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Abstract: The mixing behavior of lead–magnesium liquid alloy is studied using different 
modeling equations at various temperatures. The quasi-lattice model has been employed too 
analyze the concentration-dependent thermodynamic and structural properties of lead–
magnesium liquid alloy. To validate the model, the obtained theoretical results are 
compared with experimental results. The viscosity of the alloy has been studied by the 
Kozlov–Romanov–Petrov equation, the Kaptay equation, and the Budai–Benko–Kaptay 
model, whereas surface tension has been studied by the Butler equation,  tatistical 
mechanical approach, and the Compound formation model. The primary focus of this study 
is the interaction parameters among the atoms of the alloy. The alloy shows the moderately 
interacting and ordering nature within the entire concentration of lead. There is reasonable 
agreement between the theoretical and experimental data at 973K. The study concludes that 
the alloy depicts ordering tendency and viscosity and surface tension both decrease with  
increase in temperature.  
Keywords: Ordering, Complex formation, Asymmetric, Statistical mechanical approach. 
 

 
1. Introduction 

The analysis of temperature and composition-
dependent thermo physical behavior of alloys is 
important in metallurgy and many other 
technologies. Lead is a soft and ductile metal. It 
is commercially used as an alloy with different 
metals like magnesium, tin, antimony, calcium, 
arsenic, etc.  

The lead–magnesium alloy has a eutectic 
temperature of 248.7 0C at 83% of Pb [1]. It 
shows the asymmetric nature of many 
thermodynamic properties. Although some 
experimentalists investigated the thermodynamic 
properties of alloys near their melting point, the 
complete thermodynamic data of the alloy at 
higher temperatures is lacking till now. Hence, 
our study i mainly focused on the investigation 
of thermodynamic, structural, transport, and 
surface properties of the alloy at different 
temperatures by considering stable complex 
PbMgଶ[2] through different theoretical modeling 
equations. 

First, the quasi-lattice model [4] is used for 
the analysis of the thermodynamic properties. 
Next, the concentration-dependent surface 
tension and viscosity of the alloy are 
investigated. These properties are important in 
metallurgical science because they determine the 
surface and transport properties of liquid 
mixtures. Researchers are therefore trying to 
study these properties by proposing different 
models [5-16]. 

In the investigation of surface properties in 
metallurgical science, significant attention is 
given to the concentration disparity between the 
surface and bulk materials of the alloy. This 
disparity is primarily attributed to variations in 
surface energy among the alloy's constituent 
elements. Atoms with lower surface energy tend 
to reside on the surface [15], while, theoretically, 
atoms with larger sizes exhibit a greater 
inclination to remain on the alloy's surface [16]. 
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There is a lack of experimental data on 
concentration-dependent surface tension and 
viscosity at 973 K. Therefore, the objective of 
this study is to conduct a comparative analysis of 
the viscosity and surface tension of the Pb-Mg 
liquid alloy. To study the viscosity, we employ 
three models: the Kozlov–Romanov–Petrov 
(KRP) equation [8], the Kaptay equation, and the 
Budai–Benko–Kaptay model [14]. As for the 
examination of surface tension, the Butler 
equation [7], statistical mechanical approach 
[16], and the compound formation model [17] 
are used.  

2. Theoretical Formulation 
2.1 Thermodynamic Functions  

Consider a binary alloy composed of 
elements ܣ and ܤ containing ஺ܰand ஻ܰ number 
of atoms of each element, respectively. 
According to our model, there is a chemical 
complex ܣ௫ܤ௬ where ݔ and ݕ are the small 
integers in such a way that:  

ܣݔ + ܤݕ =  ௬            (1)ܤ௫ܣ

Now the grand partition function [4] in terms 
of energy ‘ܧ’ is written as: 

ߌ = ∑ ܳ஺
ேಲ(ܶ)ܳ஻

ேಳ (ܶ)ா  × ݌ݔ݁  ቂ(µಲேಲାµಳேಳିா)
௄ಳ்

ቃ  (2) 

where ܳ௝(ܶ) is atomic partition function and ߤ௝  
is chemical potential of the ݆୲୦ (݆ = ,ܣ  (ܤ
element, ݇୆ is the Boltzmann constant and ܶ is 
absolute temperature. From Eq. (2), the excess 
Gibbs free energy can be obtained as: 

୑ܩ 
ଡ଼ୗ = ܰ݇୆ܶ ∫ Ƴ ݀ܿ ஼

଴            (3) 

where Ƴ activity coefficient ratio of atom ܣ to ܤ 
and ܥ is the concentration of element of the 
alloy. By solving Eq. (3), we obtain the excess 
Gibbs free energy as: 

୑ܩ
௑ௌ = ܰ[Ɵ߱ + Ɵ஺஻߱߂஺஻ + Ɵ஺஺߱߂஺஺ +

 Ɵ஻஻߱߂஻஻ ]            (4) 

where ߐ = 1)ܥ − .݆)ݏ′௝,௞ߐ and (ܥ ݇ = ,ܣ  are (ܤ
polynomials in concentration (C). Its value 
depends on the values of ݔ and ݕ. ⍵ is called as 
interchange energy, ߂ ௝߱௞are interaction energy 
parameters.  

For ܣ = Pb, ܤ = Mg, ݔ = ݕ,1 = 2 the values 
of ߐ௝,௞′ݏ are found to be [16]: 

Ɵ஺஻(ܿ) = ଵ
଺

ܥ  ଶܥ + − ହ
ଷ

ଷܥ + ଵ
ଶ

 ସ       (5.1)ܥ

Ɵ஺஺(ܥ) = 0          (5.2) 

Ɵ஻஻(ܥ) =  − ଵ
ସ

ܥ  + ଵ
ଶ

ଶܥ − ଵ
ସ

 ସ       (5.3)ܥ

 Gibbs free energy (ܩ୑) of complex forming 
alloy is given by: 

୑ܩ = ୑ܩ 
௑ௌ + ୑ܩ 

୧ୢୣୟ୪ = ୑ܩ 
௑ௌ + ܰ ݇୆ܶ[ ܥ ln ܥ +

(1 − (ܥ ln(1 −    [(ܥ

= ܴܶ ቂƟ ఠ
௞ా்

+ Ɵ஺஻
∆ఠಲಳ
௞ా்

+ Ɵ஺஺
∆ఠಲಲ
௞ా்

+

 Ɵ஻஻
∆ఠಳಳ
௞ా்

+ ܥ ln + ܥ 1 − ܥ ln(1 −   ቃ     (6)(ܥ

The model says that when 1= ݔ, there is no 
probability for the AA pair to be part of the 
complex so that the coefficient (Ɵ஺஺)of ∆ఠಲಲ

௞۰்
 in 

above Eq. (6) is zero. In the absence complexes, 
∆ ௝߱௞  is zero.  

From the standard thermodynamic relation, 
the heat of mixing of an alloy is given as: 
ு౉
ோ்

=  ீ౉
ோ்

− ቂଵ
ோ

ௗீ౉
ௗ்

ቃ
஼,ே,௉

=  Ɵ ቂ ఠ
௞ా்

− ଵ
௞ా

ௗఠ
ௗ்

ቃ+ 

Ɵ஺஻ ቂ∆ఠಲಳ
௞ా் 

− ଵ
௞ా

ௗ௱ఠಲಳ
ௗ்

ቃ + Ɵ஺஺ ቂ∆ఠಲಲ
௞ా்

−

 ଵ
௞ా

ௗ௱ఠಲಲ
ௗ்

ቃ + Ɵ஻஻ ቂ∆ఠಳಳ
௞ా்

−  ଵ
௞ా

ௗ௱ఠಳಳ
ௗ்

ቃ          (7) 

The entropy of mixing is given as: 
ௌ౉
ோ

=  − ቂீ౉
ோ்

− ு౉
ோ்

ቃ             (8) 

The activity of the elements of an alloy is 
obtained by the standard thermodynamic relation 
as:  
ln a୨ = ீ౉

ோ்
+

(ଵି஼ೕ)
ோ்

൤డீ౉
డ஼ೕ

൨
்,௉,ே

           (9) 

Solving Eqs. (6) and (9), we get: 

ln ܽ஺ = ீ౉
ோ்

+ ଵି஼
௞ా்

⎣
⎢
⎢
⎢
⎢
⎡
(1 − ߱(ܥ2 +
 Ɵ஺஻

ᇱ ஺஻߱߂ +
 Ɵ஺஺

ᇱ ஺஺߱߂ +
 Ɵ஻஻

ᇱ ஻஻߱߂

+ ln ஼
ଵି஼ ⎦

⎥
⎥
⎥
⎥
⎤

       (10) 

 

ln ܽ஻ =  ீ౉
ோ்

− ஼
௞ా்

⎣
⎢
⎢
⎢
⎡

(1 − ߱(ܥ2 +
 Ɵ஺஻

ᇱ ஺஻߱߂ +
 Ɵ஺஺

ᇱ ஺஺߱߂ +
 Ɵ஻஻

ᇱ ஻஻߱߂ +  ln ஼
ଵି஼⎦

⎥
⎥
⎥
⎤
      (11) 

where Ɵ஺஻
ᇱ , Ɵ஺஺

ᇱ  and Ɵ஻஻
ᇱ  are derivatives of Ɵ஺஻, 

Ɵ஺஺ and Ɵ஻஻  with respect to concentration 
respectively.  
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2.2. Microscopic Structural Functions 

The concentration fluctuation in the long 
wavelength limit (ܵ஼஼(0)) of an alloy is derived 
from the relation as [18]: 

ܵ஼஼(0) = ܴܶ ቂడమீ౉
డ஼మ ቃ

்,௉,ே

ିଵ
          (12) 

The experimental ܵ஼஼(0) can be obtained by 
using experimental activities from the equation 
below. 

ܵ஼஼(0) = ஻ܽ஺ܥ ቂడ௔ಲ
డ஼ಲ

ቃ
்,௉,ே

ିଵ
= ஺ܽ஻ܥ  ቂడ௔ಳ

డ஼ಳ
ቃ

்,௉,ே

ିଵ
   

(13) 

where ܥ஺ (= ஻ܥ and (ܥ  (= 1 −  are (ܥ
concentrations of elements A and B, respectively.  

The Warren–Cowley short-range order 
parameter (ߙଵ) is obtained from the 
concentration fluctuation in long wavelength 
limit as: 

ଵߙ =  ௅ିଵ
௅(௓ିଵ)ାଵ

  ,         (14) 

where 

ܮ =  ௌ಴಴(଴)
ௌ಴಴

౟ౚ (଴) 
  .          (15) 

2.3. Viscosity  

The molten alloy is studied in terms of 
viscosity to better understand the atomic 
transport behavior. It is regarded as a crucial 
property in the field of metallurgy, as it plays a 
significant role in various industrial processes 
and natural phenomena. Viscosity is primarily 
influenced by factors such as the concentration 
of the liquid alloy, cohesion energy, and molar 
volume. [21, 22]. In order to study the atomic 
transport properties of the Pb − Mg alloy, we 
compute its compositional dependence of 
viscosity at temperature 973 K. Due to the lack 
of experimental data, we compare the alloy’s 
viscosity by using three different models: the 
Kozlov–Romanov–Petrov, the Kaptay equation, 
and the Budai–Benko–Kaptay model. 

2.3.1. Kozlov–Romanov-–Petrov (KRP) 
Equation  

The Kozlov–Romanov–Petrov (KRP) 
equation is developed to calculate the cohesion 
interaction within a liquid alloy in terms of 
enthalpic effect. By using this equation, we can 
better understand and model the viscous flow 
properties of the liquid alloy system [23]. At 
temperature ܶ, the equation is given as: 

ln ƞ = ஺ lnƞ஺ܥ + lnƞ஻ ࡮ܥ − ு౉
ଷோ்

        (16) 

where, ƞ is the viscosity of the alloy and 
ƞ୨(݆ = ,ܣ  is the viscosity of elements A and B (ܤ
of the alloy, respectively. For the metals, the 
change in viscosity with change in temperature is 
given as [24]: 

 ƞ௝ =  ƞ଴exp ቀ ∈
ோ்

ቁ          (17) 

where ƞ଴ and ∈ are constants of each metal 
having units of viscosity and energy per mole, 
respectively. 

2.3.2. Kaptay Equation 

Kaptay developed an equation to calculate the 
viscosity of an alloy by considering the 
theoretical relationship between the cohesive 
energy and the activation energy of the viscous 
flow. At temperature ܶ, the equation is: 

ƞ =  ௛ேಲೡ
஼ಲ௏ಲା஼ಳ௏ಳା௏ಶ × exp ቀ஼ಲீಲା஼ಳீಳିФ ு౉

ோ்
ቁ, 
(18) 

where  ℎ, ୅ܰ୴, ௝ܸ(݆ = ,ܣ  are Planck’s (ܤ
constant, Avogadro number and molar volume of 
pure metal, respectively. Similarly, ܸா  is excess 
molar volume of alloy formation, ܩ௝ is activation 
energy of the viscous flow in pure metals and Ф 
is a constant with value (0.155 ± 0.015) [13].  

The activation energy of Jth metal is 
calculated by the following equation: 

௝ܩ  = ܴܶ ln ቀ ƞೕ௏ೕ

௛ேఽ౬
ቁ           (19) 

2.3.3. BBK (Budai–Benko–Kaptay) Model 
The BBK model of viscosity for 

multicomponent alloy at temperature ܶ is given 
as: 

ŋ = ஺ܯ஺ܥ) ܶ }߬ +  {( ஻ܯ஻ܥ 
భ
మ × ஺ܥ)  ஺ܸ +

஻ܥ ஻ܸ +  ܸா)ିଶ/ଷ × exp ቄቀܥ஺ ௠ܶ,஺ +

஻ܥ  ௠ܶ,஻ − ு౉
ఞோ

ቁ ூ
்

ቅ   ,        (20) 

where, ߬ and ղ are constants and their values are 
(1.80 ± 0.39) × 10ି଼ and (2.34 ± 0.20) , 
respectively, while ߯ is a semi-empirical 
parameter with a value of 25.4. ܯ௝  and ௠ܶ,௝ , are 
molar mas and  melting temperature of the 
alloy’s elements (݆ = ,ܣ  .respectively ,(ܤ

2.4 Surface Tension 

In metallurgy and industry, the surface 
tension of liquid alloy or liquid metal is 



Article  Panthi, Bhandari and Koirala 

 150

considered a prime factor for the processing as 
well as for the production of new materials 
because it is related to the surface as well as 
interface in the molten metal process [25-27]. 
The interfacial motion resulting from surface 
tension plays a significant role in various 
industrial phenomena. In particular, the surface 
and interfacial motion of molten metals play a 
major role in metallurgical processes, including 
solidification, casting, and welding [28]. In our 
work, we try to study the surface tension of 
Pb − Mg alloy at 973 K by considering three 
models or equations: the Butler equation, 
statistical mechanical approach, and the 
compound formation model.  

2.4.1. Butler Equation  

According to Butler [7] there is a monolayer 
at the surface of a liquid as a separate phase 
equilibrium with the bulk phase. The Butler 
equation for surface tension (S) at temperature ܶ 
is given as: 

ܵ =  ௝ܵ + ோ்
஺ೕ

ln
஼ೕ

౏

஼ೕ
ౘ +

ீೕ
౩,౮౩ି ீೕ

ౘ,౮౩

஺ೕ
          (21) 

where ௝ܵ  is the surface tension of pure element at 
working temperature, ܩ௝

ୱ,୶ୱ and ܩ௝
ୠ,୶ୱ are partial 

excess free energy in the surface and bulk of 
constituent elements of the alloy, respectively, 
while ܣ௝  is the molar surface area of jth 
component. It is given as [29]: 

௝ܣ = ൫ߜ ௝ܸ൯ଶ/ଷ( ୅ܰ୴)ଵ/ଷ          (22) 

where ߜ is geometrical constant and is expressed 
as: 

ߜ = ቀଷßೇ
ସ

ቁ
ଶ/ଷ గభ/య 

ßೞ
           (23) 

where ß୚ and ßୗ are volume and surface 
packing fractions, respectively. The values of 
packing fractions depend on the structure of 
crystal of each component of alloy. For liquid 
metal, ß୚ and ßୗ carry the values of 0.65 and 
0.906, respectively [29].  

2.4.2. Statistical Mechanical Approach 

It is the concept of layered structure near the 
interface. It assumes a surface monolayer on the 
surface, as well as a layer just below the surface 
layer that bridges the surface monolayer to the 
bulk solution [30]. It connects the surface 
tension to thermodynamic properties through 
activity coefficients (ߛ௝) and interchange 

energy(⍵) among the elements of the alloy. At 
temperature ܶ, it is given as: 

ܵ =  ௝ܵ + ௞ా்
ఙ

ln
஼ೕ

ೄ

ఊೕ஼ೕ
+ 1)݌] − ௝ܥ

ௌ)ଶ +

൫1ݍ − ௝)ଶ൧ܥ ⍵
ఙ

           (24) 

Where σ is the mean area of the surface per 
atom, ݌ and ݍ are surface coordination fractions 
and physically depicts the fraction of number of 
the nearest neighbors of an atom within its own 
layer and in the adjoining layers, respectively, 
and are related as ݌ + ݍ2 = 1.  

The mean atomic surface area ߪ is given by: 

= ߪ ∑ ௝ ௝ߪ௝ܥ           (25)  

The surface area of each component is given 
as [31]: 

௝ߪ = 1.012 ቀ ௏ೕ

ேఽ౬
ቁ

మ
య           (26) 

2.4.3. Compound Formation Model 

This model is based on the assumption of 
compound formation tendency in the liquid 
alloy. The equation in this model is developed by 
using the grand partition function as that of the 
quasi-lattice model. The equation at temperature 
ܶ is given below: 

ܵ =  ஺ܵ + ௄ಳ்
ఙ

 ݈݊ ஼ಲ
౏

஼ಲ
+ ⍵

ఙ
൫߮ୗ݌ൣ − ߮൯ − ൧߮ݍ +

∆⍵ಲಳ
ఙ

൫߮஺஻݌ൣ
ୗ − ߮஺஻൯ − ஺஻൧߮ݍ +

  ∆⍵ಳಳ
ఙ

൫߮஻஻݌ൣ
ୗ − ߮஻஻൯ −  ஻஻൧         (27)߮ݍ

    =  ܵ஻ + ௄ಳ்
ఙ

ln ஼ಳ
౏

஼ಳ
+ ⍵

ఙ
൫݂ୗ݌ൣ − ݂൯ − ൧݂ݍ +

∆⍵ಲಳ
ఙ

൫݌ൣ ஺݂஻
ୗ − ஺݂஻൯ − ݍ ஺݂஻൧ +

  ∆⍵ಳಳ
ఙ

൫݌ൣ ஻݂஻
ୗ − ߮஻஻൯ − ݍ ஻݂஻൧         (28) 

Where  ߮, ݂, ߮௝௞ , and ௝݂௞  are bulk concentration 
functions. Similarly,߮ୗ, ݂ୗ, ߮௝௞

ୗ , and ௝݂௞
ୗ  are 

surface concentration functions. For ݔ =
1 and ݕ = 2, the bulk concentration functions 
are: 

߮ =  ଶ           (29)ܥ 

߮஺஻ = ଵ
଺

+ 2(1 − (ܥ − 6(1 − ଶ(ܥ  +
ଵ଺
ଷ

(1 − ଷ(ܥ − ଷ
ଶ

(1 −  ସ          (30)(ܥ

߮஻஻  =  − ଵ
ସ

+ (1 − (ܥ − ଵ
ଶ

(1 − ଶ(ܥ +
(1 − ଷ(ܥ − ଷ

ସ
(1 −  ସ          (31)(ܥ
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݂ = (1 −  ଶ           (32)(ܥ

஺݂஻ = −(1 − ଶ(ܥ + ଵ଴
ଷ

(1 − ଷ(ܥ − ଷ
ଶ

(1 −    ସ(ܥ
(33) 

஻݂஻ = − ଵ
ଶ

(1 − ଶ(ܥ + ଷ
ସ

(1 −  ସ         (34)(ܥ

The functions ߮ୗ, ݂ୗ , ߮௝௞
ୗ  and ௝݂௞

ୗ  can be 
obtained from Eqs. (29) to (34) by replacing bulk 
concentration ܥ with surface concentration ܥୗ. 

3. Results and Discussion 
3.1. Thermodynamic and Structural at 973 K  

During the study of the binary Pb − Mg alloy, 
we assumed complex with ݔ = 1 and ݕ = 2 in 
the alloy and computed different thermodynamic 
and structural properties from the quasi-lattice 
model. The results thus obtained are discussed 
below.  

3.1.1. Thermodynamic Properties  

Equations (6), (7), (8), (10), and (11) are used 
to analyze the thermodynamic properties as 
discussed below. Initially, the interaction energy 
parameters are calculated by successive 
approximation method for different 
concentrations, of the alloy with experimental 
values within the concentration range 0.1–0.9 [2] 
by using Eq. (6). The best values of such 
parameters are obtained as: 

ఠ
௞ా் 

= −5.779, ∆ఠಲಳ
௞ా்

 = 2.808,  

∆ఠಳಳ
௞ా்

 =  −4.984 . 

The parameters thus optimized have been 
considered throughout the calculation to make 
consistency for the study of other mixing 
properties. The graph of free energy of mixing 
versus concentration of lead is shown in Fig. 1. 
The theoretical and experimental values of free 
energy of mixing are in reasonable agreement. It 
has been observed that both computed and 
experimental values are minimum at about 0.4 
concentration of Pb. The computed values of 
free energy of mixing suggest that the alloy 
Pb − Mg is moderately interacting. Similarly, 
being asymmetry at concentration 0.5, the alloy 
can be classified as an irregular alloy. 

The chemical activity of components of an 
alloy provides the knowledge of the deviation of 
the alloy from its ideal behavior. According to  
Porter and Easterling, this activity can provide 
valuable information about the constituents of 
the alloy, specifically indicating whether they are 
willing to leave the solution or not [18]. If the 
activity is high, the atoms show a high tendency 
to leave the solution and vice versa [32].  

Equations (10) and (11) are used for the 
determination of the chemical activity of the 
alloy’s components. 

The observed and theoretical values of 
chemical activities of each component of the 
alloy are shown in Fig. 2. There is good 
agreement between experimental and theoretical 
values of activities of Pb and Mg in the alloy at 
973K at all concentrations of Pb. 

 
FIG. 1. Gibbs free energy versus concentration of Pb at 973K. 
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FIG. 2. Chemical activity versus concentration of Pb at 973K. 

 
Тhe theoretical determination of heat of 

mixing involves obtaining temperature 
derivatives of the interaction parameters. These 
parameters are obtained through a process of 
successive approximation, where a large number 
of choices are considered. The best-fit values of 
parameters are:  
ଵ

௞ా

ௗఠ
ௗ்

 =  −0.491, ଵ
௞ా

ௗ∆ఠಲಳ
ௗ்

= 1.142,
ଵ

௞ా

ௗ∆ఠಳಳ
ௗ்

=  0.352 . 

The graph of the heat of mixing versus 
concentration of lead as shown in Fig. 3 depicts 
that the heat of mixing is more negative at 0.4 
concentration of lead. The observed negative 
heat of mixing suggests that the mixing is 

exothermic. The computed and experimental 
values of H୑/RT are in reasonable agreement 
with each other. Using Eqs. (8) and (9), the 
entropy of mixing (ܵ୑) is computed. For 
theoretical calculation, the energy parameters 
already obtained during the calculation of Gibbs 
free energy as well as the heat of mixing of the 
alloy are used. The plot of entropy of mixing 
( S୑/R) versus concentration of lead is shown in 
Fig. 4 for both theoretical and observed values. 
From this figure, it is observed that, despite the 
minor discrepancy at 0.1 and 0.2 concentrations 
of lead, the theoretical and experimental values 
are in agreement with each other in many 
respects. 

  
FIG. 3. Heat of mixing versus concentration of Pb at 973K. 
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FIG. 4. Entropy of mixing versus concentration of Pb at 973K.  

 

3.1.2. Microscopic Properties 
In order to study the local arrangement of 

constituent atoms, the microscopic properties 
used are concentration fluctuations in the long 
wavelength limit (ܵ஼஼(0)) and Warren–Cowley 
short-range order parameter, as these can remove 
difficulties on the diffraction experiment [18]. 
The concentration fluctuation in the long-
wavelength limit provides information on the 
local arrangement of atoms, whereas the 
Warren–Cowley short-range order parameter 
quantifies the degree of ordering of atoms in the 
alloys. For а given concentration, if ܵ஼஼(0 ) <
ܵ஼஼

୧ୢ (0), the expected nature is complex 
formation and if  ܵ஼஼(0) > ܵ஼஼

୧ୢ (0), the expected 
nature is segregating. The theoretical and 

experimental of ܵ஼஼(0) at all concentrations of 
element lead can be obtained from Eqs. (12) and 
(13).  

The graph of experimental, theoretical, and 
ideal values of ܵ஼஼(0) versus concentration of 
Pb is shown in Fig. 5. In the graph, the 
experimental and theoretical values of  ܵ஼஼ (0) 
are smaller than the ideal value of ܵ஼஼(0) at 
respective concentrations of lead. This indicates 
the ordering nature of the alloy. The Warren– 
Cowley short-range order Parameter (ߙଵ) is 
another parameter to quantify the degree of 
ordering of the liquid alloys. Its value lies 
between -1 to +1. The negative value shows  
ordering nature and it is complete for ߙଵ = −1. 

 
FIG. 5. Concentration fluctuation in long wavelength versus concentration of Pb at 973 K. 
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. The value ߙଵ = 0 shows the random 
distribution of the atoms in the mixture. On the 
other hand, positive values of α1 suggest a 
segregating nature. It is also complete for ߙଵ =
1. The graph of theoretical values of ߙଵ versus 
concentration of Pb is shown in Fig, (6). The 

figure  of   ߙଵ is negative within the entire 
concentration range of lead with the most 
negative value at 0.2 concentration of lead, 
signifying strong ordering tendency of the alloy 
at this concentration. 

  
FIG. 6. Warren–Cowley short-range order parameter versus concentration of Pb at 973K. 

 
3.1.3 Viscosity 

For the theoretical calculation of the viscosity 
of Pb − Mg alloy at 973 K, the viscosities of 
each component Pb and Mg at this temperature 
are required. These values are obtained from Eq. 
(20) after substituting the values of ղ଴ and E of 
the metals as given in reference [24]. The value 

of enthalpy for different concentrations is used 
as obtained from Eq. (9) and Gibbs energy of 
activation of each pure metal is obtained from 
Eq. (22). As ܸ୉ has no experimental value and 
the contribution of this term is too small for 
determination of viscosity of alloy [33], it is 
considered negligible.  

 
FIG. 7. Viscosity versus concentration of Pb at 973 K. 

 

The results obtained from different models 
are also compared with the theoretical results of 
the ideal alloy as shown in the Fig. 7. In all three 

models, the viscosity of the liquid alloy at first 
increases and becomes maximum and then starts 
to decrease with an increase in the concentration 
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of the lead. The figure shows that there is a 
significant deviation of viscosity computed by 
the BBK and the KRP models within the entire 
concentration range of lead than that of the 
Kaptay model, but in this model the value 
becomes less than the ideal value from 0.8 
concentration of the lead. Due to the difference 
of viscosity of different models and inability of 
comparison of theoretical results with 
experimental results, it becomes difficult to draw 
conclusion regarding the use of the models for 
the concentration- dependent viscosity of 
Pb − Mg liquid alloy at temperature 973 K. 

3.1.4. Surface Tension 

To determine the surface tension of the 
alloy Pb − Mg, we need to find the density and 
surface tension of individual metals at 973 K, as 
required by all models. These values are 
obtained using the relations provided in 
reference [24]. The bulk and partial excess free 
energy of individual lead and magnesium at 
temperature 973K are taken from reference [2]. 
The values of geometrical structure factor and 
ratio of surface excess energy to the bulk excess 
energy(ܩ௝

ୱ,୶ୱ/ ܩ௝
ୠ,୶ୱ) are taken from reference 

[29]. By utilizing these values in Equation (21) 
and solving the equations simultaneously, the 
surface concentrations of both components can 
be obtained. With the help of these surface 
concentrations for each respective metal, the 
surface tension of the alloy is determined. This 

procedure is repeated for the other two models, 
following the same methodology. The 
interchange energy (⍵ = −5.779݇୆ܶ) as found 
from Eq. (6) is used in statistical method. 
Likewise, the interaction energy parameters 
⍵ and ⍵௝௞ as obtained from the thermodynamic 
properties are used in the case compound 
forming model. The surface concentrations and 
the surface tensions thus computed from all three 
models are illustrated in Figs. 8 and 9, 
respectively. From the Fig. 8 it can be concluded 
that the Pb atoms has segregating tendency to the 
surface. But such segregating tendency 
of Pb atoms is more at high bulk concentration 
of Pb. This also depicts that for concentration of 
Pb, the lead and magnesium atoms of the alloy 
interact more and form chemical complexes 
assumed to be PbMgଶ. 

The surface tension of Pb − Mg alloy seems 
to be decreasing gradually with increasing in 
bulk concentration of Pb as shown in Fig. 9. But 
it lies below the ideal value in the statistical 
mechanical approach after 0.5 concentration of 
Pb. In the compound formation model, the 
energy parameters considered are believed to be 
responsible for the variation of surface tension 
towards the left side. However, on the right side, 
complex formation is less likely due to the high 
surface segregation of lead atoms, as mentioned 
previously. Hence, the deviation is smaller in 
this region. 

 
 FIG. 8. Surface segregation versus concentration of Pb at 973 K. 
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FIG. 9. Surface tension versus concentration of Pb at 973 K. 

 
3.2. Thermodynamic, Structural, and Surface 
Properties at Higher Temperature  

For the theoretical analysis of different 
behavior of the alloy at higher temperatures, we 
assume that interaction energy parameters 
linearly depend on temperature and the mole 
fraction of each component do not depend on 
temperature. For the theoretical analysis of 
different behavior of the alloy at higher 
temperatures, we assume that interaction energy 
parameters linearly depend on temperature and 
the mole fraction of each component do not 
depend on temperature. Based on these 
assumptions, the change of interaction energy 
parameter with temperature is expressed as: 

݀[⍵௝௞(ܶ)]஼ =  
డ⍵ೕೖ(்)

డ்
 ݀ܶ, ݆ ≠ ݇         (35) 

⍵௝௞( ௄ܶ) − ⍵௝௞(ܶ) =  
డ⍵ೕೖ

డ்
( ௞ܶ − ܶ)         (36) 

where ௞ܶ = 1073 K, 1173 K, 1273 K.  

After solving Eq. (36) by the use of 
interaction energy parameters and their 

temperature derivatives obtained for 973 K, the 
interaction parameters for different temperatures 
are found and used in Eq. (6) to compute free 
energy of mixing for different temperatures. The 
values thus computed are used for corresponding 
activities of each component, concentration 
fluctuation in long wavelength limit, and the 
compound formation model of surface tension 
for thermodynamic, structural and surface 
properties. The plot of Gibbs free energy, 
activity, concentration fluctuation in long 
wavelength limit, and surface tension of the 
alloy at different temperatures are shown in Figs. 
10, 11, 12, and 13, respectively. 

Figs. 10 and 12 suggest that as temperature 
increases, the interaction tendency between the 
atoms decreases so that the alloy becomes less 
ordered with an increase in temperature. Fig. 11 
indicates that each component’s activity 
increases with temperature increase. Whereas 
Fig. 12 depicts that the surface tension of liquid 
alloy decreases with an increase in temperature. 
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FIG. 10. Gibbs free energy of mixing versus concentration of Pb at different temperatures.  

  
FIG. 11. Chemical activity versus concentration of Pb at different temperatures.  

  
FIG. 12. Concentration fluctuation in long wavelength limit versus concentration of Pb at different temperatures. 
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FIG. 13. Surface tension versus concentration of Pb at different temperatures by the compound formation 

method. 
 

4. Conclusion 
In this research paper, theoretical analysis is 

carried out to understand the thermophysical 
behavior of binary liquid Pb–Mg alloy at 973 K, 
1073 K, 1173 K, and 1273 K by assuming the 
existence of PbMgଶ complex in the liquid 
mixture by different models. The paper explains 
the asymmetric nature of the thermodynamics of 
the alloy as a function of concentration. This 
study also shows that the alloy has a tendency of 
ordering   that  becomes weaker with an increase 
in temperature. The study predicts that the lead 
atoms show a greater tendency to segregate on 

the surface at higher concentrations of lead. The 
viscosity has an erratic variation with an increase 
in concentration of lead in all models, whereas 
the surface tension has a nearly linear variation 
in the Butler and the compound formation 
models at 973 K. The surface tension decreases 
with an increase in temperature. 
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