ;‘Z (0) 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],
2
S.(0)= RT(a O J (13)
ox’

Differentiating G,, twice with respect to x

S(n? n?) 2n n, ' n; ,
S,.(0)= Z(n— —]+E;ZV,{;N”] (14)

In terms of composition, the prime on then »s refers to their first derivative. By using the following
formula, the theoretically predicted values of S (0) may be compared to observed values computed

from constituent element activity at different compositions.

.l -1
0 0
S..(0)=xa Al[ aaAl ] =X4qF (&J (15)

Al JT.p N T,P,N

S (0) represent the ideal value as,

S0) = x ,xp, (16)
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In the following equation, ¢, indicates Warren — Cowely chemical short range order parameter which
measures the degree of local order within the binary melt [29,30].

s—1
——— here, s :S"”—(O) (17)
S(z—1)+1 XXk,
In equation 17, z is coordination number.

o, =

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 (D,, ) of

binary liquid alloys may be described in terms of activity (a, ) and self- diffusion coefficient (D,, ) of

individual component.

dna,
D, =x,D, dx : (18)

1

with D,, =x,Dp, +x:,D,,
Where D, and D,, are the self — diffusion coefficients of Al and Fe respectively. In terms of S,_(0)

, the ratio of mutual diffusion coefficient (D,, ) to self — diffusion coefficient (D,,) can be expressed
as
D, _5:(0) 19
Did - Scc(o)
The microscopic mixing behavior of liquid alloys may also be described in terms of viscosity. The
Moelwyn — Hughes equation for liquid alloy viscosity is

H
n= (xAﬂlAz + xFeUFe) [1 =2X 4% p, R_A;j (20)

Here 7, is the viscosity of individual elements Al and Fe. This value can be optimized for required

temperature (7" ) as [32],

E
n=noewp o5 e

Here 77,,1s 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

k, T, X} !//[ . 2]
T=r1 +—ln—Al+—pxe +(g —1)x, (22)
Al § XAZ § (F)z ( )F
kyT . x5, v/[ . 2]
T=1,+ ln_F+_px +(g—1)x (23)
8 é: xFe éj (Al)z ( )Al

Where 7, represents the surface tensions of pure Al and Fe, x; and x; denote the bulk and surface
concentrations of alloy components while p andg 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 g is p+2g =1 . For present
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calculation, we assume the closed packed structure for which the p andg 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 (&;) as,
=2 %8 (24)
Here
Q 2/3
=1. == 2
& =1 102[NAJ (25)

Where Q. is the component i 's molar volume and N ,is the Avogadro’s number. Equations (22) and

(23) may be solved forx; as the function of x; 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, x. = 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 (u=2 and v=1) in liquid
alloys. All calculations were performed at 7'= 1873 K, taking into account the Al - Fe phase diagram
[13] and the existence of the liquid phase across the entire concentration range. At 7= 1873 K, the

interaction energy parameters ¥ , V},, Vyand V), as well as their temperature derivatives, were
calculated using the Gibbs energy of mixing, G,,, of liquid Al - Fe alloys and the enthalpy of mixing,
H,, [25]. The interaction energy parameters’ values were tweaked to produce concentration
dependences of G, that closely matched the thermodynamic data. V,,= -3.095RT, ¥V}, = -0.851RT,
V,; =-1.970RT and y = 2.552RT are the estimated interaction energy parameters for liquid Al - Fe

alloys, and they remain constant throughout all computations. The number of complexes, 71;, was
calculated using equations (8-9) and equations (1-2). The concentration dependence of the equilibrium
values of chemical complexes, 7, , reaches a maximum value of around 0.261 at the compound

forming composition, x,= 0.667.

If energy parameters are assumed to be temperature independent, the values of /,,and §,, 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 0V}, /0T = 0.980R, 0V,; /0T = 2.591R, oV,, /0T =
2.984R and 0w /OT = 0.212R. Equations (11) and (12) have been used to calculate the enthalpy of

mixing, /7,, and the entropy of mixing, §,, and have been compared to existing experimental data

[25]. A comparison of the anticipated values of H,, and S,, computed at 7= 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

or
V,(T)=V,(T)+(T-T) = (26)

i
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Here T,=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.

0.3 -
k3
() 400004 o ®
n\; 0.24 [}
) o Experimental [25] |
*  Experimental [13] B 20000
i 5 —— Theoretical Q d
>
é - Vi
0.0 . : : l >
0.2 0.4 0.6 0.8 10 &
& XAI / > 20000 Vay
X .0.53-
~
IE
= -40000
< -1.06 HRT | Vo
o ' I ' |
1800 2000 2200 2400 2600 2800
-1.59 - Gy/RT .

Figure 1. Gibb’s free mixing energy (G,,/RT ),  Figure 2. Temperature (T) effects on the
heat of mixing (H,,/RT) and entropy of interaction parameters (¥, and /)
mixing ( S,,/R ) vs. concentration of
aluminum ( x,, ) in the liquid Al - Fe
alloy at 1873K.

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

Parameter/ T 2073K 2273K 2473K 2673K
Vi./RT -2.702 -2.378 -2.106 -1.875
V,,/RT -0.519 -0.245 -0.016 0.179
V,,/RT -1.492 -1.098 -0.768 -0.487
w/RT 2.326 2.140 1.984 1.852

The linear fit V;(T) = a +bT for the temperature dependence of interaction energy parameters is

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

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

Coefficients Vi Vis Va3 4
a (Joule) -63456.4 -53599.2 -77144.3 36438.8
b (Joule K1) 8.14772 21.5416 24.8090 1.76257

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

Figure 3. Temperature effects on G,, / RT with respect to bulk composition of Al
3.2 Structural Properties
Concentration fluctuations in the long-wavelength limit, S (0), and chemical short-range order
parameter, ¢, 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 S,.(0) values and the
values that characterize ideal mixing Sé‘j (0) in weak approximation. Figure 4 plots these values along
with the observed values from equation (15) using activity data. At x.=0.5, the largest difference

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

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

increasing temperature, the value of S, (0) 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 S_.(0) is defined by the equation (16). The negative values of the Warren—
Cowley parameter, ; over the whole concentration range support this conclusion (figure 4). The

phase separating tendency is supported by the variation of ¢, with temperature, as evidenced by the
variation of free energy of mixing with temperature.
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3.3 Transport Properties
The viscosities of the constituent elements, 77,, 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 x,, =
0.4, the positive departure from ideality grows at which the deviation is maximum (= 0.001866) but
sharply decreases below x ,, = 0.7. The plot of 7 at different temperature with respect to x,, (figure
7.) shows that there is decreasing tendency of 77 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 (D,,/D,,). D,, /D, > 1 denotes the likelihood of

compound formation; D,, /D, < 1 denotes phase separation; and D,, /D, = 1 denotes the solution's
ideality. The values of D, /D,, 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 D, /D, decreases. The maximum difference (=0.6098) in D, /D, values for the

temperatures 2673K and 1873K at equiatomic composition, x,, = 0.5 again support high ordering
tendency at that composition.
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Figure 6. The mutual-to-intrinsic diffusion
coefficient ratio ( D, /D, ) and

viscosity ( 77 ) vs. concentration of

Figure 7. Temperature effects on viscosity
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aluminum (x,,) in the liquid Al - Fe

alloy at 1873K.

Figure 8. Temperature effects on the mutual-to-intrinsic diffusion
coefficient ratio (D,,/D,,) 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, x’,, and surface tension, 7,
of liquid Al;Fe alloy as functions of bulk composition at various temperatures (T = 1873K, 2073K,
2273K, and 2473K). The surface composition values, x’;, , 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 ¢ = 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).

0 0

pi(T)=p; +(T -T")Ap, @7
(T =1 +(T -T°)Ar, (28)

1.8 -

e, - - -ideal

1.6 - S ) —Theoretical
Tt s
£ R
& 12 i
(3] 3 . ~ 5

- q0d X (Theoretical) <

0< B
x B g

0.8 22

06+ 1 (Theoretical) e -

04- i

e N
0.2 PR s
F f?\\k
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 9. Surface concentration of aluminum Figure 10. Compositional dependence of
(x’,) and surface tension (7 ) vs. bulk surface concentration of aluminum

(x’,) and surface tension (7 ) in

liquid Al - Fe alloy at different
temperatures.

concentration of aluminum (X, ) in the
liquid Al - Fe alloy at 1873K.

For the component metals of the alloys, Ap,and A7, 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 x,, = 0.1 and minimum (=0.0060) at
x,, = 0.9. This implies the decreasing tendency of surface composition with respect to temperature,

increases with decrease in bulk composition x ;.
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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 (Tideaz =T X+ Z'FexFe)

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) atx,, = 0.9 and smallest (=0.0217) at x,, = 0.1. This means that as the bulk composition of

Al increases, 7,5 — T1g73¢ 1ncreases 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 x, =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, D,, /D> 1, shows that there is a tendency for complex formation across the entire

range of concentrations. The surface tension of the liquid alloy decreases as the bulk concentration of
Al in the alloy increases at all temperatures studied. The surface tension of the Al-Fe alloy is found to
be less than that of ideal solution. In the setting of varying temperatures, as the temperature of the
investigation rises, it falls. Metals with lower surface tension tend to segregate on the surface of
molten alloys, according to this research. The compound formation propensity of Al — Fe liquid alloy
diminishes as temperature increases, according to temperature variation researches of all
characteristics.
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Thermophysical behavior of mercury-lead liquid alloy
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Thermophysical properties of compound forming binary liquid mercury-lead alloy at tem-
perature 600 K have been reported as a function of concentration by considering HgPbo
complex using different modelling equations. The thermodynamic properties such as the
Gibbs free energy, enthalpy of mixing, chemical activity of each component, and micro-
scopic properties such as concentration fluctuation in long-wavelength limit and Warren-
Cowley short range order parameter of the alloy are studied by quasi-chemical approxima-
tion. This research paper places additional emphasis on the interaction energy parameters
between the atoms of the alloy. The theoretical and experimental data are compared to
determine the model’s validity. Compound formation model, statistical mechanical tech-
nique, and improved derivation of the Butler equation have all been used to investigate
surface tension. The alloy’s viscosity is investigated using the Kozlov-Ronanov-Petrov
equation, the Kaptay equation, and the Budai-Benko-Kaptay model. The study depicts
a weak interaction of the alloy, and the theoretical thermodynamic data derived at 600
K are in good agreement with the experimental results. The surface tension is slightly
different in the compound formation model than in the statistical mechanical approach
and the Butler equation at greater bulk concentrations of lead. The estimated viscosities
in each of the three models are substantially identical.

I Introduction

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

*narayan.755711@Qcdp.tu.edu.np
tiswar.koirala@cdp.tu.edu.np

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

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

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

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

II Theoretical formulation

i Thermodynamic functions

Let a binary alloy contain N4 and Ng number of A
and B atoms respectively. The model assumes the

existence of complexes A, B, in such a way that

tA+yB=A,B, (1)

where z and y are small integers.

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

c
GX® =RT / ydC (2)
0
where «y is the activity coefficient ratio of atom A
to B, C is the concentration of A atom and R is
universal gas constant. After simple mathematical
calculation, the solution of Eq. (2) is given as

G = N[Ow+0apAwap+0aaAwaa+0ppAwpE]

(3)
where § = C(1 —C) and 6, ;’s are the simple poly-
nomials in C' that depend on the values of integers
x and y, w is interchange energy, and Awj;, are the
interaction energy parameters.

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

044(C) =0 (4)
(5)

(6)

0ap(C) = SO+ C? = 2C° + 20
055(C) = —;C+ 5C% = 1O

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

Gu = Gaf + Gy

=GYP+RT(CInC+(1—-C)In(1 - C))

w Awap Awaa

=RT |0—— +0 0
kBTJr AB kpT + 044 kT
Awpp

+0sB

+ClnC+(1-C)In(1-0C)
(7)

kgT
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Here 644 is taken as zero because, according to
the model used, the value of x is 1. In this case,
the probability of A and A pair to be part of the
complex is zero, such that the coefficient of % in
Eq. (6) also tends to zero. If there are no complexes
in the alloy, then Awjy, is zero. In such a case, the

above equation takes the form as given below:
Gy =RT |02 + CInC + (1—C)In(1 - C)
kpT
(8)

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

B = | R s
— 0 {w _ 1dw]
kgT  kpdT
+9AB [AwAB _ ldAwAB]
KgT kg dT
Aw 1 dAw
+ 0B [KEZ? s dTBB} 9)

The activity of each constituent element of the alloy
is revealed following the standard thermodynamic
relation,

0G s
ac;

RTlnaj(j:A,B):GM—i—(l—C)[ ]
T,P,N
(10)
Now, by solving Eqgs. (7) and (10), the theoretical
value of activity of each constituent component is
given as follows:

G 1-C
Inay = R—Az{—i— T [(1-2C)w+ 0y gAwap
C
+9jBBAwBB+ln1_C (11)
Gu C '
C
+9/BBALUBB—|—IH1_C (12)

where, 0y 5, 0’4 4 and 05 5, respectively, are deriva-
tives of 045, 044 and Opp with respect to concen-
trations.

ii Microscopic Functions

The concentration fluctuation in the long-
wavelength limit Scc(0)for the alloy is given from
the relation as [20],

0?Gum

Sce(0) = RT [ o

]T,P,N 13

The value of Scc(0) can be obtained by using ex-
perimentally observed activities with the help of
the following Eq. (14). Hence the values of Sc¢(0)
obtained from this equation are called experimental
values.

P -1
Soc(0) =aal1 - C) | 52|
T,P,N
Bag}l
=apC 14
” [803 T,P,N )

where a 4 and apg are observed activities of elements
A and B respectively. For simplicity, we can write
C and 1-C in place of C4 and Cp, respectively.
Solving Egs. (7) and (14), the value of Scc(0) is
found as,

w
KgT

Scc(0) =C(1—C’)[1+C(1—0)<—2

Aw
AB 4 9

Awpp\]1 ™!
KgT 0 pp KBT)] (15)

Where 6” j;, are second concentration derivatives of

+ 9” AB

ij.

The Warren-Cowley short-range order parameter
(1) is related to concentration fluctuation in the
long-wavelength limit [21,22] as:

a1 =(S-1[S(Z-1)+1]! (16)
where Z is coordination number and
S — SZC(;C(O) (17)
5¢c(0)
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iii Transport property: viscosity

At the microscopic level, the mixing nature of
molten alloy may be examined in terms of viscosity,
which provides basis for some of the most funda-
mental theories concerning atomic transport qual-
ities. It is regarded as one of the most important
thermophysical qualities in metallurgical research,
which primarily deals with industrial processes and
a variety of natural occurrences. It is influenced by
factors such as the liquid’s composition, cohesion
energy, and molar volume [23,24]. The composi-
tion dependence of viscosity at 600 K is computed
to examine the atomic transport features of the
Hg-Pb alloy. But due to the lack of experimen-
tal data, viscosity is compared using three differ-
ent models: the Kozlov-Ronanov-Petrov equation,
the Kaptay equation, and the BBK (Budai-Benko-
Kaptay) model.

a Kozlov-Ronanov-Petrov equation

In liquids, viscous flow depends on cohesive inter-
action, this interaction results from geometric and
electronic shell effects [25]. The KRP equation has
been developed to incorporate cohesion interaction
in terms of enthalpic effect in order to consider the
viscous flow in a liquid alloy. At temperature T,
the equation is given as:

H
Inp=ClnClnng+ (1 —C)Ilnng — M

3RT (18)

where 1 and n; are viscosity of the alloy and vis-
cosity of individual elements A and B, respectively.
For the metals, the variation of viscosity with tem-
perature is given as [26]

€

15 = To €Xp RT (19)

where 79 and € are constants of each metal’s units
of viscosity and energy per mole.

b Kaptay equation

Kaptay developed an equation by considering the
theoretical relationship between the cohesive en-
ergy and activation energy of the viscous flow. At
temperature T, the equation is:

_ hNAv
COVa+(1-C)Vp+VE

% exp (CGA+ (1 —RCJZGB <I>HM) (20)

n

where h is Plank’s constant, N, is Avogadro’s
number, V;(j = A, B) is the molar volume of pure
metal, V¥ is excess molar volume upon alloy for-
mation, G; is Gibb’s energy of activation of the
viscous flow in pure metals, and ¢ is a constant
whose value is (0.155+0.015) [27]. The Gibb’s en-
ergy of activation of pure metal is calculated by the
following equation:

G;=RTh (T’JVJ) (21)

hNA'u

¢ BBK (Budai-Benko-Kaptay) model

The BBK model is used for the viscosity of multi-
component alloys. At temperature, it is given as:

n=LTY?(CM4+ (1 - C)Mp)/?
X (CVa+(1-C)Vg+VE)=2/3
Hy, I
xR’'T
(22)

x exp |(CTm,a+ (1 —C)Tn B —

where L and [ are constants whose values are
(1.80£0.39) x 1055 /Kmol*/3)""? and (2.3420.02),
respectively, and x is a semi-empirical parameter
having a value equal to 25.4. Similarly M; and
T,  are, respectively, molar mass and the effective
melting temperature of constituent elements of the
alloy.

iv  Surface property

In metallurgy and industry, the surface properties
(surface tension and surface concentration) of lig-
uid alloy or liquid metal are considered to be prime
factors for the processing, as well as for the pro-
duction, of new materials due to their relation with
both surface and interface in the liquid metal pro-
cess [28,29]. The interfacial motion caused by the
surface tension of liquid plays a major role in many
industrial phenomena, hence the importance given
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to the surface and interfacial behaviors of liquid
metals in the metallurgical process for solidifica-
tion, controlling the processes of welding and cast-
ing [30].

a Compound Formation model

The model assumes that there is a compound form-
ing tendency in the binary liquid alloy similar to
that of the compound forming tendency in the solid
state, in the form of short-ranged volume elements,
due to the formation of intermetallic compound
A, By in the melt. The equation in this model
is developed by using the grand partition function
similar to the quasi chemical approximation. The
equation at temperature T is given below:

S ’%Tln%ﬁ[p(fs—f) ~qf]
+ AL;AB p(f35 — fap) — afas]
BB~ fap)—afss)  (23)
—op+ % In 11__6(;8 + %[p(sos — ) — qy]
AL;AB [P(¢p — paB) — @ aB]
B vp) — 4] (24)

where ¢, f, ¢;i and f;; are bulk concentration
functions. Similarly, ¢%, f5, @3, and f3} are sur-
face concentration functions, and p is the mean area
of the surface per atom. For z = 1 and y = 2, the
bulk concentration functions are [13,31]:

p=C" (25)
(PAB:14‘2(1—0)—6(1—@)2_’_?(1_0)3
3 4
319 (26)
‘PBB:—%+(1—C)—7(1—0)2+(1_C)3
-0- 0 o
f=a-0y (28)
fap=(1-CP + 20 -CP = 21-0)" (29)
fop=—(1-C)*+ g(l - o) (30)

The functions ¢, cpfk, f® and fjk can be obtained
from Eqgs. (26) to (30) by replacing bulk concentra-
tion C with surface concentration C, while p and ¢
are surface coordination fractions that indicate the
fraction of the number of nearest neighbors of an
atom within its own layer and in the adjoining lay-
ers, respectively, and and are related as p+2¢ = 1.
In a simple cubic crystal, p = 2/3 and ¢ = 1/6. In
a bee crystal, p = 3/5 and ¢ = 1/5, and in close
packed crystal, p = 1/2 and ¢ = 1/4. The mean
atomic surface area is given by following relation

[13]:
(31)

p=> Cjp
i

The atomic surface area of each component is given
as

v\ /3
- =1.012 J
P (NAJ

b Statistical mechanical approach

This method is mainly based on the concept of lay-
ered structure near the interface. The model con-
nects the surface tension to thermodynamic prop-
erties through the activity coefficient (y;) and the
interchange energy between the components of an
alloy. The equation at temperature T is given as
below:
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oy
Cij

+ [p(1 = CF)? = q(1 - C))?]

KgT
Uz@g—k%ln

” (33)

¢ Improved Derivation of the Butler equation

According to this model, there exists a monoatomic
layer, called surface monolayer, at the surface of a
liquid as a separate phase, and it is in thermody-
namic equilibrium with the bulk phase. The sur-
face tension (o) of binary alloy at temperature T is
given by the improved Butler equation as:

S0 . RT. _CF G -GhYe
o="Zol+ 2L+ (3)
S; 0TS S;

where, o?, SJQ, S; are surface tension of pure lig-
uid metal, molar surface area of pure liquid metal,
and partial molar surface area of j** component,
. S, Xs b,Xs .
respectively. G and G; are partial excess
free energy of mixing in the surface and bulk of
constituent elements of the alloy, respectively. The

molar surface area of pure component is given as:

270 2/3
Sj =9 (Aé> N, (35)

J
where 6, MJO, )\2, 0 and N4v are geometrical con-
stant, molar mass, density of each constituent el-
ement at its melting temperature, and Avogadro’s
number, respectively. The value of geometrical con-
stant is expressed as,

([ 3fs 23 q
5(4) T

where f, is volume packing fraction and f, is sur-
face packing fraction. For liquid metal, the values
of f, and fs are 0.66 and 0.906 respectively [33].

(36)

III Results and discussion

i Thermodynamic and microscopic proper-
ties

Generally, the properties of binary liquid alloys de-
pend on temperature, composition, and pressure.

Cpb
0 0.2 0.4 0.6 0.8 1
0 T T T
theoretical
01k experimental @
-0.2 B
=
o
S 03 ]
(G]
0.4 | B
-0.5 B
-0.6 L L L L

Figure 1: Gibbs free energy of mixing versus bulk con-
centration of Pb.

Our study of the binary alloy Hg-Pb is carried out
at fixed atmospheric pressure and fixed tempera-
ture of 600 K as a function of the composition of
the alloy. During the study, we assumed complex-
ity with z = 1 and y = 2 and computed different
thermodynamic and structural properties for com-
pound forming molten alloys. The different results
thus obtained from the study are outlined in the
sections below.

a Thermodynamic Properties

For the analysis of the thermodynamic properties,
we consider Egs. (7), (9), (11), and (12), as men-
tioned above. For the Gibbs free energy of mixing,
the interaction energy parameters are determined
by the method of successive approximation for sev-
eral concentrations, following stoichiometry of the
HgPb, alloy with the help of experimental values
in the concentration range (0.1 to 0.9) [34]. The
approximated values of energy parameters are as
follows:

w
— =2.139
kT ’

Awap

= —2.264
kT ’

Awpp

=0.392
kgT

To calculate the interaction energy parameters, no
statistical methods such as mean square deviation
were used to decide the best fit values, hence the

140005-6



PAPERS IN PHYSICS, VOL. 14, ART.

Cpb

0 0.2 0.4 0.6 0.8 1
0.12 T T

T
theoretical
experimental @

Hw/RT

Figure 2: Enthalpy of mixing versus bulk concentration
of Pb

parameters thus obtained are considered reasonable
for analysis and have been considered throughout
the study of different mixing properties. The com-
puted values of G/ RT are in good agreement with
experimental values as shown in Fig. 1. The the-
oretically computed value of free energy of mixing
is a minimum of —0.533RT at 0.6 concentration of
Pb. The calculation of free energy of mixing indi-
cates that the alloy HgPb at molten state is weakly
interacting. Similarly, being asymmetric at 0.5 con-
centration, it is classified as an irregular alloy.

The temperature derivatives of interaction energy
parameters which are used for the theoretical cal-
culation of enthalpy of mixing are obtained by the
method of successive approximation. The best fit
approximated values of such parameters are:

1 dw
@d—T_o.m?,
1 dAwAB
— 227 = _0.312
g dl 0.3128,
1 dAwBB
— 22— 042
kg dT 0429

The plot of enthalpy of mixing versus concentra-
tion of lead is shown in Fig. 2. It is positive be-
low 0.6 concentration of lead, while above this con-
centration it is negative, and both computed and
experimental values of enthalpy of mixing are in
agreement, with small discrepancies.

The deviation of alloy from ideal behavior can be
examined by chemical activity, a measure of effec-

140005 (2022) / N. Panthi et al.
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activity

Figure 3: Chemical activity versus bulk concentration
of Pb

tive concentration in the mixture, as its magnitude
depends on the interaction of constituent binary
components of the alloy. Equations (11) and (12)
are used for the calculation of the chemical activity
of elements of alloy Hg-Pb. Figure 3 plots exper-
imental and theoretically computed values of the
chemical activity of the components of the alloy,
showing good agreement between the experimental
and theoretical activities of the components in the
alloy at temperature 600 K at all concentrations of
Pb.

b Microscopic Properties

It is difficult to perform diffraction experiments on
materials at high temperatures. Thus, to make
the study of local arrangement of atoms in the bi-
nary alloy more effective, the concentration fluc-
tuations in the long-wavelength limit (Scc(0)) are

0.7 T T T
theoretical
0.6 [ ideal ]
experimental @
05 | d g
S 04 ° B
‘8 ®

v 03 ° b
02 T ~e. .
o1t /. i

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Cep

Figure 4: Concentration fluctuation in long-wavelength
limit versus bulk concentration of Pb
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o1

Figure 5: Warren-Cowley short-range order parameter
versus bulk concentration of Pb

considered some of the most important microscopic
functions [20, 35]. For any given concentration, if
Scc(0) < S¥.(0), the alloy is expected to have
complex formation in nature and if Scc(0) >
Si_(0), the expected nature of the alloy is segre-
gating. The graph of experimental, theoretical and
ideal values of S¢¢(0) versus concentration of Pb is
shown in Fig. 4. In the figure, both the experimen-
tal and theoretical values of Scc(0) lie above the
ideal value for lead concentration values below 0.6
, indicating that the alloy has a segregating nature
below this concentration of lead, while above this
concentration it exhibits an ordering nature.

The Warren-Cowley short range parameter (o) is
considered one of the most powerful parameters for
information regarding the arrangement of atoms in
the liquid alloys. It provides quantitative informa-
tion about the degree of local arrangement of atoms
in the alloys. Its value lies between +1 and -1. The
positive value of a7 is considered an indication of
a segregating nature, which is complete for a; =1,
whereas its negative value indicates an ordering na-
ture, and is complete for vy = —1. Similarly the
value a; = 0 indicates the random arrangements of
atoms in the liquid mixture. The value of a; com-
puted as a function of the concentration of Pb using
Eq. (16) is shown in Fig. 5 where we took coordi-
nation number Z = 10. It is observed that the a; is
positive up to 0.6 concentration range of lead, with
highest values at a concentration of 0.2, indicating
the strong segregating tendency of the alloy. But
above a 0.6 concentration of lead, the value of a;
goes on decreasing, showing the ordering tendency
of the alloy.

0.0026

T
KRP ——
0.0024 |- kaptay m R
BBK ® °

0.0022
0.002
0.0018 -
0.0016 -
0.0014
0.0012 -
0.001 |
0.0008

n (pas)

Figure 6: Viscosity versus bulk concentration of Pb

ii Viscosity

For the theoretical calculation of viscosity of Hg-
Pb alloy at 600 K, the viscosities of each compo-
nent (Pb and Hg) are required for KRP and Kaptay
models. These values are obtained from Eq. (19)
after substituting the values of g and € of the met-
als as given in reference [26]. The value of enthalpy
for different concentrations is used as obtained from
Eq. (9) and the Gibbs energy of activation of each
pure metal is obtained from Eq. (21). Due to the
lack of an experimental value for V¥, it is taken
as zero. In fact, the value of V¥ is non-zero for a
non-ideal alloy, but the contribution of this term is
very small for the determination of viscosity [15].

The results obtained from three models are com-
pared as shown in Fig. 6. In the models, the
viscosity of the liquid alloy increases with the in-
crease in concentration of lead. The figure shows
that there is a small deviation of the viscosity com-
puted by BBK model as compared to the others.
Due to the inability to compare theoretically com-
puted results with experimental results, it becomes
difficult to draw conclusions based on the models
for the concentration dependence of the viscosity of
Hg-Pb liquid alloy at temperature 600 K.

iii Surface segregation and surface tension

To calculate the surface tension of the alloy Hg-Pb,
the densities and surface tension of individual met-
als for all models required at 600 K are calculated
by using the relations given in reference [26].

For the compound formation model, the same in-
teraction parameters w and wj; used in thermody-
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Figure 7: Surface concentration of lead versus bulk Pb
concentration

namic properties are used. Now, writing these val-
ues and values of other quantities of both metals
in Egs. (23) and (24) and solving them simultane-
ously, we first obtain surface concentrations of both
metals, and then using each surface concentration
of the corresponding metals, the surface tension is
obtained. A similar method is applied to the other
models. For statistical mechanical approach inter-
change energy, w = 0.699, obtained from Eq. (8),
is used.

For the improved derivation of the Butler model,
the bulk and partial excess free energy of mixing of
individual lead and mercury in a liquid state at 600
K are taken from reference [34]. The geometrical
constant and the ratio of surface excess energy to
the bulk excess energy (G /GP**) are respec-
tively considered as 1.061 and 0.818 [33]. Kaptay
suggested that, in the case of negligible or unknown
excess molar volume of the mixture, the partial mo-
lar volume can be replaced by the molar volume
of the same component. In such a situation, the
partial surface area (.S;) is replaced by the surface
area (S?) of the same pure component [16,36]. The
computed values of surface concentrations and sur-
face tensions from all three models are compared
in Figs. 7 and 8 respectively.

Figure 7 shows the increasing pattern of the sur-
face concentration of Pb with the increase in bulk
concentration of Lead in all models. At 600 K the
surface tension of mercury is less than the surface
tension of lead. This suggests the surface segre-
gating tendency of Hg. Thus, at higher bulk con-
centration of Pb, two different atoms of the alloy
are involved in the formation of chemical complexes

470 T T T T
Butler ® '
460 | Statistical @ 4
Compound L]
450 - [ ) 4
||
A - = ° i
E 440 -
Z = °
o 430 - » . ° _
a0l ©® © _
410 -
400 . L L L
0 0.2 0.4 0.6 0.8 1
Cpp

Figure 8: Surface tension versus bulk Pb concentration

or intermetallic compounds assumed to be HgPbs,
but at lower bulk concentration of Pb, the surface
of the alloy is enriched with Hg atoms.

In Fig. 8, the surface tension of alloy Hg-Pb in-
creases gradually with the increase in bulk concen-
tration of Pb. The variation of surface tension in
the compound formation model at higher bulk con-
centration of Pb than in the other two models is
believed to be the cause of consideration of set of
the interaction energy parameters because, as we
already mentioned, there is the possibility of com-
pound formation at higher bulk concentrations of
Pb. The compound formation model is expected to
give better results than the other two models due
to the presence of interaction parameters. However,
due to the lack of experimental results, computed
results cannot be compared.

IV  Conclusions

The present study is a theoretical analysis for
the understanding of thermodynamic, structural,
transport and surface behavior of the binary lig-
uid alloy Hg-Pb at 600 K under the assumption
of the existence of the HgPbs complex in the liquid
mixture by compound formation model. The study
explains the asymmetric behavior of the thermody-
namic properties as a function of concentration as
well as of a weakly interacting alloy. The theoret-
ical study shows that the alloy has the nature of
segregating at a lower concentration of Pb, but it
shows an ordering nature at higher concentration
of Pb at 600 K. Similarly, the viscosity and surface
tension increases with the increase in the concen-
tration of lead.
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Abstract. The study explores the cocentration dependent thermo-physical properties of complex
potassium-lead binary liquid alloy at temperature 848 K by assuming KPb, complex from the
different model equations. The Quasi Chemical approximation and the Redlich and Kister equation
are used to investigate features such as free energy, heat of mixing, chemical activity, and
concentration fluctuation in long wave limit at temperature 848 K. However, at 900 K and 1000 K,
these are exclusively examined using the R-K equation. The temperature dependent exponential
interaction parameters proposed by Kaptay are taken into account in the RK equation. The study goes
on to look at the alloy's viscosity and surface tension using the Budai-Benko-Kaptay model and the
Kaptay's new derivation of Butler equation. The alloy system is investigated in depth, with a focus
on the interaction energy parameters between the alloy's surrounding atoms. The work investigates
the fact that the liquid alloy has a moderately interacting as well as an ordering character throughout
the whole concentration range. The theoretically investigated thermodynamic facts are in reasonably
agree with the corresponding experimental results at 848 K. At greater temperatures, the alloy's
tendency goes from ordering to segregating. The alloy's viscosity and surface tension decrease as the
temperature rises.

Introduction

In metallurgy and engineering, the alloys are considered advanced materials than individual metals
thanks to their good heat resistance, mechanical strength and so on. The formation of alloy is usually
related to changes in the bonding and structure of a given system. The interaction and structural
reorganization of the component atoms throughout the formation of the alloy create it totally different
from crystals and therefore it becomes tough to understand the alloy in comparison to the metallic
structure. The unique nature of the alloy is principally ruled by concentration, size of constituent
elements and electrochemical effect and hence atoms of the alloy either tend to align showing
heterocoordination nature or a powerful ordering tendency [1-4]. Hence the metallurgists and the
physicists have both shown a keen interest in learning more about the mixing behavior of alloys.
However, owing to the experimental difficulties and time constraint, the investigation of various
behaviors of alloys is still incomplete. In order to resolve such problem and to speed up the
investigation process, vital efforts are done by developing different model equations [5-11]. The goal
of this study is to use the Quasi chemical approximation [8] to investigate the thermodynamics of
potassium-lead alloy taking KPb, complex and the Redlich-Kister equation [6] at temperature
848 K. Further the study also aims to investigate thermophysical properties, viscosity and surface
tension at higher temperatures 900 K and 1000 K which are two important thermo-physical characters
that are studied in metallurgy in order to acquire the knowledge of surface and transport properties of
molten alloy. Both of these are crucial to the casting process in order to produce various devices with
improved mechanical performance. [12,13]. The Budai-Benko-Kaptay (BBK) model [14] and the
new derivation of the Butler equation [15] are used to investigate the viscosity and surface tension of
the alloy at various temperatures in this research article.

According to the Quasi chemical approximation there is an energetically favored pseudoternary
combination of X atoms, Y atoms and X,,Y,, group of atoms (m and n are integers) in the binary
alloy. The X, Y, group of atoms is called complex. The equilibrium mixing behaviours of the binary
alloy are controlled by short-range atomic interaction energies €yyx, €yy, and eyy for XX, YV, and X,,,Y,

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#600793351-19/10/22,14:39:55)
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atomic pairs respectively. But the Redlich and Kister equation does not consider the complex nature
of the alloy and generally depends on the temperature dependent linear interaction energy parameters
called R-K polynomials. In some of the alloys there appears artificial miscibility gap (artefact) for
high temperature study by using such linear interaction parameters [16 -18]. To remove such
difficulty, George Kaptay [19, 20] has suggested the use of temperature dependent exponential
interaction parameter rather than linear interaction parameter. Thus, we investigate the alloy's
behavior assuming temperature-dependent exponential interaction parameters in the Redlich and
Kister equation.

Potassium is an interesting element for researchers as it can be used as alternative energy storage
device. Due to high cost, uneven distribution and limited nature of sources, the lithium ion batteries
may not fulfill the growing demand of energy storage devices. As a result, it is vital to look for
alternative energy storage systems that are mostly focused on the low-cost and affluent elements.
Hence the researchers are showing more attention towards the Potassium-ion batteries due to its low
price and enough amount on the earth, and also similar type of chemical and physical properties of
potassium in comparison to lithium and sodium [21]. On the other hand, due to extreme ductility and
softness, lead is frequently employed in industry as lead alloys.

Theoretical Basis

Consider a binary alloy of elements X and Y. Following QCA model [8], the excess free energy of
mixing is obtained as,

Gﬁs = N[0 w + Oyydwyy + Oxxdwyxyx + Oyydwyy | (1)

Where 6 is product of concentration of constituents of binary alloy, w and Awjy,, are interaction

energy parameters.
ForX =K,Y =Pb, m = 1,n = 2, the values of 6; s are [§]

1 5 1 1 1 1
eXX(C):O, exy(C):gC"}' Cz_§C3+EC4, eyy(C):_Z C+§ CZ_ZC4 (2)

Where C = Cy and (1 — C ) = Cy are concentrations of X and Y components of the alloy respectively
Now the free energy (Gy) of compound forming alloy is given by

w Aw
= RT — — — — | 1
Gm ekB + Oyy kBT+eXX kBT+eyy kBT+C nC +(

—O)In(1 - C)] (3)

The standard thermodynamic relation for heat of mixing is:

Hy [ W 1 dw] N [way 1 dAwXY] Awyy 1 ddwyxy
RT — kgT kg dT )| kgT kg dT X[ kgT kg dT
Awyy 1 dAwyy
+eYY[kBT kg dT )

Similarly the standard relation for the chemical activity of each element of the alloys is given as,

. Gum 1-Cj |oGm
lna-(]=X,Y)=—+——] (5)
) RT RT aCj T.P.N
Following equations (7) and (11), the activities (ay and ay) of each component are given as follows,
G 1-C
Inay = Rl’\l/l" t T (1 =200 + Byydwxy + Oxydwxy + Oyydwyy +InT—7 ] (&)
G C
Inay = =~ o [ (1-20)w + Okydwyy + OkxAwyx + ByyAwyy + InT— ] )
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Where Oy, , Oyy and Oy are concentration derivatives of Oyy , Oxx and Byy respectively.
The concentration fluctuation in long wavelength limit of liquid alloys is computed using the Gibbs
free energy of mixing, as shown below. [22].

Gy

902Gy "
Sec(0) = RT[ . l (8)
“ aC T,P,N

The value of S (0) is found by solving equations (2) and (8) as,

5..(0) CxCy
ccl) = W , Aw , Aw , Aw
1+ (1—CX)[—2 %l exyﬁ+ exxw’%’% eYYFYTY

9)

Where 6]'-',( is the concentration-related second derivative of Oy .
Again the excess free energy of liquid alloy by Redlich and Kister equation is [6]
n

G = 6 Gy ) Ki(Cx = G’ (10)

i=0

Where K; temperature dependent interaction parameters.

The temperature-dependent interaction parameters of binary alloys are as follows, [19, 20].
T

Ki = hi exp <— t_) (11)

i

Where h; and t; are semi-empirical parameters

The excess Gibbs free energy (G ), enthalpy (Hy) and excess entropy (Sx°) of mixing are related
as,

Gi® = Hu — TS (12)

From equations (19), (20) and (21), the mathematical expressions for heat and excess entropy of the
alloy can be obtained as given below.

n
T T .
HM = CXCYZ (1 + t_> hi eXp (_ t_) (CX - Cy)l (13)
i=0 ‘ ‘
n
s h; T .
SE = GGy ) Zexn(—7) (G— 6 (14)
i i

=0

The activity (aj) of each component of the alloy is expressed in terms of interaction parameters as;

G
Inay = —= + (1 — Cx)[(1 = 2C)K, + (6C2 + 6Cx — 1K,

RT
+ (—4Cy + 8C3 — 5C% + Cx)K,] (15)
G
Inay = R—’;’, — Cy[(1 — 2Cx)K,y + (6C2 + 6Cx — DK,
+ (—4CE +8C3 — 5C2 + Cx)Ko] (16)

By replacing the Gibbs free energy (Gy,) in terms of interaction parameters in equation (14), the
Scc(0) is obtained as

RT -
X“Y

The BBK model gives the alloy's viscosity as
1 -2
n=E{T (CxMyg + CyMp)}Z (CyxVx + Cy Vy + VE)T
Hy

F
X exp {(CXTO,X + CYTO,Y — QD_R ) ?} (18)

S:c(0) = RT[
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Where ¢ is a semi-empirical parameter with a value of 25.4, E and F are constants with values of

(1.80 £ 0.39) x 1078(j/Kmol*/*)*/? and 2.34 + 0.20 respectively. M}, V; , are molar mass,volume

of each component respectively, T ; is melting temperature of elements of the alloy (=X, Y),
VEexcess molar volume of the alloy and R is gas constant,.
The surface tension (o) of binary alloy by the Kaptay's new derivation of Butler equation is given as

A RT ¢ G-
6= 20 +—In21+ L —7 (19)
j

A; A cP A

Where 0]-0 and A]‘-), represent surface tension, molar surface area of pure liquid metal, A4; stands for

partial molar surface area, C]-Sand Cjb are surface concentration and bulk concentration of jth

$,XS b, XS
Gj Gj

component respectively. and indicate the partial excess free energy in the surface and

bulk of elements of the alloy respectively. As bulk concentrations of components of the alloy, the
sum of surface concentrations of the components of alloy is one i.e. ¥ ; st = 1.The molar surface

area of J" component is expressed as [23],.
o\ 2/3
0 _ 1/3 (M;
AP = yNa'/ (p—;,> (20)
Where p](-) is density of each metal of the alloy at its melting point. Similarly y and N, are
geometrical constant and Avogadro’s number respectively. y is related to the volume packing fraction

(fy ) and surface packing fraction (fs) of pure component as given below
2 1

3fy\3m3
r=(2) = (21)
47 fs
At any temperature T, the density (p;) and surface tension (gj) of each metal can be written as [24]
0o, 0P
Pi=P;tar (T —Toy) (22)
do
0 =0} + 3T (T —Toy) (23)

Result and Discussion

Thermodynamic property

Egs. (1), (4), and (5) are handled to compute thermodynamic parameters like free energy of mixing,
heat of mixing, and activity using the quasi-chemical approximation. The interaction as well
as temperature derivatives of interaction parameters are derived by iterative approach with the use of
observed values [25] in the concentration range 0.1 to 0.9 for the free energy of mixing and the heat
of mixing respectively. The best fit values of parameters are

A(‘)AB AC()AB
=-1.023, = —11.058, = —16.049
KzT KT KT
ldo 3.913 1 dAwgp _ 1.556 1 dAwg, _ 9.992
KgdT ' Kz dT 7Kg dT 7

Similarly, observed enthalpy of mixing and excess entropy of mixing [25] are used to optimize
temperature-dependent parameters for the liquid alloy within the framework of R-K
polynomials using Eqgs. (10), (11), (13), (15), and (16). The results are presented as shown below.
Ko = -82590.842exp (-6.011x107T)
Ki=-76062.258exp (-7.201x107T)
K, =25530.7248exp (5.015x10T)
The optimized exponential interaction parameters are used to calculate free energy, enthalpy, activity
and concentration fluctuation in long wavelength limit of the preferred alloy at different
temperatures. The values of the excess Gibbs free energy, the heat of mixing and the activity of each
component using Quasi-chemical approximation, the Redlich and Kister equation as well as the



Defect and Diffusion Forum Vol. 419 151

experimental results at 848 K, 900 K and 1000 K are presented in Figs. 1, 2 and 3 respectively. In
Fig. 1, the calculated excess free energy is almost in agreement with the experimental values where
there is a slight discrepancy in the heat of mixing calculated by Quasi-chemical approximation and
RK equation with respect to that of the experimental values after 0.4 concentration of Potassium.
However the computed activities of each component of the alloy by Quasi-chemical approximation
and RK equations are in good agreement with experimental values. These results validate the used

models.

G Cy

0.2 04 0.6 0.8

® B48 K Expt @ B848KExpt
S 848 KQC $— 848K QC
848 KRK -5000 — 848 KRK
900K 900K
B 100K Bl 1000 K
-5000 —
E E -10000 |-
5 =
E =
3 T 15000~
-10000
Moo o 20000 |
-15000 -25000
Fig. 1. Excess Gibbs free energy vs. concentration  Fig. 2. Heat of mixing vs. concentration
of potassium in the K-Pb alloy. of potassium in the K-Pb alloy.
Structural property

There is no easy way to tell whether a mixture's constituent atoms are grouped together or not. As a
result, determining the arrangement of atoms is extremely challenging. However, the local
arrangement of atoms in constituents of a mixture may be investigated using the diffraction method,
but this is a tough process. The determination of concentration fluctuations in long-wavelength limit
(Sce(0)) is considered a major way for overcoming this challenge or studying the local arrangement
of constituent atoms theoretically[21]. For a given concentration the alloy has complex formation
nature if Scc(0) < SE(0), whereas the alloy has segregating nature if Scc(0) > SE(0). The
theoretical values of S (0) at different concentrations of potassium for the alloy by Quasi-chemical
approximation and RK equation along with experimental values is shown in Fig. 4 and suggests that
the computed values of S--(0) at all temperatures lie below the ideal value of S (0) within entire
concentration range of potassium. This indicates that the alloy is strongly ordering at all temperatures
of investigation.

1

—— ideal | ok 848K QC
@ 848K Expt 0.25— B ;‘33 ﬁ RK
H—F 848 K QC L L R B-H 100K
L ~o | == ideal
021 K N
s hY
2’ N
L , N
= s . AN
E 0015 / \
g 2 / .
2 L

Fig. 3. Activity vs. concentration Fig. 4. Concentration fluctuation in long
of potassium in the K-Pb alloy wavelength limit vs. concentration
of potassium in the K-Pb alloy
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Viscosity

We utilize Eq. (18) for the theoretical value of the alloy's viscosity at various temperatures. The
densities at different temperatures are used to calculate the molar volume of the components of the
alloy at various temperatures. The Eq. (22)is used to determine each component's density at
temperatures of 848 K, 900 K, and 1000 K. The excess molar volume (V) is set to zero due to a lack
of experimental data. Although the value of VE is not zero for non-ideal alloys, its contribution is
insignificant [26]. The viscosity of the alloy reduces as the temperature rises, as indicated in the Fig.
(5). However, due to limited or no available data for certain compositions and temperatures, it is
difficult to establish the accuracy of viscosity with certainty.

sk B48 K
- 1000 K

1(mpas)

0.5 —

o . | . | . | . | .
0] 0.2 0.4 0.6 0.8 1

Fig. 5. Viscosity vs. concentration of potassium in the K-Pb alloy.

Surface property; Surface segregation and surface tension

In order to calculate the surface tension of the alloy, Individual metals' surface tensions are estimated
at different temperatures (848 K, 1000 K, 1200 K, and 1500 K) by using Eq. (23) at first. The value

S,XS

“rws) is taken 0.818 [23].
J

The partial molar volume is substituted by the molar volume of the same component when the excess
molar volume of the combination is minor or unknown. The pure surface area (Aj(-)) of the same pure
component obviously substitutes for the partial surface area (4;) of the same pure component in this
example [27]. We may now acquire surface concentrations for both metals by using such values to
the expression for both metals in Eq. (19) and solving them concurrently, and then calculating the
surface tension of the alloy using each surface concentration of corresponding metals. Figs. (6) and
(7) depict graphs of potassium surface concentration and alloy surface tension versus potassium
concentration respectively.

Fig. (6) illustrates that potassium atoms segregate on the surface, but this tendency decreases as
temperature rises because another component, Pb, gains energy and seeks to move closer to the
surface. As seen in Fig. (7), the surface tension of the liquid alloy falls as the temperature rises.

of geometrical structure factor is 1.061 and ratio (
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Fig. 6. Surface segregation vs. concentration Fig.7. Surface tension vs. concentration
of potassium in the K-Pb alloy. of potassium in the K-Pb alloy
Conclusion

1. The alloy's thermodynamic and structural properties calculated using the quasi chemical
approximation and RK equation are very close to experimental results at 848 K.

2. The alloy is less interactive, and its interaction ability declines as temperature rises.
3. It is totally ordering at all temperatures of interest, but as the temperature rises, it becomes less.

4. At 848 K, potassium atoms segregate on the alloy's surface, but this segregation decreases as the
alloy's temperature rises.

5. As the concentration of potassium in the alloy rises, the case of viscosity and surface tension
becomes exactly opposite. So is the case when we take temperature at one hand and viscosity and
surface tension at the other.
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This study explores the mixing nature of sodium—indium liquid alloy at tem-
peratures of 713 K, 850 K, 950 K and 1050 K. It uses quasi-lattice approxi-
mation for the thermodynamic analysis of concentration dependent mixing
behaviours of sodium—indium liquid alloy under the assumption of NasIn
complex. It compares the obtained theoretical results with the experimental
result and result of Redlich—Kister (R—K) equation for the validity. The re-
searchers concentrate on the viscosity and surface tension of the alloy under
the modelling equations as suggested by Kaptay and improved derivation of
Butler equation, respectively. This paper focuses on the interaction energy
parameters among neighbouring atoms of the alloy. It observes that the alloy
is moderately interacting and ordering nature at the lower concentration of
sodium. The theoretical results of the thermodynamic properties are nearly
in agreement with the corresponding experimental data as well as results ob-
tained by R—K equation at 713 K. It claims that the ordering behaviour, vis-
cosity and surface tension of the alloy decreases with the increase in tempera-
ture.

Key words: liquid alloys, thermodynamic properties, R—K equation, energy
parameters, ordering.
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OIMIKeHHS IJId TepMOAMHAMIUHOI aHaIis3y 3aJIesKHUX Bil KOHITeHTpAaIlii xapa-
KTEPUCTUK 3MillIyBaHHA PiKOr0 CTOILY HATPili—iHAill 3a IpUNyIIeHHAM HaAB-
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"HOocTHu KoMmILiaeKkcy NasIn. ITopiBHAHO ofepsKaHi TeOpeTUYHI pe3yJIbTATH 3 eKC-
IepUMEHTAJFHUMU Ta pe3yJbTaTaMu, 10 nae piBHAHHA Pemmixa—Kicrepa.
HocaigHUKY mepeBaskHO 30CepeIKyIOThCA Ha BUBUEHHI B’I3KOCTHU Ta IOBEPX-
HEeBOT'0 HATATY CTONIY BiAMOBiZHO M0 PiBHAHB, 3ampoioHoBaHuxX Kamraem, i
BIIOCKOHAJIEHOTO BUBeJeHHA PiBHAHHA BaTsaepa. 1o crarTio mpucBaueHo goc-
JiIyKeHHIO eHepreTUYHUX IIapaMeTpPiB B3aeMogii Mik cycimHiMu aTomMmamu cTo-
my. 3a3HAYaEThCA, 110 B3AEMOJiA IJIA IIHOTO CTOIy € IIOMipHOI0; KpiM TOrO,
HasgBHE BIIOPAAKYBaHHA 3a HU:KUOI KoHIeHTpallii Harpiro. Teopermnuni pe-
3yJABTATU IJISI TEPMOIUHAMIUHNX BJIACTHUBOCTEH Y3TOMKYIOTHCS 3 BiAMOBimHM-
MU eKCIepUMEHTAJTbHUMU TaHUMU, & TAKOXK Pe3yJIbTaTaMU, OJEP:KaHUMU 3a
momomorom piBuaHHA Pemmixa—Kicrepa npaa 713 K. CrBepasKyeTnbes, IO BIIO-
PAOKYBaHHSA, B’A3KiCTh i MOBepXHEBUII HATAT CTOIY 3MEHIIYIOTHCS 3 IIigBU-
IeHHAM TeMIIepaTypu.

KarouoBi cmoBa: piaki cTomu, TepMoAUHaMiUHI BJIaCTUBOCTi, piBHAHHA Pemri-
xa—Kicrepa, emepreTuuHi mapaMeTpu, BIIOPSIAKYBaHHA.

(Received January 20, 2022; in final version, September 23, 2022 )

1.INTRODUCTION

The properties of liquid alloys mainly depend on composition of con-
stituent elements, temperature and pressure. The alloying phenomena
play an important role on stability, strength, electrical character etc.
of the materials. Thus, the study of mixing nature of elements forming
alloys has been given great attention by researchers. However, detailed
analysis of different behaviour of the alloys at high temperature and at
all compositions of constituent elements becomes strenuous due to in-
convenience in experimental task and time limitation. To overcome
such difficulties and to speed up the study, many theoreticians have
put forward different theoretical models [1-7].

The sodium element is highly reactive and makes complex alloys
with other elements like lead, potassium, calcium and so on. Because of
the development of such complexes, the thermodynamic properties of
binary sodium alloys frequently deviate significantly from those of
regular alloys. This makes it fascinating to investigate the properties
of various alloys of sodium. Hence, different researchers [8—14] have
investigated different properties of sodium alloys. However, the alloy-
ing nature of sodium with indium is found lacking till now except few
experimental thermodynamic results explored by few experimentalists
[15].

The present study aims to study the thermophysical behaviours of
sodium—indium alloy at temperatures 713 K, 850 K, 950 K and 1050 K
by assuming NasIn complex. The thermodynamic behaviours of the al-
loy are analysed by quasi lattice approximation [4]. The validity of this
model is tested comparing result obtained with theoretical results of
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Redlich—Kister (R—K) equation [2] and experimental results at tem-
perature 713 K. The viscosity and surface tension of the alloy have
been studied at aforementioned temperature by Kaptay model [16] and
improved Butler equation [17], respectively.

2. THEORETICAL DETAILS
2.1. Thermodynamic Properties

Let an alloy of constituent metals X and Y has chemical complexes
X, Y, in such a way that uX + 8Y = X Y,, where p and 8 are small in-
tegers. The excess Gibbs free energy of mixing G;,I(S in the case of quasi
lattice approximation [4] can be written as:

Gy = N(O0 + 0y Awygy + Oy Aogy + 04y A0y, (1)

where N is Avogadro’s number, 0, ; (i,j = X,Y) are simple polynomials
in concentration (C), o is interchange energy and Aw;; are interaction
energy parameters.

The value of 0 is always CxCy, where Cx and Cy are concentration of
constituent elements X and Y respectively. The sum of concentration
of two components is always one (i.e., Cx+ Cy=1). The values of 0, in
the case of u=3 and 9 =1 are found to be [4, 18]:

Oy =5 Cx +2C3 - Ch = CE +2.Ch, (@)

3 2 3 2 1
eXX:_%CX+§C)B;_ZC§+EC§_EC§’ (3)
0yy =0. 4)

The Gibbs free energy of complex formation of an alloy is given by
standard equation as:

Gy, = GX + RT(Cy InCy + C, InC,) = N(0w + 0, Awy, +

5
+0yx A0yy + 0yyAmyy) + RT(Cy InCy + Cy InCy). ®)

The enthalpy of mixing of an alloy is found out from Gibbs free en-
ergy by standard thermodynamic equation as:

oG B0 OA® OA®
H, =G, -T| =M =G, -TN| —0+—XY9 +-—XXg | 6
Mo [6T jcm M (8T or ¥ oT XX) (©)

The activity a; of each constituent element of the alloy is related to
Gibbs free energy by standard relation given as:
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aGMJ and RTlna, = G, —CX(GGM} . (M
C T,P,N 6CY T,P,N

X

RT1Inay, = Gy +CY[

Similarly, the partial excess Gibbs free energy is related to activity
of each component by the following relation[19, 20]:

G* = RTIn(a, / C,). (8)

2.2. Structural Properties

For the theoretical study of arrangement of atoms in the binary alloy,
we compute concentration fluctuation in long-wavelength limit and
Warren—Cowley chemical short-range order parameter.

The concentration fluctuation in long-wavelength limit Scc(0) is
given as[21]:

-1
0°G
S..(0) = RT M . 9
CC( : (acz jTPN ©
Scc(0) can also be found out by observed activities as:
day ) da, )
a a
Sec(0) = Cyay (f} =Cyay [f} . (10)
X /r,P,N Y/T,P,N
Thus, Scc(0) obtained from observed activities is also called as experi-
mental Scc(0).
From equations (5) and (9), the theoretical Scc(0) can be obtained as:
RT
Sec(0) = (11)

(20 + 0% Ay, + 0%y Ay + RT / CLCy)

The Warren—Cowley chemical short range order parameter o, is re-
lated to the ratio of concentration fluctuation in long-wavelength limit
S to coordination number Z [22, 23] as:

o, = (S-DIS(Z -1) +1] 7, (12)

where

3 S (0)
850

and Sédc(O) is the concentration fluctuation in long-wavelength limit

for an ideal alloy. Z is co-ordination number and its value is taken 10
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[24, 25] for the liquid alloy study.

2.3. Transport Property: Viscosity

Kaptay considered the relationship between the cohesive energy and

activation energy of the viscous flow and developed an equation of vis-

cosity n for binary alloy as given below [16]:

B hN ox C.Gy +C,G, —DH,
CVy +C Vy +VE RT ’

n (13)

where # is Planck’s constant, V; (i=X, Y) is the molar volume of pure
metal, VE is excess molar volume upon alloy formation, G; is Gibbs acti-
vation energy of viscous flow in pure metals and ® is a constant whose
value is (0.155+0.015) [26]. The Gibbs energy of activation of pure
metal i is calculated by the following equation:

G, = RTn UiA) (14)
AN

where n; is viscosity of individual elements X and Y, respectively. The
variation of viscosity of a metal with temperature is given as[27]:

€
o £ 15

where no and ¢ are constants of each metal having units of viscosity and
energy per mole respectively.

2.4. Surface Properties: Surface Tension

According to this model, there is an existence of a monoatomic layer,
called surface monolayer at the surface of the molten alloy as a sepa-
rate phase and it is in thermodynamic equilibrium with that of the bulk
phase. The surface tension o of binary alloy at temperature T is given
by the improved Butler equation [17] as:

0 S S,Xs b,Xs
; RT . C° G -G~
o = —yl G? +—ln—’b + 4t

Y v, G Ys

where c),v;,y, are surface tension, molar surface area of each liquid
metal and partial molar surface area of i® component, respectively.
G>* and G are partial excess free energy of mixing in the surface
and bulk of constituent elements of the alloy respectively and are re-
lated as G™*° = BG*. For the liquid phase, the value of B is taken as

, (16)
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0.818[28].
The molar surface area of i*" component is given as [26]:
2/3
M?
vi = x(p—] N2, an

where M iO , p?, v are respectively molar mass, density of each constitu-
ent element at its melting temperature, and geometrical constant. The
value of y is obtained from volume packing fraction fr and surface

packing fraction fs by the expression as [26]:

() 5

For the liquid metal, the values of both fr and fs are taken as 0.66
and 0.906, respectively [26, 28].

The density p; and surface tension ¢’ of each constituent metal of
the liquid alloy at any temperature T are expressed as [27]:

d
Pl =p, + o (T=T)), (19)

0 do
=0, +—(T-T)), 20
G, =0, dT( o) (20)

where p; and c; are density and surface tension of each component at its
melting temperature Ty. Similarly, dp/dT and do/dT are temperature
coefficient of density and surface tension, respectively.

3. RESULTS AND DISCUSSION
3.1. Thermodynamic and Structural Properties

In order to analyse thermodynamic properties of an alloy under the
quasi-chemical treatment, it is necessary to determine the interaction
energy parameters and their temperature derivatives. The energy pa-
rameters between the atoms of the alloy at a temperature are carried
out by successive approximation method using Eq. (1) and experi-
mental results [15] within concentration range 0.1 to 0.9. Now such
parameters at high temperatures are obtained using Eq. (21) under the
assumption that the parameters are linearly dependent on temperature
and independent on the concentration of each component of the alloy:
0w, (T)

oo,
dlo, ()], = —2=dT, i # j; 0,(T) - 0,(T) = %(7} ~T). (@21
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TABLE 1. Interaction energy parameters (J/mol) at different temperatures.

Temperature, K 0 ‘ Aoxy ‘ Awxx
713 -2641.197 -7800.238 77408.543
850 -2088.8403 -4156.642 65842.259
950 -1685.587 -1497.082 57399.716
1050 -1282.334 1162.477 48957.172

The parameters thus found at different temperature are shown in the
Table 1.

Similarly, we optimized linear temperature dependent R—K poly-
nomials [29] to compare our results with Redlich—Kister equation [2].
The R—K polynomials thus optimized are given below:

L, =-35087.119 + 27.878T,
L, =8399.395-0.220T,
L, =16556.200 -12.267T.

The plot of Gibbs free energy versus concentration of Na of the alloy
at temperature 713 K is shown in Fig. 1. As clear, the theoretically
computed result is in good agreement with experimental result. This
proves the validity of model and interaction parameters. Figure 2 is
the Gibbs free energy of mixing at higher temperatures at three differ-
ent compositions, Najolng, NasoInso, and NagoInio of the alloy. The fig-
ure depicts that as temperature increases the Gibbs free energy of mix-

CNa
0 01 02 03 04 05 06 07 08 09 1.0

0 T | T T T T T I
+—+ this work
** R-K
-1000 — ® experimental
° _ L
g 2000
=
=
25 _ L
5 3000
-4000 —
-5000

Fig. 1. Excess Gibbs energy vs. concentration of Na at 713 K.
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Fig. 2. Excess Gibbs energy vs. temperature.

ing becomes less negative indicating that interaction decreases with
increase in temperature.

The temperature derivatives of interaction energy parameters are
also acquired by successive approximation method by using Eq. (6) and
experimental result [15] within concentration range 0.1 to 0.9. The
values of such parameters at temperature 713 K are dw /0T =0.485R,
Owxy/0T =3.198R, and Owxx/0T=-10.154R. However, for small
change in temperature the temperature derivatives of such parameters
are considered constant. Figure 3 is the computed enthalpy of mixing
of alloy at 713 K, which nearly agrees with experimental results. The
computed enthalpy of mixing of alloy at higher temperature and at

CNu
00 01 02 03 04 05 06 07 08 09 10
T T T Tttt
+—¢ This work
_05 ® Experimental
.5
=
% —1.0
o
)
15k
-2.0

Fig. 3. Enthalpy of mixing vs. concentration of Na at 713 K.
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Fig. 4. Enthalpy vs. temperature.

Naiolngo, NasoInse, and NageInio compositions of the alloy is shown in
the Fig. 4.The less negative values of enthalpy of mixing at higher
temperatures indicates that the alloy shows less interacting behaviour
with increase in temperatures.

Chemical activity of constituent of the alloy is considered another
important thermodynamic property of the alloy. It mainly gives the
idea about the deviation of constituent element from the ideal behav-
iour. According to Porter and Easterling [30], the activity informs the
tendency of constituents of the alloy whether they are willing to leave
the mixture or not. If the activity is high, the atoms show high tenden-

1.0
+—¢ this work
#*—# R-K
0.8 — ® experimental
06—
5
0.4
0.2+
0 | | |

. n PR . P . . .
0 01 02 08 04 05 06 07 08 09 1.0
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Fig. 5. Activity vs. concentration of Na at 713 K.
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Fig. 6. Activity vs. temperature.

cy to leave the mixture and vice-versa. Equation (7) is used to calculate
the chemical activity of components of alloy Naln. Figure 5 is the re-
sult of experimental, theoretical and R—K equation of the chemical ac-
tivity of the alloy at 713 K which shows a good agreement between the
experimental and theoretical results. It suggests that at lower concen-
trations of Na, there is probability of pairing of unlike atoms. Howev-
er, as temperature increases, the activity of each component increases
as shown in Fig. 6 indicating that the atoms of constituent elements
have less tendency to mix together when temperature of the alloy’s in-
creases.

For the theoretical analysis of internal adjustment of atoms in the
binary alloy, the concentration fluctuations in the long-wavelength
limit Scc(0) and Warren—Cowley short-range order parameter o; are
considered important tools. The concept of Scc(0) removes difficulties
on diffraction experiments [21].

The Scc(0) provides the qualitative information whereas the o pro-
vides quantitative information of local arrangement of atoms. For giv-
en concentration and temperature, if S.,(0) < S5, (0), then, a;=-1. In
this situation the alloy is expected to have ordering nature and if
Sy (0) > Si5.(0), then, a; =1 and expected nature of the alloy is segre-
gating. The value of Scc(0) goes to be zero for strong interacting alloys.
The graph of experimental and theoretical values of Scc(0) at tempera-
ture 713 K is shown in Fig. 7, which suggests that the alloy has order-
ing tendency up to concentration 0.7 of Na, but at above concentration
0.7, it shows segregating nature as shown in Fig. 8. Accordingly, the
value of o is less than zero at 0.7 and more than zero above concentra-
tion 0.7 of Na at all temperatures as in Fig. 9.
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Fig. 7. Concentration fluctuation in long-wavelength limit vs. concentration
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Fig. 8. Concentration fluctuation in long-wavelength limit at different tem-
peratures.

3.2. Transport Properties

The concentration and temperature dependent viscosity at tempera-
ture 713 K-1050 K is calculated by Kaptay model as shown in Fig. 10.
During the calculation, the value of VE is taken zero due to the lack of
experimental values [16, 31]. As clear, the viscosity of alloy decreases
with increase in temperature which is the indication of reduction of
interatomic attractive forces with rise in temperature and it is obvi-
ous.
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Fig. 9. Warren—Cowley short-range order parameter vs. concentration of Na
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3.3. Surface Properties

In order to calculate the surface tension of the Naln liquid alloy, the
densities and surface tension required for each metal at temperatures
713 K-1050 K are calculated using equations (19) and (20). Similarly,
the partial excess free energy of Na and In at afore-mentioned temper-
atures are obtained by the theoretical activities obtained from equa-
tion (8).

Kaptay [17, 32] suggested that for unknown or negligible excess mo-
lar volume of the mixing, the partial molar volume of each component
can be replaced by the molar volume of same component. In such situa-

0.7

0.4

1, mN-s/m?

0.3
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Fig. 10. Viscosity vs. concentration of Na at different temperatures.
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Fig. 11. Surface segregation vs. concentration Na at different temperatures.

tion, the surface area y? of each component replaces the partial surface
area y;. Now, using above-input parameters and solving Eq. (16), we
find surface concentration of each component. The surface concentra-
tion of Na at afore-mentioned temperature is shown in the Fig. 11. The
figure indicates that the sodium atoms prefer to stay on the surface.
Similarly, at higher concentration of Na, the surface segregation of
both components shifts towards the ideal value to revoke the tempera-
ture effect. Thus, it can be said that at higher concentration of Na,
there appears phase separation in the alloy. Similarly, the surface seg-
regation of Na decreases with increase in temperature. The computed
values of surface tension obtained at different temperatures are shown
in Fig. 12. The figure suggests that the surface tension of the alloy re-
duces with increase in temperature.

4. CONCLUSION

The present study is the theoretical investigation of thermodynamic,
structural, transport and surface behaviours of binary liquid Naln al-
loy at 713 K, 850K, 950K and 1050 K under the assumption of exist-
ence of NasIn complex in the binary liquid mixture. From the thermo-
dynamic study, we got the information that the alloy is moderately in-
teracting and exhibits asymmetric behaviour as a function of concen-
tration. The less negative values of thermodynamic properties at high-
er temperature indicate the weak tendency of compound forming alloy.
The study also insights ordered tendencies of the alloy at about 0.7
concentration of Na at 713 K, but it becomes weaker with increase in
temperature. As also observed, the surface segregation of sodium in-
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Fig. 12. Surface tension vs. concentration Na at different temperatures.

creases and that of indium decreases with increase in concentration of
Na, which is the proof of segregating nature of alloy beyond 0.7 con-
centration of sodium. The thermophysical properties, viscosity and
surface tension both decrease with rise in temperature.

This contribution was created under the support of University
Grants Commission, Nepal.
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Abstract: This research explores mixing behavior of Ga-Zn system throughComplex Formation Model. The variables
affecting to temperature are the interaction energy parameters in which the properties under investigation are
projected. The study has inspected through different thermodynamic properties such as free energy of mixing,
heat of mixing and entropy of mixing. Theoretical results are in a good acceptance with the corresponding
literaturedata and support a homocoordinating tendency in Ga-Zn liquid alloys.
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1. Introduction

Gallium lies on group IIIB in the periodic table. It is proficiently applicable as a thermometric liquid and
in doping semi-conductors and production of solid-state devices like transistors. Huge amounts of zinc are used to
produce die castings. These applications of the components of liquid alloys studied make them good candidates
for the current kind of study. In manufacturing semiconductor devices, Gallium alloys play the pivotal role. And
it is promising materials for lead free solders, because they have the traits of low melting point, good wetting
properties, adhesion and oxidation resistance [1-3].Ga-Zn alloy possesses the constituents of different Gallium
based multi component alloys i.e. applied in semiconducting industry. This research is significant for the study of
the energetics of ternary systems such as Ga-Sn-Zn, Al-Ga-Zn, etc. It is specified that, this system is intensified
low melting eutectic which is mentioned in literature [4-6].

The Ga-Zn system is analyzed through positive interaction energy, amplifying the formation of two phase
structure, as presented by its simple eutectic phase diagram. The preliminary research of the empirical factors
such as electronegativity difference (= 0) and size ratio Qqa/Qzn ~ 1.19 (Q is atomic volume) [7, 8]. Ga-Zn
system presents the values which are the characteristics for segregating alloys. However, the determining role is
ascribed to the size ratio values. It purposes a limited solubility in the solid state and hence the presence of an

eutectic reaction.

* Corresponding Author: ikphysicstu@gmail.com
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Thermodynamics of Ga-Zn system is examined through various experimental methods. There are numerous
findings obtained applying EMF measurements. Besides this, there are some other results derived by thermo-
dynamic calculation based on various theoretical models [9]. Numerous investigations have been performed for
different system through various approaches [10-14]. This paper presents the results of thermodynamic analysis
of Ga-Zn alloys according to Conformal Solution Model. The outcomes are analyzed and compared with literature

data to explicate the accuracy of this method in thermodynamic description of the presented binary system.

2. Modelling

If ¢ is the atomic concentration of A atoms then (1-c) is atomic concentration for B atoms and such that
uA +vB = AyB, (u and v are small integer) then, number of A atoms, N4 = c. Number of B atoms, Np =
(1-c) , so that total number of atoms, N = Ng + Ng. 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 A, B,, ternary mixture also called conformal solution. The
number of free atoms will be reduced due to compound formation in the melt. Now for n; gm atoms of A, na gm

atoms of B and ng gm atoms of A, B,,
ny=c—uns andny = (1 —¢) —vng (1)
The total number of atoms after mixing,

n=mni+n2+ns (2)

=1—(u+v—1)ns (3)
The free energy of mixing of the binary A-B mixture can be written as,
Gu = —n3g+ G (4)

Here, —nsg 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 A, B,. If the ternary mixture is an

ideal solution,
n
G' = RTY miln (™) 5
> maln (= (5)
If the effects of differences in sizes of the various constituents in the mixture cannot be ignored and the

interaction w;; 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> nin (%) + 3wy (m:;

) (6)
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This equation is also referred to as conformal solution approximation. where w;; = 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 G'ys for the compound forming binary alloy

is

G = —nsg+ RT Zmzn( D3> (M) wy (7)

i<j

The expression for heat of mixing HMis given by [17],

oG
Hy = Gu-—-T (J)

oT

HM:—TL3Q+RTZWZ”( )—I_ZZ(MRJ) ‘_Ta%

1<j

—n3g + RTZmln ( ) + ZZ (nmj)w”}

=1 1<j

(9)
nler() Jomm e 1(3),

i<j

The expression for entropy of mixing SM can be obtained as [17],

Sy = n3—g — R anln— 7227“”] aw” (11)

1<j

The equilibrium value of ng at a given pressure and temperature is given by

3GM)
=0 (12)
( Ons T,P,N,C

Substituting the value of GM from Eq. 7 and after some algebraic calculation
In (nsn* " tni "0y ") +Y = 9 (13)

which is the equilibrium equation, where

w23 nins n3 ni] wis
(wtv=1) -2+ 2R [D 2 o) —u T+ T R

ning n2 ni] wiz2 nansg
y =" —1) —ul2 T 22 [
n? (uto )~ u n v n 1l 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, ¢ = 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 (1 = 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, wia = -6.091, w3 = 1.942, we3 = 1.808

10 0.251
0.30 4
08
0,354
£
- 08
S & 040
- )
= 04 @ 0.45 4
02 -0.50 1
-0.55 1 «
00
Ga Zn
T T T T T T -0.60 T T T T 1
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Figure 1. (a) Number of complexes (n1,n2,n3) Vs concentration (cgq) of liquid Ga-Zn alloy at 750 K, (b) Free
energy of mixing (GM/RT) Vs concentration (cgq) of liquid Ga-Zn alloy at 750 K [Theoretical(—) and
experimental(*) values [18]].

Equilibrium relation Eq. 13 along with Egs. 1 and 3 are used to compute the number of complexes, ns,
as a function of concentration. The values of interaction energy parameters are adjusted to give the concentra-
tion dependence of Gy 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, ¢ = 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 7" = 750K, the enthalpy of mixing, Hys and
the entropy of mixing SM have been evaluated by Eqgs. 10 and 11, respectively. The experimental data on the
enthalpy of mixing measured at temperatures 7' = 750K [18] have been used to calculate the variation in order

energy parameters with temperature. The computed values of the derivatives are

1 89 1 8&)12 1 6&}13 1 8&)23

A comparison between the calculated values of Hps and Sy 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 (Has/RT'), (b) Entropy of mixing (Saz/R) Vs concentration (cgaq) of liquid Ga-Zn
alloy at 750 K. [Theoretical(-) and experimental(x) 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.

References

[1] Xu Q, Oudalov N, Guo Q, Jaeger HM, Brown E. Effect of oxidation on the mechanical properties of liquid
gallium and eutectic gallium-indium. Physics of fluids. 2012;24(6):063101.

[2] Wang H, Fang J, Xu Z, Zhang X. Improvement of Ga and Zn alloyed Sn—-0.7 Cu solder alloys and joints.
Journal of Materials Science: Materials in Electronics. 2015;26(6):3589-3595.

[3] Liu NS, Lin KL. The effect of Ga content on the wetting reaction and interfacial morphology formed between
Sn—8.55 Zn—0.5 Ag—0.1 Al-xGa solders and Cu. Scripta Materialia. 2006;54(2):219-224.

[4] Dutkiewicz J, Moser Z, Zabdyr L, Gohil DD, Chart TG, Ansara I, et al. The Ga-Zn (Gallium-Zinc) system.
Bulletin of Alloy Phase Diagrams. 1990;11(1):77-82.

[5] Genta V, Fiorani M, Valenti V. Thermodynamic Investigations of Metallic Systems, Note II: GaZn Liquid
System. Gazz Chim Ital. 1955;85:103-110.

[6] Predel B, Frebel M, Gust W. Untersuchung der thermodynamischen Eigenschaften fliissiger gallium-zinn-
und gallium-wismut-Legierungen. Journal of the Less Common Metals. 1969;17(4):391-402.

[7] Singh RN, Sommer F. Segregation and immiscibility in liquid binary alloys. Reports on Progress in Physics.



Thermodynamics of liquid Gallium-Zinc alloy

|
1997;60(1):57-150.
[8] Iida T. Physical Properties of Liquid Metals. (II). Structure of Liquid Metals and Their (Number) Density.
Journal of the Japan Welding Society. 1993;62(8):590-594.
[9] Novakovic R, Zivkovic D. Thermodynamics and surface properties of liquid Ga-X (X = Sn, Zn) alloys.

Journal of Materials Science. 2005 may;40(9-10):2251-2257.

[10] Novakovic R, Ricci E, Gnecco F, Giuranno D, Borzone G. Surface and transport properties of Au-Sn liquid
alloys. Surface Science. 2005;599(1-3):230-247.

[11] Novakovic R, Ricci E, Giuranno D, Gnecco F. Surface properties of Bi-Pb liquid alloys. Surface Science.
2002;515(2-3):377-389.

[12] Prasad LC, Singh RN, Singh VN, Chatterjee SK. Compound formation in Sn-based liquid alloys. Physica
B: Condensed Matter. 1995;215(2-3):225-232.

[13] Sharma N, Thakur A, Ahluwalia PK. Thermodynamic, surface and transport properties of liquid Hg-Pb and
Hg—In amalgams. Journal of Molecular Liquids. 2013;188:104—-112.

[14] Awe OE, Akinlade O, Hussain LA. Thermodynamic properties of liquid Te-Ga and Te-T1 alloys. Journal of
Alloys and Compounds. 2003;361(1-2):227-233.

[15] Guggenheim EA. Statistical thermodynamics of mixtures with zero energies of mixing. Proceedings of the
Royal Society of London Series A Mathematical and Physical Sciences. 1944;183(993):203—212.

[16] Longuet-Higgins H. The statistical thermodynamics of multicomponent systems. Proceedings of the Royal
Society of London Series A Mathematical and Physical Sciences. 1951;205(1081):247-269.

[17] Lele S, Ramachandrarao P. Estimation of complex concentration in a regular associated solution. Metallur-
gical Transactions B. 1981;12(4):659-666.

[18] Hultgren RK, Desai PD, Hawkins DT, Gleiser M, Kelley K. Selected values of the thermodynamic properties
of binary alloys. 1st ed. American Society for Metals; 1993.

[19] Bhatia AB, Hargrove WH. Concentration fluctuations and thermodynamic properties of some compound
forming binary molten systems. Physical Review B. 1974;10(8):3186-3196.

[20] Bhatia AB, Hargrove WH, Thornton DE. Concentration fluctuations and partial structure factors of
compound-forming binary molten alloys. Physical Review B. 1974;9(2):435-444.

[21] Koirala I, Singh BP, Jha IS. Theoretical assessment on segregating nature of liquid In—T1 alloys. Journal of
Non-Crystalline Solids. 2014;398-399:26-31.

[22] Jha IS, Singh RN, Srivastava PL, Mitra NR. Stability of HgNa and HgK liquid alloys. Philosophical Magazine
B. 1990;61(1):15-24.

[23] Jha IS, Koirala I, Singh BP, Adhikari D. Concentration dependence of thermodynamic, transport and surface
properties in Ag—Cu liquid alloys. Applied Physics A. 2014;116(3):1517-1523.

[24] Singh BP, Koirala I, Jha IS, Adhikari D. The segregating nature of Cd—Pb liquid binary alloys. Physics and
Chemistry of Liquids. 2014;52(4):457-470.



Himalayan Journal of Science and Technology, Vol. 3-4 (2020), 68-73

VAV
A@A

\/

Original Article

Himalayan Journal of Science and Technology

. «CENCE 4y,
RLS Vo,,

Theoretical assessment on hetero-coordination of Alloys Silver-Antimony at Molten State

abNarayan Panthi,,>¢Indra Bahadur Bhandari, 2Ishwar Koirala*

2 Central Department of Physics, Tribhuvan University, Kirtipur, Nepal
®Department of Physics, Patan Multiple Campus, Tribhuvan University, Nepal
‘Department of Applied Sciences, Institute of Engineering, Tribhuvan University, Nepal

*Corresponding email: iswar.koirala@cdp.tu.edu.np

Abstract

Article Info

The thermodynamic and structural properties of binary alloy Ag- Sb at temperature 1250K

Article history:

have been reported theoretically using quasi lattice model. The interchange energy has

been considered a function of a temperature and thus various thermodynamic quantities
are calculated at elevated temperature. The theoretical values of free energy of mixing,

Received date: 07 November 2019
Accepted date: 04 May 2020

heat of mixing, entropy of mixing and chemical activity are reasonable agreement with

experimental values in all concentrations of antimony from 0.1 to 0.9. The theoretical
analysis tells that the alloy shows both ordering nature in Ag rich end and segregating
nature in Sb rich end .The study reveals that the properties of alloy are asymmetric around
equi-atomic composition. The Ag_3 Sn complexes are most likely to exist in the liquid

state and are moderately interacting.
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1. Introduction

The study of alloying behaviour is an important
field in metallurgical science. The alloys may be of
binary, ternary, quaternary and so on. Here our concern
is only on the binary alloy. The binary alloy is a type
of product formed by combination of two elements (at
least one metal) in liquid state. Different properties of
binary alloys are directly concerned with concentration
of constituent elements .The alloys show symmetric or
asymmetric  behaviour in thermodynamic and
structural properties with respect to concentration
(Hultgren et al., 1973). Most of the used industrial and
commercial materials are solid alloys. So they have
deep utilization in solid state. The properties of initial
melt play important role in the formation of alloys.
Thus determination of different properties of the alloys
in the liquid state are important to study the alloying
behaviour in metallurgical science as well as
knowledge of various properties of alloys at liquid state
is important for the production of new materials
required for high temperature application. Demand of
different and new alloys in metallurgical science is
increasing day by day and hence scientists are trying to

HiJOST 2020, 3-4, 68-73; doi: FOR PEER REVIEW

find different alloys by mixing different elements at
different compositions.

Silver is very soft, ductile and malleable metal. The
combination of silver with different elements helps to
improve hardness and wear-resistance of deposits and
higher stability tarnishing antifriction characteristics.
There has been growing tendency in calculating the
properties of silver—antimony alloys. It has been used
as electroplating deposition due to its increased
hardness and wear-resistance which, finally aims to the
use of smaller plate thickness and consequent saving of
expensive materials (Singh et al., 2010).

Different theoreticians are working with various
theoretical models to understand the alloying
behaviour of compound forming binary alloys. In the
present work, one of the Silver alloys Ag-Sb is studied
theoretically to determine certain properties at 1250 K
assuming AgxSbhy (x=3, y=1) complex in melt by using
Quasi lattice model. Thermodynamic properties such
as free energy of mixing, heat of mixing and entropy of
mixing , chemical activity provide the knowledge on
the interaction, stability and bonding strength among
the constituent atoms whereas information on the
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structural ordering of atoms in binary alloys in the

liquid state is provided by the quantitative analysis of
microscopic functions, the concentration fluctuations
in the long wavelength limit (Scc(0)), short-range order
parameter (al)and diffusivity(Dm/Dig)(Koirala et al.,
2014; Jha et al., 2015; Kaoirala et al., 2018). Scc(0)
represents the nature of ordering of the atoms ,al
quantifies the degree of ordering and diffusion
coefficient ratio (Dm/Dig) gives the structural behaviour
of the alloy .

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

2. Theoretical formulation

Let a binary alloy contains in all N atoms with Na
and Ng atoms of A and B elements respectively, kg is
Boltzmann constant, T is absolute temperature. Then
the model considers the existence of chemical
complexes AsBy where, A and B are the constituent
species of the alloy and x and y are the small integers.
xA+ yB = A,B,

With this consideration, grand partition function
(Guggenheim, 1952) in terms of configurational
energy ‘E’ is expressed as
E = Tpaa"(Ndy" (1) exp[(uala +usNs — E) /ksT] (1)

Where ¢;(T) and y; are atomic partition function
and chemical potential of the i*"(i =A, B) species. By
using above relation we find following expressions for
the determination of different properties. With this
consideration the excess free energy of mixing
becomes
GXS = NKgT [ ydc )

Where v is ratio of the activity coefficient of atom
A to B; C is the concentration of atom A
The solution of eq". (2) leads to

Gi® = N[pw + Pap0ap + PaawastPppwps] €))
Where w’s are the ordering energies; and ® = ¢ (1-
c¢) and ®ij’s (i,j= A,B) are the simple polynomials in c
depending on the values of x and y.
For A= Ag, B=Sb, x=3 and y=1, the values of ®j;’s
(Bhatia & Singh, 1982) are found to be

1 2 1 1
Ppp(c) =cctscd—ct—cc®+5c®

®pp(c) =0
The Free energy of mixing for complex forming

Gy = G¥S + NkgT[cInc + (1 —¢) In(1 — ¢)]

_ W Awap Awaa Awpp

= RT @ Pt Dap A 4 )y S 80
chnc+(1-0l1-0)| @
The heat of mixing is found out by using standard
thermodynamic relation:

Hy Gy 1dGy
T~ rr LrRar NP

1 dAwap

_ o[ _ Lde Awag _
- (b[kBT kg dT] + CDAB[kBT kg dT 1+
Awpap 1 dAwap Awpp _
Paal ot o ar AT Pasl 7
A
iﬂ] (5)

kg dT

The standard thermodynamic relation for entropy of
mixing is
SM _ Hy Gm

= ©)

R RT RT

The activity of the constituent elements in the alloys

is determined from standard thermodynamic relation
Gy

RTIna;(i=AB) = GM + (1-¢) [5ren (1)

By solving eq™(4) and (7), the theoretical values
activities of each component are given as follows.

G 1-C '
ll’laA = ﬁ +m [(1_2C)(.0 +CDABA0“)AB +

D' yyAwyy + P'pp Awpg +1In é)] (8)

G c '
ll’laB = ﬁ +m[(1-2€)0) +CDABA(‘OAB +

! ! C
Dypdwgy + P'gp Agg + ln(a)] 9)

Where, ®',5 , ®'44 and d'gp are concentration
derivatives of @, , @4 and dgg respectively.

The concentration fluctuation in long wavelength
limit (Bhatia & Thornton,1970) for alloy is derived

from standard relation
-1

%G
Sec(0) = RT| acZM]TpN 10(a)
-1
N LAY 2az
it [551]1:12, = G [acz]TP 10(b)

Where c¢1 (= ¢) and c(=1-c) are concentrations and
a,and a,are observed activities of elements A and B
respectively.
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Solving eq™ (4) and 10(a), the theoretical value of
Scc(0) is found as follows,

a-9
Scc(0) = .
= 1+c-c){-2;— +¢XBA;%-BT¢XAA:;}A dBp i:?B}
(11)
no__ ¢U
Whereg;; = (i,j =AB)

The Warren-Cowley short order parameter

(Warren, 1969; Cowle, 1950) is related with

concentration fluctuation in long wavelength limit as
_ s-1 _ Sec®

al = Szl where S = . (12)

Se(0)=c(1-0) (13)

The mixing behavior of the alloy forming molten
can also be studied at the microscopic level in terms of
diffusion coefficient ratio which is related to

concentration fluctuation in long wave length limit as,

Dm_ _ See(o)

Dig Scc(o) (14)
Where D, is the intrinsic diffusion coefficient for

an ideal mixture and D, is chemical or mutual

diffusion coefficient.

Dwm is given as (Darken & Gurrey, 1953; Singh et
al., 2014)

Dy = D;uC; %

dlnal

o (15)

3. Result and Discussion
3.1 Thermodynamic Properties
Free Energy of Mixing

The energy parameters used for free energy of
mixing for Ag-Sb liquid alloy is determined by
successive approximation method. The parameters are
determined by using Egn. (4) with experimental value
of Gm in the concentration range from 0.1 to 0.9
(Hultgren et al.,1973). The best fit values of the
parameters are

A(UAB A(UAA

= = _3.97, = 4.38

- 38, 224 = -2.68 (16)

Egn. (4) is used to compute the free energy of
mixing (Gm /RT) for Ag-Sb liquid alloy. The plot of
free energy of mixing verses concentration of antimony
is shown in Fig. 1. The computed and experimental
values of Gm /RT are in good agreement. The
theoretical value of free energy of mixing is minimum
i.e. -1.2RT at Csp =0.4. The theoretical calculation of
free energy of mixing shows that at liquid state, the
alloy Ag-Sb is moderately interacting and hence the
tendency of compound formation is not so strong.

0.0

-0.24

-0.4 4

199

-0.6

-0.8 4

-1.0+

-1.24

Fig. 1: Free energy of mixing (Gm/RT) vs concentration of
antimony (Csp) in liquid alloy at 1250K

Fig. 2: Heat of mixing (HwRT) vs concentration of
antimony (Csp) in liquid alloy at 1250K

Heat of Mixing

For the theoretical determination of heat of mixing
temperature derivatives of interaction parameters are
done. The observed values of Hy (Hultgren et al., 1973)
are used by successive approximation method. The best
fit values of parameters are

id_oo_ 228 idAwAB 789 1 dAwAA

mar = 228 o —4.32 (17)

Egn. (5) is used to compute the heat of mixing
(HW/RT) for Ag-Sb alloy. The plot of heat of mixing
verses concentration of antimony is shown in Fig. 2. It
is found from the analysis that the heat of mixing is
negative in antimony rich region whereas it is positive
in the silver rich region. The observed S-shaped nature
of heat of mixing verses concentration curve is well
explained by the theory. The computed and
experimental values of Hwm/RT are in reasonable

agreement with some discrepancies.

Entropy of Mixing

Using equation (6) along with equations (4) and (5),
the entropy of mixing (Swm) is computed. For theoretical
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calculation same energy parameters eq" (17) are used.

The plot of entropy of mixing(Sw/R) verses
concentration of antimony is shown in Fig. 3 for the
both theoretical and observed values. From figure, it is
observed that theoretical values are in good agreement
with observed values.
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Fig. 3: Entropy of mixing(Sm/R) vs concentration of
antimony(Csp) in liquid alloy at 1250K
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Fig. 4: Chemical activity vs concentration of antimony (Csp)
in liquid alloy at 1250K

3.1.4. Chemical activity

The deviation from ideal behavior of alloys can be
explained by chemical activitities. The eq™ (8) and (9)
are used for theoretical calculation of chemical activity
of constituent elements of alloy Ag-Sb. Fig. 4 shows
the observed and theoretical values of chemical activity
of the alloy.There is good aggrement between
experimental and thheoretical values of activity of Ag
and Sb in Ag-Sb alloys at 1250K at all concentrations
of Sh.

3.2 Structural Properties
Concentration fluctuation in long wave length limit

One of the important function for the study of nature
of atomic order of the binary liquid is considered as the

Concentration fluctuations in the long-wavelength
limit(Scc(0)) because it removes difficulties in
diffraction experiment(Bhatia & Thornton, 1970). For
given concentration if Scc(0) > S"cc(0), the alloy is
expected to have tendency of segregating while if
Scc(0) < S'c(0), the expected nature is complex
formation .The experimental and theoretical values of
Scc(0) at different concentrations of element antimony
are obtained from eq™ (10) and (11) respectively. The
plot of experimental and theoretical along with ideal
values of Scc(0) verses concentration is shown in Fig.
5.
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Fig. 5: Concentration fluctuation in long wavelength
limit(Scc(0)) vs concentration of antimony (Csp) in liquid
alloy at 1250K
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Fig. 6: Waren-Cowley short range order parameter vs
concentration of antimony (Csp) in liquid alloy at 1250K

Warren- Cowley short range order parameter

The Warren-Cowley short-range orderparameter
(aw) is one of the useful parameter to quantify thedegree
of chemical order in the alloy melt. It provides
information of the local arrangement of the atoms in
the molten alloys. For the equi-atomic composition, the
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Warren-Cowley short range orderparameter is found to
be -1 < a1 < 1. Negative values of a1 indicate ordering
nature in the melt, which is complete if a;= -1. On the
other hand, positive values of o1 indicate segregating
nature, which is completeonly if a; = 1. But a1 = 0,
indicates the random distribution of the atoms in the
mixture. The Scc(0) and a1 have been computed as a
function of concentration of Sb using Eqgns. (12) and
(13) respectively. The plot of theoretical value of o
verses concentration of Sb is shown in Fig. 6.

The Fig. 6 also shows that a: IS between
concentrations 0 to 0.62 of Sb which is the indication
of unlike atoms pairing between constituent atoms.

3.3 Diffusivity

In terms of diffusion coefficient ratio, mixing
behavior of liquid alloys can also be explained at the
microscopic level. The relationship between Scc(0)
and the diffusivity is expressed by the ratio of the
mutual and self-diffusion coefficients (Dm/Dig) which
indicates the mixing behavior of the alloys, i.e., the
tendency for heterocoordination (Dwm/Di¢> 1) or
homocoordination nature ofatoms (Dw/Dig< 1) or ideal
mixing(Dm/Dig = 1).

254

2.0

DM/Dy

0.54

0.0

T T T T T y
0.0 0.2 0.4 0.6 0.8 1.0
CSb

Fig. 7: Diffusion coefficient ratio vs concentration of
antimony (Csp) in liquid alloy at 1250K

The calculated values of Scc(0) are used in eq". (15)
to determine the ratio of the mutual and intrinsic-
diffusion coefficients(Dw/Diq). Fig. 7 shows the plot of
Dwm/Dig against the concentration of antimony. In the
figure, the value of Dm/Dig is found to be less than 1 in
the range of concentration, which is indicative of the
phase separarion in the mixture. A maximum value of
Dwm/Dig = 2.39 for concentration of Sb = 0.3 confirms
tendency for chemical ordering, observed by the Scc(0)
and chemical short range orded parameter.

4. Conclusions

The thermodynamic properties of Ag-Sb alloy at
melting temperature 1250K are examined on the basis
of Quasi- lattice model. The model successively
explains concentration dependent nature of the alloys
by assuming AgsSb complex in melt. From analysis it
is justified that the alloy is moderately interacting in
nature and hence it doesn’t have strong tendency of
compound formation. The energy parameters depend
on temperature.
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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 wuse 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 TI 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 TI-Pb—
Bi, TI-Al-Ag, In-Hg-TIl, Sn—Cd-T]I, Bi-Sn-Tl and
Bi—Cd-TI 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-TI 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 Ng = (1-X) number of B atoms, so that

total number of atoms is N = Na + Ng. 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 A,By, is also
called conformal solution. The number of free
atoms will be reduced due to compound formation
in the melt. Now for nig atoms of A, n,g atoms of
B and nsg atoms of AyBy,

ny =x—ungandn, = (1 —x) —vnsg (1)

The total number of atoms after mixing can be
given as

n=n+n,+n3=1—(u+v-—1n;3 (2
The free energy of mixing of the binary A-B

mixture can be written as [23],

GM = _n3g + G’ (3)

Here,—nzg 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 A.B.. If the ternary
mixture is an ideal solution,

n
G' = RT ¥ n;ln (;) (4)
If the effects of differences in sizes of the various
constituents in the mixture cannot be ignored and
the interaction w;; 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 = RTZ niln (%) + Z wij (%)

This equation is concerned to conformal solution
approximation. Where w;;= 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

Gy = —nzg + RT Zi3=1niln (%) +
i (%) W (6)

()
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The expression for heat of mixing Hw is given
by[23]

3G
Hy= Gy —T(% M)
Substituting for G,

3

()

Hy = —n3g + RTZ n;ln (%)

Yy

i<j

—T% —N3g +RTzni ln(%)

2 2.5

i<j

=g~ 7(2) ]+ 2 5ue Bl [ -
(), ®

The expression for entropy of mixing Sm can be
obtained as [23]

nnj

_ ag nn; dw;;
SM - n3 aT R Z 1n ln ZL<] Tl] aT]
9)

The equilibrium value of ns at a given pressure and
temperature is given by[23]

(), -0
ons/rpnc

Substituting the value of Gm from Equation (6) and

after some algebraic calculation
Innzn¥*v~In¥n;%) +Y = E (12)
The Equation (11) is called equilibrium equation,
where

(10)

Y=[n1n2(u+v—1)—uﬂ—v%ﬂ+
["2”3( utv—1) -4 l2|ozy
(B2t v—1) —ul+ 222 (12)

Structural Properties

The concentration fluctuation at long wavelength
limit is of good interest because any deviation from
ideal value S (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],

5.0 = afaTM (13)
dc2
() " o
e (A (2 6
(14)

Theoretically computed values of S..(0) can be
compared with the observed values computed from

activity data by the expression,
-1

day 1 dag
See(0) = (1 =m)as (52) | =xas(52)
(15)
The ideal value of Sc(0) can be expressed as,
Se(0) = x(1 - x) (16)

The Warren—Cowley short range order parameter
guantify the degree of local order in the binary

alloy [28,29]. The theoretical values of this
parameter can be calculated as

(s-1) _ Scc(0)
o= s(z—1)+1"" ~ sid(o) an

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 (Dig) of pure component with
the help of Darken’s equation [30]

dlnal

Dy = Djgx
with Dy, = CADB +cgDy

where Da and Dg are the self — diffusion
coefficients of pure components A and B
respectively,

The expression for Dy in terms of Sc(0) can be

(18)

given as
Dy _ SE(0)
Dig B 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
N =MNia [1 — XaXp (}22_?)]

with

Nia = XNa + (1 = x)np
where n; is the viscosity of pure component i. At
temperature T, it is given by [32]

E
i = Nio€Xp (E) (21)
Here 1;, a constant in the unit of viscosity and E is
the activation energy.

(20)

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

kgT | x°
T=1, +%ln%+§[p(1—xs)2+

(9= D -7 (22)
v =15 + LS 4 L p(x%)? + (g - D]

& (-

(23)
where 7, and tp are the surface tensions of pure
components A and B respectively, x and x° 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 g = 0.25

The expression for the mean atomic surface area ¢
is

§=Xcé

The atomic surface are for each component is

(24)

& =1.102 (ﬂ)m

Ny

(25)

where 0;is the molar volume of the component i
and Nyrepresents Avogadro number. Equating
equations (22) and (23), we can solve it for x5 as
the function of x and hence compositional
dependence of surface tension can be evaluated.
where 7, and Tz are the surface tensions of pure
components A and B respectively, x and x5 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 g = 0.25

The expression for the mean atomic surface area ¢
is

§=2cé (24)
The atomic surface are for each component is

_ i 2/3
& =1102(3) (25)

where 0;is the molar volume of the component i
and Nyrepresents Avogadro number. Equating
equations (22) and (23), we can solve it for x5 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—TI system.
The data set of the Gibbs energy of mixing (Gwm)
were taken as input data to calculate by the CFM
the interaction energy parameters, i.e. g, ®12, 13,
®23. The starting values of g/RT and wi/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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ns, 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-TI 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—TI liquid alloys are found
to be g = 0.755 RT, w12 =0.476 RT, 013=1.610 RT
and 2= 1.481 RT. The positive interaction
energies imply the repulsion between the
corresponding species.

The concentration dependence of the equilibrium
values of chemical complexes, ns, (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-TI 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 Hv and Sy 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
Huw and Sw [24]. The temperature dependent
interaction energies at T=723K are found to be

dg dwqy
—— =0.845, — = 0.383,
R Ot R ot
10wq;
— = 1.493,
R 0ot
10wy;
— = 1.430
R 0t

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 xi» = 0.6 (Fig.3) and the

maximum value of entropy of mixing is 0.6107 at
xm = 0.5 (Fig.4). There is excellent agreement
between experimental and calculated values of Hw.
The calculated values of Su deviates from
experimental values by maximum percentage of
8.31 at xin = 0.8 and by minimum percentage of
5.56 at xi» = 0.4. This deviation is because of the
propagation of error from previous calculation.

1.0
n, Ny
08
0.6

Ny
044

ng, Ny Ng— =

0.24

0.0

T T T T \
0.0 0.2 0.4 06 0.8 10

-
Fig.1

Fig.1: Number of complexes (ni, nz, nz) vs.
concentration xi, of liquid In - Tl alloy at 723K.

XIn =
0.0 0.2 0.4 0.6 0.8 1.0
0.0 T T T T

- ]
- - O Experimental|
-0.6 |—— Theoretical

Fig.2

Fig. 2: Free energy of mixing (GWRT) vs.
concentration (xi,) of liquid In - Tl alloy at 723K.

Structural Properties

It has been reported that when S..(0) < Si4(0), the
existence of chemical ordering leading to complex
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formation is expected while S..(0) > Si4(0), is an
indication of segregation. The same interaction
parameters used in the calculation of the
thermodynamic properties were employed in the
calculations of Sc(0) using Equation (14) while the
experimental values of Sc(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 S..(0) >
Sid(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

x» = 05 at 723 K (Fig. (6)).
0.06
O Experimental
0.05- |—— Theoretical
.
0.04 4
'_
@
~ 0.03
=
I
0.02 \
0.01 4
0.00 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Fig.3 Xin

Fig. 3: Heat of mixing (Hwm) vs. concentration of
indium (xin) in the liquid In - Tl alloy at 723K.

Transport Properties

The calculated values of S..(0)) by Equation (17)
can be applied to evaluate the ratio of the mutual
and intrinsic-diffusion coefficients (Dw/Dig) 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 Dwm/Dige>1. Similarly, Dm/Dig<l suggests the
tendency for segregation. Fig. (7) shows the plots

Dwm/Dig against concentration of indium. It can be
observed that the ratio Dw/Dig 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 Dwm/Dig exhibits maximum peak at
around the equi-atomic composition. The result
predicted by Dm/Dig is in agreement with the results
obtained from the free energy of mixing,
concentration fluctuations and CSRO parameter.
The viscosity of the In-TI liquid alloy has been
calculated numerically using Equation (20). From
the plot of n verses bulk concentration of indium
(Fig. 8) small negative deviation from the linear
law (Raoult's law) in viscosity isotherms n(x) has
been inspected.

Surface Properties

The surface concentrations and surface tension of
In—TI alloy have been computed numerically using
Equations (22) and (23). The values of densities
and surface tension at melting temperature (T°) of
pure atoms are taken from ref. [32]. These values
have been optimized at required temperature (T) by
using the expressions

pi(T) = p) + (T —TP) dp;/dt
7;(T) = T? + (T — Tl-o) dr;/dt

(26)
(27)

where dp;/dt and drt;/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-TI alloys at 723 K are depicted in Fig.
(9). Surface concentration of indium in In-TI 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 (t =
tax+18(1-X)) throughout the bulk concentrations of
indium in In-Tl alloys (Fig. 10). For the In-TI 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.
0.025
0.020
0.74
o 2 o O Experimental 0.015 -
064 —— Theoretical -
. o 3
05 R 0010
x 04
~ 0.005
p=3
v 03 v
0.24 0.000 T T T T 1
0.0 0.2 0.4X 0.6 0.8 1.0
014 Fig.6 N
e 02 04 o6 o8 10 Fig. 6: Chemical short range order (o1) VS.
] Xjp ———————— . T . N
gt ' concentration of indium (xi) in the liquid In - TI
alloy at 723K.
Fig. 4: Entropy of mixing (Sm) vs. concentration of
indium (xin) in the liquid In - Tl alloy at 723K.
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Fig.7 Xin

Fig. 5: Concentration fluctuation at long
wavelength limit (Sc(0)) vs. concentration of

indium (xin) in the liquid In - Tl alloy at 723K. i . e
Fig. 7: Ratio of mutual and intrinsic diffusion

coefficients (Dm/Dig) vs. concentration of indium
(Xin) in the liquid In - Tl alloy at 723K.
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Fig. 8: Viscosity (n) vs. concentration of indium
(Xin) in the liquid In - Tl alloy at 723K.
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Fig. 9: Surface concentration of indium ( x3,) Vvs.
bulk concentration of indium (xi,) 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-TI 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 —TI 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 (Dw/Diqg) 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—TI alloy is found to
be smaller than ideal values.

0.52 4 .’

0.50 4

T Nm1?

0.48

—— Theoretical
- - ldeal

0.46

.00 0.2 04 0.6 08 1.0
Fig.10 Xin

Fig. 10: Surface tension (t) vs. bulk concentration
of indium (xin) in the liquid In - Tl alloy at 723K.
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ABSTRACT

Concentration-dependent thermophysical properties of molten Mg-Pb and Mg-Ga alloys at 1000 K was compared using
the Redlich Kister equation by optimizing exponential interaction energy parameters based on the R-K polynomials
framework. The mixing behavior was investigated by giving more emphasis to the role of temperature-dependent
interaction energy parameters. Our study shows that the magnesium gallium alloy is slightly interacting than the
magnesium lead alloy. The surface tension and viscosity of both alloys was compared using the Butler equation as
improved by Kaptay and KRP (Kozlov-Ronanov-Petrov) approach respectively. The surface tension of Mg-Pb liquid
alloy increases but decreases in Mg-Ga alloy with an increase in the concentration of Mg. The viscosity has a nonlinear
variation for both alloys with the increase in the concentration of magnesium.

Keywords: Artificial miscibility gap, Energy parameters, Polynomials, Surface tension, Viscosity.

INTRODUCTION

Due to the dramatic change in the behavior of various
useful properties of alloys than constituent elements, the
alloys have wide application in industries. But it is tedious
and time-consuming to study all  properties
experimentally. Different theoretical models have been
developed to explore the thermodynamic behaviors of the
binary molten alloys (Bhatia & March, 1975; Bhatia &
Singh, 1984; Singh & Mishra, 1988). The limitation of
such models is that they can predict the behavior of alloys
nearly at melting temperature.

The alloys in the molten state are studied in metallurgy
and industry for high-temperature application as well.
Hence the mixing behavior of elements of the alloys at
high temperatures was considered a prime concern to all
metal physicists, metallurgists, and chemists (Shrestha et
al., 2017). The Redlich-Kister (R-K) equation (Redlich &
Kister, 1948) is considered an important tool to
understand the thermodynamic property like excess Gibbs
free energy of binary molten alloy at high temperatures.
The equation was formulated using linear temperature-
dependent energy interaction parameters called R-K
polynomials.

But there arises an artificial miscibility gap or artifact in
some binary alloys using such linear interaction
parameters for the high-temperature study of the alloys
(Mehta et al., 2020; Gohivar et al., 2020). To avoid the
problem raised by artifact, theoretician Kaptay (2017)
suggested modifying the temperature-dependent linear
interaction parameter to exponential parameter in the R-K

polynomials framework where the parameters are
exponentially dependent on temperature.

The present work aims to compare the concentration
dependence of different properties of molten alloys Mg-
Pb and Mg-Ga at temperature 1000 K by optimizing
exponential temperature-dependent interaction parameters
of both the alloys in the R-K polynomials framework as
suggested by Kaptay (2004). Magnesium and its alloys
when used in the automobile industry contribute
remarkably to the fuel economy as well as the
conservation of the environment. The latest technology in
the coating as well as alloying of magnesium has reduced
the creep and corrosion resistance behavior of the alloys at
elevated temperature and corrosive environments
(Kulekci, 2008). The properties of the alloys under the
investigation include excess Gibb's free energy, enthalpy,
entropy, chemical activity, concentration fluctuation in
long-wavelength limit, surface tension, and viscosity.
These studies provide knowledge of the interaction, bond
strength, and stability of phases (Panthi et al., 2021).

On the other hand, the knowledge of the structural
adjustment of constituent atoms in the molten alloys is
pictured out by the qualitative study of microscopic
function; the concentration fluctuation in the long-
wavelength limit (Se(0)). Similarly, the information of
surface, as well as transport nature of alloys are provided
by surface tension and viscosity ( Koirala, 2018; Koirala
et al., 2014; Singh & Koirala, 2015). Here, it tried to
study the surface tension and viscosity of the alloys using
the Butler equation as improved by Kaptay ( 2019) and
Kozlov et al. (1983) approaches.
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THEORETICAL MODEL AND DATA

The excess Gibbs free energy (AG™), enthalpy (AH), and
the excess entropy (AS™) of a binary alloy are related by
the standard relation as;

AH
AG*S =T(?—&S“) (1)
Similarly, the excess Gibbs free energy of an alloy is
given by the R-K equation (Redlich & Kister, 1948) as;

n
AGHS = lezz Li(e;— fz)i (2)
i=0

Where ¢, and ¢, are the concentration of the constituent
elements of the alloy and L; is the linear temperature-
dependent interaction parameter between the components
of an alloy known as R-K polynomial. It is related to
temperature (T), enthalpy like semi-empirical coefficient
(&) and entropy like semi-empirical coefficient (b;) of R-K
Polynomials as;

a;

L;= T(F_ bz’) (3)

The total Gibbs free energy of an alloy is related to the
excess Gibbs free energy and ideal Gibbs energy of the
alloy as;

AG = AG*S + AG™

= AG®S + RT(cyInc, + ¢,1ne,) (4)

From equations (2) and (3)

n

AGES = Clczz T (% - b;—) (€1 —¢3)" (5)

i=0
From equations (1) and (5), we get

n

AH = Clczz a;(c; — Cz)i (6)
i=0
n
AS* = lezz bi(cy— Cz)i (7
i=0

According to Kaptay (2004), the exponential temperature-
dependent interaction parameters of a binary alloy can be
written as;

K; = h;exp (—;) (8)

Where, h;(j/mol) and t; (K) are semi-empirical parameters.

From equations (1), (5), (6), and (7), the derivations for
enthalpy and excess entropy of a binary liquid alloy are
obtained as shown below.
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AH = lezi

i=0

(1+5) e (—7) @ —e' @

n
AS™S = b _r — ¢,)i(10
€1Cz . Pl ¢ (€1 —c2)'(10)
= i 4

The entropy of mixing is given by the standard formula as

(&H &G)
?_?

(1D

The structural arrangement of the atoms of an alloy in
terms of concentration fluctuation in the long-wavelength
limit (Sc(0) is calculated from the standard relation as;

az.ﬂ.G]_l

ac?

T.P.N

From equations (1), (4), (9), (10) and (12)), we get.

RT
—— 2K, + (—12¢, + 6K,
1tz

Sec(0) = RT[ (12)

S0} = RT[

i
+(—48¢] + 48¢, — 10)K,
+(—160¢] + 2406 — 108¢,

+14)K,]7 (13)
In liquid, the viscous flow depends on the cohesive
interaction, and this interaction results from the grouping
of geometric and electronic shell effects (Starace et al.,
2008). The KRP equation for liquid alloy was developed
to consider the cohesion interaction in terms of the
enthalpic effect to incorporate the viscous flow in the
liquid alloy. The equation at temperature T is expressed
as;

'ﬂHM'
3RT

Inn = cyInn, + czlnn, — (14)

Where, n and ny; (i=1,2), are the viscosity of the alloy and

viscosity of individual components respectively. The

change in viscosity with temperature for the metals is

given as (Brandes & Brook, 2013);
E

I; = Noexp (ﬁ) (15)

Where, 1, and E for metal are constants and their units are

similar to the unit of viscosity and energy per mole,
respectively.

The surface tension of an alloy by the Butler equation as
improved by Kaptay at temperature (T) is

50 RT €5 G3%5_ gh*s
?’_a;’ +?1nc—’b+ %##[16)
L i i

i L

g =



Where, af and S? are surface tension and molar surface
area of pure liquid metal, s, is the partial molar surface

area of component i respectively. 55, and 6,** are

the partial excess free energy of mixing in the surface and
bulk of constituent components of the alloy, respectively.

The partial excess Gibbs energy of itk a component of an
alloy is related to the excess Gibbs energy by the relation
given below (Egry et al., 2010).

a(AGEs)

2
GEF = AGFS + ) (8, — ) =5 — (17)
— Cj

Jj=1
Where, &;; is the Kronecker delta function.

The molar surface area of each metal is expressed as
(Kaptay, 2008);

Moy
SP=y ( p-I" ) N3 (18)
L]

Where, M2, p? », and N is molar mass, the density of each

pure metal at its melting temperature, geometrical
constant, and Avogadro’s number, respectively. The
expression of the geometrical constant is given as;

2 1

(7

i (19)
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Where, fi; and f. are volume and surface packing
fractions, respectively. The values of these packing
fractions depend on the type of crystal structure of every

pure component of alloys. The surface tension () and

density (p?) of metal at temperature T are expressed as
(Brandes & Brook, 2013);

da
gl = crz-—i—E(T—TU) (20)

dp
PP =pi+ 535 (T —To) (21)

Where, g; and p; are surface tension and density of the

metal at its melting temperature (r,), respectively. The

terms % and :_i are temperature derivatives of surface

tension and density, respectively.
RESULTS AND DISCUSSION

The exponential temperature-dependent interaction
parameters for the alloys Mg-Pb and Mg-Ga were
optimized using equation (8). The parameters for both
alloys are given in Table 1.

Tablel. The exponential temperature-dependent interaction parameters of molten Mg-Pb and Mg-Ga alloys

Mg-Pb Mg-Ga

K= -37785.91exp(-7.16783x10°T)

Ko= -40495.1exp(-5.9256x10°T)

K1= 22239.43exp(-1.8401x10™T)

K= -12829.43exp(-2.4428x10T)

K,= 505013.86exp(-8.7964x10°T)

K,= 31004.45exp(-8.9101x10°T)

K,= -60866.13exp(-3.5504x10°°T)

Ko, K1, K5, and K; are zero™, first, second and third-order of exponential temperature-dependent interaction parameters, respectively

The parameters thus optimized were used to compare
different properties of binary alloys Mg-Pb, and Mg-Ga at
temperature 1000 K. During the calculation of parameters,
it did not apply statistical method like mean square
deviation or others for the best fit, and hence the
parameters used here are considered as appropriate for the
study.

Thermodynamic properties

For the theoretical analysis of the thermodynamic
property, we considered equations (5), (9), and (11) as
mentioned above. The excess Gibbs free energy of the
molten alloys was computed by the R-K polynomials
framework. The computed excess free energy of mixing
for both alloys is shown in Fig. 1.

C

Mg
0.2 0.4 0.6 0.8
I T I T I T I

& Mg Ga
Kk Mg-Pb
-2000 —

~4000 [~

AG(j/mol)

-6000 [—

-8000 [—

-10000

Fig. 1. Excess Gibbs free energy
concentration of Mg

of mixing vs.
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It was observed that below 0.7 concentration of Mg, the
alloy Ga-Mg seemed to be more interacting but above the
0.7 concentration of Mg, it was slightly less interacting
than the alloy Mg-Pbh. Similarly, the computed values of
enthalpy of mixing for both the alloys are shown in Fig. 2
which tells that the enthalpy of mixing of Mg-Ga is more
negative up to 0.7 concentration of Mg than the alloy Mg-
Pb. Thus from both Figs. 1 and 2, it can be said that the
binary liquid alloy Mg-Ga seems to be more interacting at
a lower concentration of Mg, whereas it is nearly equally
interacting with Mg-Pb at a higher concentration of Mg
for both the alloys.

Mg
0.2 0.4 0.6 0.8
T

8 Mgz-Ga
% Mg-Pb

-5000 —

AH(j/mol)

-10000 —

-15000

Fig. 2. Enthalpy of mixing vs. concentration of Mg

The computed values of entropy of mixing which mainly
provide knowledge of constitutive molecular properties or
specific molecular effects in the mixture, for both the
alloys are shown in Fig. 3. It is clear from the figure that
the entropy change of mixing for both the alloys remains
nearly the same.

6

[ 8 Mg-Ga
s ¥ Mg-Pb

AS(j/mol Ky

5
I

1 I | I | I |
0.2 04 0.6 0.8

Cy

Fig. 3. The entropy of mixing vs. concentration of Mg
Structural properties

There is no direct way to distinguish the grouping of
constituent atoms of the mixture. Thus, the identification
of the arrangement of atoms in an alloy is very difficult.

However, experimentally the local arrangement of atoms
of a constituent of the mixture can be studied by
diffraction method, but it is a difficult task too. To
overcome this problem and to study the arrangement of
constituent atoms theoretically, the determination of
Concentration fluctuations in long-wavelength limit S
(0) was considered an important tool (Bhatia & Thornton,
1970). At a given concentration, the alloy is said to have

the complex tendency if 5..(0) < s (0), whereas it has
the segregating tendency if s (0) = si2(0).

The computed values of (S.(0) at various concentrations
of magnesium for both alloys are given in Fig. 4. Figure
cleared that at about 0.15 concentration of Mg, the alloy
Pb-Mg has segregating tendency but above this
concentration of Mg, it showed an ordering nature. The
alloy Mg-Ga has an ordering nature within the entire
concentration of Mg.

== ideal
*—® Mp-Ga

025F
k=K Mg-Pb

005 /)

L I I
02 04 0.6 08

Fig. 4. Concentration fluctuation in long-wavelength limit
vs. concentration of Mg

Viscosity

Viscosity is considered an important atomic transport
property of liquid alloys. We used the KRP equation for
the comparison of the atomic transport behavior of Mg-Pb
and Mg-Ga alloys at 1000 K as a function of
concentration. The viscosity of the alloys thus computed
is compared in Fig. 5. The viscosity of Mg-Pb alloy was
found to be more than Mg-Ga alloy with the increase in
the concentration of Mg. But for both the alloys the
viscosity increased up to 0.6 concentration of Mg and then
it decreased beyond that concentration of Mg.

Surface tension

To calculate the surface tension by the improved
derivation of the Butler equation, the densities, partial
excess Gibbs free energies, and surface tensions, and the
component metals at the temperature of the investigation
are required. Surface tensions and densities of constituent
metals at 1000 K were calculated from their values at



respective melting temperatures by using equations (20)
and (21), respectively. For the unknown or negligible
excess molar volume of the alloy, the partial molar
volume was replaced by the molar volume of the pure
component and hence the partial surface area (s,y of each

component was replaced by surface area (sp) of the same
pure component (Kaptay, 2020, 2019).

-8 Mg-Ga
Sk Mg-Pb

Fig. 5. Viscosity vs. concentration of Mg

Figure 6 is the graph of computed values of surface
tension of binary liquid Mg-Pb and Mg-Ga alloys. In the
case of alloy Mg-Ga, the surface tension decreased
whereas it increased for the alloy Mg-Pb alloy with the
increase in the concentration of Mg indicating that the Mg
atoms tend to remain on the surface in the case of Mg-Ga
alloy whereas the lead atoms show the tendency to remain
on the surface of Mg-Pb alloy.

*—@ Mp-Pb
065 FF Mg-Ga
06—
E
S 055
©
05—
045
L | L | L | L |
040 02 0.4 0.6 0.8 1

Fig. 6. Surface tension vs. concentration of Mg
CONCLUSION

The comparison of the thermodynamic, structural, and
microscopic behavior of binary liquid magnesium lead
and magnesium gallium alloys at 1000 K alloy under the
assumption  of exponential temperature-dependent
interaction parameters explains that the magnesium
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gallium is somewhat interacting than magnesium lead
alloy. The theoretical study shows that the magnesium
gallium alloy has more ordering nature within the whole
range of concentration. The surface tension of the Mg-Ga
alloy decreases but it increases in the case of Mg-Pb alloy
but viscosity at first increases and then decreases with an
increase in the concentration of magnesium.
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