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Abstract 

Temperature-dependent interaction parameters for excess free energies of mixing of sub-binary 

systems of Al-Fe-Si ternary liquid alloys were optimised using the experiment data in the frame 

of Redlich-Kister (R-K) polynomials. These optimised parameters were then used to compute the 

partial excess free energy of sub-binary and ternary liquid alloys. The surface tension and surface 

concentration of sub-binary and the ternary liquid alloys were computed using Butler equation. 

The temperature dependent coefficients of R-K polynomials for excess surface tensions of the 

sub-binary systems were optimised which were then used to estimate the surface tension of 

ternary alloy using Chou, Kohler and Toop modelling equations at temperatures 1773, 1873, 

1973 and 2073 K. The surface tension of the ternary alloy obtained using aforementioned models 

were found to be in good agreement from Fe and Al corners but some deviations were observed 

from Si corner.  

 

Keywords: R-K polynomials, Al–Fe–Si liquid alloy, sub-binary systems, surface tension, 

surface concentration. 

 

1. INTRODUCTION 

Iron and silicon are mostly used as common alloying 

ingredient in aluminium alloys to enhance the 

mechanical strength [1, 2]. Al–Fe–Si system 

possesses high oxidation resistance and hence are 

mainly used for food packaging, magnetic materials 

for transformers, lithographic printing sheets, 

capacitors [2-4] and building materials [5]. The 

addition of iron and vanadium to the Al–Si alloy 

enhances the wear resistance significantly with 

respect to the conventional Al–Si alloy [6]. The Fe 

and Si atoms precipitate on solidifying the Al-Fe-Si 

liquid alloy and forms the hard and brittle ternary 

phases which enchances the mechanical properties 

and surface quality of the final products significantly 

[7]. Due to these multidisciplinary applications, 

many researchers [1-5, 7-12] have long been 

working to access the energetic of Al-Fe-Si system.  

The effect of cooling rate on solidification of the 

system was studied experimentally by Dutta and 

Rettenmayr [5] and they predicted that different 

stable and metastable compounds formed on cooling 

the specimen at different rates. Du et.al. [7] reported 

the eleven different stable complex of Al-Fe-Si in 

liquid and solid alloys. Lui and Chang [1] studied 

the thermodynamic properties and the phase 

equilibria of the system and reported the formation 

of different intermetallic compounds like 

                    ,                          , 

                ,             ,             , 

             and             . Moreover, 

Boulouma et al. [4] investigated the phases of 

Al-Fe-Si system and identified the formation of 

compunds like           ,          , 

          and           . Pontevichi et al. 

[8] studied the phase equilibria of the system at 1000 

K and found that the compound           to be 

in equilibrium with the liquid containing 10.5 at.% 

of Si and 3.2-3.5 at. % of Fe. Novak et al. [3] 
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prepared the            alloy by ultrahigh-energy 

mechanical alloying and spark plasma sintering 

processes and reported the anomalous compressive 

strength of about 1100 MPa at room temperature 

which increased to 1500 MPa at 773 K. Moreover, 

they observed that the alloy of this composition 

showed better oxidation resistance at 1273 K than 

that of 1073 K due to the formation of a highly 

protective         layer on the surface. They 

further suggested that this alloy can be used as 

appropriate material for automobile industries and 

also as a material for aggressive environmental 

conditions. Further, several researchers had studied 

the surface tensions of Al–Fe [13, 14], Fe–Si [13, 15, 

16] and Si–Al [14, 17] sub-binary liquid alloys of 

Al–Fe–Si system.  

Therefore, the surface properties, such as surface 

tension and surface concentration of Al–Fe–Si 

ternary liquid alloy have been studied at 1773 K, 

1873 K, 1973 K and 2073 K and different 

cross-sections in the present work. For this purpose, 

the activity and excess Gibbs free energy of mixing 

of sub-binary systems were calculated using the 

optimised coefficients of R-K polynomials for 

excess free energy of mixing. The surface 

concentration and surface tension of the binary and 

ternary liquid alloys were computed using Butler’s 

equation. For the comparative study, the surface 

tension of the ternary alloy were also computed 

using Chou, Kohler and Toop models with the help 

of temperature-dependent optimised coefficients of 

R-K polynomial for excess surface tension.  

The expressions used for the computations of 

different physical quantities are presented in the 

Section 2, the results and discussion are mentioned 

the Section 3 and the conclusions are highlighted in 

the Section 4 of the work.  

 

2. MATHEMATICAL MODELING 

According to the Butler model, the surface tension 

(  ) and the surface concentrations (   ) of 

components of binary and multi-component liquid 

alloys can be expressed as  [13, 18-21] 

 

     
  

  
   

  
 

  
   

    
       

  

  
 ........................... (1a) 

    
  

  
   

  
 

  
   

    
       

  

  
 .......................... (1b) 

    
  

  
   

  
 

  
   

    
       

  

  
 .......................... (1c) 

 

where    (i=1, 2, 3) are the surface tension,   
  and 

  
  are the bulk and surface concentrations of the 

individual component   of the alloy in their pure 

state and   is the universal gas constant.      
   and 

    
   are the partial excess free energies for the 

surface and bulk phases of the individual component 

  which are related as     
        

  . The value of   

depends on the coordination number of atoms in the 

surface and bulk phases and its value is taken to be 

0.82 [22] for the liquid metal.    are the monolayer 

surface area of one mole of the pure components and 

its value is computed using the relation [13, 23]  

 

      
   

 
  

  
 
   

 ............................................. (2) 

 

where   is called geometrical factor and its value is 

taken to be 1.00 [23]. The terms   ,    and    are 

the Avogadro’s number, molar mass and density of 

the element  . The partial excess Gibbs free energy 

(   
  ) of component   in binary and 

multi-component alloys are expressed in terms of 

integral excess Gibbs free energy of mixing (  
  ) as 

[20, 24]  

 

  
     

      
           

   
  

   
 ...................... (3) 

 

where     is the Kronecker delta function defined as 

      for     and       for    . The value 

of   is 2 for binary and 3 for ternary liquid alloy. 

The excess free energy of mixing of binary liquid 

alloy ‘ij’ having bulk concentrations    and    are 

frequently expressed in terms of R-K polynomial of 

order ‘n’ as [20, 21]  

 

  
          

      
        

  ........................... (4)  

 

where    
  (           ) are called coefficients 

of R-K polynomial for excess Gibbs free energy of 

mixing of the binary system such that    
  

        
 . In the present calculations, value of k was 

taken upto 2 and the higher order terms were 

dropped out as their contribution to the excess free 

energy was found to be negligible.  

Following Chou [25], the expression for free energy 

of mixing (    
  ) for ternary alloy can be given as  
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where   is the ternary interaction term and can be given as [25] 
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The terms   ,    and    are the mole fractions of components in the ternary alloy. The term     are called 

similarity indexes and are expressed as 
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The term   are called deviation sum of squares and are computed using the relations [25]   
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The values of partial excess free energy of the 

components for the binary liquid alloys are obtained 

using Equation (4) in Equation (3) and putting 

   . Similarly, the values of partial excess free 

energies of the individual components in the ternary 

liquid alloys are obtained using Equation (5) in 
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Equation (3) and putting    . The activity (  ) of 

a component   can be expressed in terms of the 

partial excess free energy (  
  ) at temperature T 

using the thermodynamic relation [26]  

 

         
  
  

  
   (9) 

  

The excess surface tension (    
  ) of the ternary 

alloy using the Chou model is obtained by using 

Equations (5), (6), (7) and (8) and replacing the 

coefficients    
  for excess free energy by the 

corresponding coefficients (   
 ) for excess surface 

tension. Kohler model is a symmetric geometrical 

model and all the elements can be placed at equal 

footing. The expression for excess surface tension of 

ternary alloy on the basis of Kohler model is 

expressed as [20, 27]. 
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where    
   are the excess surface tension of the 

binary system at concentrations  
  

     
 

  

     
 . 

Toop model is an asymmetric geometrical model 

and a symmetric element is to be selected to apply 

this model. According to this model, the expression 

for excess surface tension of ternary alloy for a 

symmetrical element having bulk concentration    

is given by the relation [20, 28]. 
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The surface tension ( ) and density ( ) of a pure 

element at temperature   are expressed in terms of 

its surface tension (  ) and density (  ) near melting 

temperature    using the linear relations [29]  

 

     
  

  
               

                 
  

  
       (12) 

  

where       and       are the temperature 

derivatives terms of surface tension and density 

respectively. 

The excess surface tension (   ) of the liquid alloy 

is the deviation between surface tension and its ideal 

value and is given as  

 

                         (13) 

  

where    are the surface tension of the pure 

elements at working temperature.  

 

3. RESULTS AND DISCUSSION 

The coefficients of R-K polynomials for the integral 

excess Gibbs free energy of mixing (  
  ) for the 

sub-binary systems (Al-Fe, Fe-Si and Si-Al) were 

optimised using the experimental values [30, 31] of 

the enthalpy of mixing and excess entropy of mixing 

and are listed in Table 1. These optimised 

parameters were then used in Equation (4) to 

compute   
   of the sub-binary systems. The 

computed values of the present work were found to 

be in excellent agreement with the experimental 

values (Figures 1(a-c)). Moreover, the computed 

values of   
   for Al-Fe system was found to be 

excellent agreement with the work of Adhikari et. al. 

[32] and Yadav et. al. [33], and that of Al-Si with the 

work of Adhikari et al. [34]. But the values obtained 

using the parameters given in Cost 507 [35] and the 

results of Kostov et al. [36] (for Al-Fe system) were 

found to deviate from the experimental results. 

Therefore, the optimised parameters of the present 

work were considered for further computations. 

Moreover, the perusal of Figures 1(a-c) correspond 

that Fe-Si is strongly interacting, Al-Fe is 

moderately interacting and Si-Al is weakly 

interacting in nature.  
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Fig. 1: Variation of excess free energy of mixing for sub-binary systems of Al–Fe–Si ternary liquid alloy with bulk 
concentration. (a) Al-Fe at 1873 K, (b) Fe-Si at 1873 K and (c) Si-Al at 1700 K. 

  

Table 1: Optimised coefficients of R-K polynomial for excess free energy of mixing for the sub-binary 

systems of liquid Al–Fe–Si alloy (this work). 

Sub-binary system Optimised parameters (  ) [        

Al-Fe                    ,                   

                   

Fe-Si                     ,                   

                   ,                  

Si-Al                   ,                 

                ,                    

     

The activity is an important thermodynamic function 

of the liquid alloys. The optimised parameters for 

the excess Gibbs free energy of mixing are 

considered to be acceptable only when they well 

reproduces activity. The activities of the constituent 

atoms of the sub-binary systems were calculated 

using Equations (3), (4) and (9) with help of 

parameters of Table 1. The compositional 

dependence of the activities of the monomers of the 

sub-binary systems are presented in Figure 2 (a-c). 

The computed values of activities of Al (   ) and Fe 

(   ) of Al-Fe liquid alloy at 1873 K were found to 

be in good agreement with the respective 

experimental [30] and literature [32, 33, 36] values 

(Figure 2(a)). Likewise, the computed values of 

activities of the components of Fe–Si alloy at 1873 

K agree with the experimental data [31] and with the 

work of Adhikari et al. [34] but some considerable 

deviations were depicted for the activity of Si in 

concentration range              (Figure 

2(b)). The computed values of activities of Si (   ) 
and Al (   ) of Si–Al alloys at 1700 K were in good 
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agreement with the experimental [30] data and the 

values computed using the parameters from Cost 

507 [35] (Figure 2(c)). As the optimised parameters 

for the excess Gibbs free energy of mixing have well 

reproduced the activity of the preferred systems, 

these parameters were considered for further 

computations of the surface properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Variation of activities of the components of the sub-binary systems of liquid Al–Fe–Si ternary alloy with bulk 
concentration. (a) Al-Fe at 1873 K, (b) Fe-Si at 1873 K and (c) Si-Al at 1700 K. 

 

The surface tensions and densities of the pure 

elements of the sub-binary systems were calculated 

at working temperatures using Equation (12) and 

the data presented in Table 2. The surface tensions 

of the sub-binary liquid alloys were then computed 

using Equations (1) and (2) and are plotted in 

Figure 3. The computed values of the surface 

tensions for Al-Fe and Fe-Si systems at 1823 K 

were compared with the work of Tanaka and Lida 

[13]. There appeared some deviations between 

these results and these deviations might be due to 

the difference in the values of input parameters, 

such as   and  . In present computations, 

       and        [33, 37, 38] were taken 

but Tanaka and Lida carried out the work taking 

        and       . Additionally, the result 

of this work for the surface tension of Si-Al system 

at 1773 K was found to be in agreement with the 

results of Kobatake et al. [17] at higher bulk 

concentration of Si.

 

Table 2: Density (  ) and surface tension (  ) of elements near their melting temperature (  ) and 

their derivatives w.r.t. temperature [28].  

Elements    

(K) 

   

(      ) 

      

(         ) 

   

(    ) 

      

(       ) 

Al 933 2385  0.35 0.914  0.00035 

Fe 1809 7030  0.88 1.872  0.00049 

Si 1683 2530  0.35 0.865  0.00013 
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Fig. 3: Variation of surface tensions of sub-binary alloys 
of Al–Fe–Si ternary system with the bulk concentration. 

 

The Butler equation was used to estimate the surface 

concentrations of components of the ternary liquid 

alloy at cross-sections             from Al 

corner,             from Fe corner and 

            from Si corner. For this purpose, the 

input parameters from Tables 1 and 2 were used in 

Equations (1), (2) and (12). The variation of the 

surface concentration with the bulk concentration of 

the system at 1773 K are presented in Figures 4 

(a-c). The surface concentration of each component 

in the alloy was found to increase with the rise of the 

respective bulk concentration. But some unusual 

trend had been depicted at              from 

Fe corner in which the surface concentration of Al 

increases with the decrease in its bulk concentration 

upto xFe≤0.6 (Figure 4(b)). This might be because 

when the bulk concentration of Fe is gradually 

increased, Si atoms tend to make complexes with the 

Fe atoms as Fe-Si system is found to be strongly 

interacting in nature than that of Al-Fe system due to 

which Al atoms tend to segregate on the surface 

phase. At equiatomic bulk concentration of 

components in ternary alloy, the extent of surface 

segregation of Al atoms is much higher than that of 

Si atoms while Fe atoms is less than that of Si 

(Figures 4 (a-c)). These observations reveal that the 

component having lower value of surface tension 

has the greater surface segregation. The surface 

concentration of Si and Al were found to decrease 

and that of Fe was found to increase gradually with 

the rise in temperature of the system at bulk 

concentration              (Figure 4(d)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Variation of surface concentration of the components of the Al-Fe-Si ternary liquid  alloy with concentration. 
(a) at             from Al corner, (b) at             from Fe corner, (c) at             from Si corner and 

(d) Variation of surface concentration of the Al-Fe-Si ternary liquid alloy with temperatures at a fixed concentration 
            . 
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Table 3: Optimised coefficients of R-K polynomial for excess surface tension of  

sub-binary systems of Al–Fe–Si alloy (this work). 

Sub-binary system Optimised parameters (  ) [      

Al-Fe                      ,                      

                     ,                      

Fe-Si                      ,                       

                                     

                                    

Si-Al                      ,                      

                      ,                       

 

The excess surface tensions of the sub-binary 

liquid alloys were computed using Equation (13). 

These values were then used to optimise the 

coefficients of R-K polynomial for excess surface 

tension and are presented in Table 3. The surface 

tension of the liquid Al-Fe-Si ternary alloy at 

different temperatures and concentrations were 

then calculated using Butler (Equation (1)), Chou 

(Equations (5-8)), Kohler (Equation (10)) and 

Toop (Equation (11)) models at above mentioned 

cross-sections and corners. The compositional and 

the temperature dependence of the surface tension 

of the ternary system are shown in Figures 5(a-d). 

The surface tension of the ternary alloy was found 

to increase with the rise in concentration of Fe 

(Figure 5(b)) and decrease with the rise in the 

concentration of Al (Figure 5(a)). This might be 

due to the greatest value of the surface tension of 

Fe and the least for Al among the constituents of 

the system at 1773 K. As the surface tension of Si 

lies in between Al and Fe, the variation of the 

surface tension of the system from Si corner is the 

least (Figure 5(c)). The surface tension of the 

system was found to decrease linearly with the 

increase in its temperature at all ternary 

concentrations (Figure 5(d)). 

  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Variation of surface tension of the liquid Al-Fe-Si ternary alloy with concentration. (a) at             from 
Al corner, (b) at             from Fe corner, (c) at             from Si corner and (d) Variation of surface 

tension of the liquid Al-Fe-Si ternary alloy with temperatures at five different fixed concentrations. 
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4. CONCLUSIONS 

The computed and the experimental values of the 

excess Gibbs free energy of mixing and the activity 

of the sub-binary systems of the liquid Al-Fe-Si 

alloy were found to be in good agreement which 

provided the validity of the optimised parameters of 

this work. Among the three sub-binary systems, 

Fe–Si was found to be strongly interacting, Al–Fe 

was found to be moderately interacting and Si–Al 

was found to be weakly interacting. Surface 

concentrations of the components of the ternary 

system were found to increase with the rise in the 

respective bulk concentrations. The component 

having lower values of the surface tension 

segregates more on the surface phase of the initial 

melt. The surface tension of the ternary system was 

found to increase with the increase in Fe content and 

decrease with the increase in Al content. Moreover, 

the surface tension of the ternary alloy was found to 

decrease linearly with the rise in temperature.  
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