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Abstract
This work focuses on studying the static and dynamic effects of liquid Al. Static method involves interionic pair interaction, static 
structure factor, pair correlation function, and excess entropy. The dynamic effects are examined using universal scaling laws 
(USLs) to analyze properties of the liquid state, like shear viscosity and diffusion coefficient. Inter-ionic interaction is the main 
ingredient to describe the liquid state feature proposed by Brettonet–Silbert (BS) pseudopotential has been utilized for both static 
and dynamic nature. BS potential procedure employing as a self-consistent microscopic technique that involves the electronic 
theory of metals and statistical mechanics. The liquid structure is characterized by the use of thermodynamic perturbation theory 
referred to as Linearized Weeks–Chandler–Andersen (LWCA) theory. We find excellent agreement between theory and experiment 
for both static and dynamic properties. 
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1. Introduction 
Liquid Al, and aluminum-based alloys have excellent physical properties for metallurgical and industrial applications. This usefulness 
of the Al based alloys urges us to spend efforts to understand their thermophysical properties from the point of view of both theory and 
experiment [1-9]. The system we are interested in to work on theoretically is the liquid Al at a thermodynamic state T=1200 K. The 
cause of choosing this system is fourfold. First, the alloy forming elements Al is heavy polyvalent metal, and are sometimes difficult to 
handle theoretically, particularly, in the framework of pseudopotentials. Second, liquid Al liquid has not been studied yet for T=1200 K 
within the same framework, to our knowledge, from any microscopic theory, although some attempts are made from the empirical or, 
semi empirical semi-empirical models [1–3]. Third, experimental data for static structure factors for elemental liquid Al is available in 
the literature at the thermodynamic state in question [4]. Fourth, the dynamic properties we are interested in investigating theoretically 
are already measured by different experimentalists [5]. 
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In this work, we study the atomic diffusion and shear viscosity coefficient of liquid Al. Universal Scaling Laws (USLs) have recently 
gained prominence in the theoretical calculation of transport coefficients, particularly for high-temperature melts [10,11]. In USLs, 
the thermodynamic variable known as excess entropy is associated with the structure, particularly the pair correlation function of 
liquid metals. Conversely, the fundamental component of HS theory is the HS diameter, which is derived from the major peak point of 
the pair correlation function. In addition to the aforementioned concerns, proposed a novel parameter that signifies the hardness and 
softness of the interaction for the calculation of transport properties [12]. Besides using theoretical and modeling methods, also carried 
out experiments to study how the self-diffusion coefficients of liquid pure Al change with temperature, using incoherent quasi-elastic 
scattering theory [13]. Subsequently, they juxtaposed the data with theoretical values derived from the Sutherland-Einstein relation 
rather than the Stokes-Einstein relation. used coherent quasi-elastic neutron scattering to investigate the diffusion coefficients of liquid 
aluminum [14]. They looked at their experimental findings and compared them to theoretical results that came from combining the SE 
relation with MD data from different potentials. In the studies ,we observed that even though existing theories for calculating how atoms 
move are being looked at in new ways, the effects of temperature and the changes in interactions between ions from pseudopotentials on 
these movement properties have not been discussed, especially when considering USLs, HS theories, and the Bretonnet and Silbert (BS) 
potential [10-15]. Therefore, we, in the present article, intend to study for the variational effects of interionic pair interaction obtained 
from BS local pseudopotential with temperature, on atomic transport coefficients at thermodynamic state T=1200 K. 
 
2. Theory 
2.1. The Effective Partial Pair Potential 
The local pseudopotential for the ith component of a metallic alloy may be modeled as a superposition of two terms, one inside and 
another outside the core,  
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𝑚𝑚=1
−𝑍𝑍𝑖𝑖/𝑟𝑟                                       𝑖𝑖𝑖𝑖 𝑟𝑟 > 𝑅𝑅𝑐𝑐𝑐𝑐

  

where 𝑎𝑎, 𝑅𝑅𝑐𝑐i and 𝑍𝑍 denote the softness parameter, core radius and the effective s-electron 

occupancy number, respectively. The term outside the core is just the bare Coulomb 

interaction (in atomic units) between a conduction electron and an ion. The contribution 

inside the core is contributed by the first two terms of the Dirichlet series arising from the 

inverse scattering approach. For details, see Ref [4,6]. The coefficients of expansion in 

the core depends on the parameters ai, Rci, and Zi. Finally, the partial interionic interaction 

between ith and jth ions is [16,17] 

𝑽𝑽𝒊𝒊𝒊𝒊(𝒓𝒓) =
𝐙𝐙𝒊𝒊𝐙𝐙𝒋𝒋

𝒓𝒓 [𝟏𝟏 − 𝟐𝟐
𝝅𝝅 ∫ 𝒅𝒅𝒅𝒅𝑭𝑭𝒊𝒊𝒊𝒊

𝑵𝑵 𝐬𝐬𝐬𝐬𝐬𝐬(𝒒𝒒𝒒𝒒)
𝒒𝒒 ] 

where the normalized energy wave number characteristics [18] 

                                          𝑭𝑭𝒊𝒊𝒊𝒊
𝑵𝑵 = [ 𝒒𝒒𝟐𝟐

𝝅𝝅𝝅𝝅𝝅𝝅√(𝒁𝒁𝒊𝒊𝒁𝒁𝒋𝒋)
]

𝟐𝟐

𝑾𝑾𝒊𝒊(𝒒𝒒)𝑾𝑾𝒋𝒋(𝒒𝒒) [𝟏𝟏 − 𝟏𝟏
𝛆𝛆(𝐪𝐪)] [ 𝟏𝟏

𝟏𝟏−𝐆𝐆(𝐪𝐪)] 

(1) 

(2) 

(3) 

where a, Rci and Z denote the softness parameter, core radius and the effective s-electron occupancy number, respectively [15]. The term 
outside the core is just the bare Coulomb interaction (in atomic units) between a conduction electron and an ion. The contribution inside 
the core is contributed by the first two terms of the Dirichlet series arising from the inverse scattering approach. For details, see Ref [4,6]. 
The coefficients of expansion in the core depends on the parameters ai, Rci, and Zi. Finally, the partial interionic interaction between ith 
and jth ions is [16,17] .
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Wi(q), in Equation (11), denotes the unscreened form factor of the ith component obtained from the Fourier transform of Wi(r) (see Eq. 
(9)), ε(q) and G(q) are dielectric function and the local field factor in momentum space, respectively, with q as the amount of momentum 
transferred. These functions are taken from Ichmaru and Utsumi because their theory satisfies both the compressibility sum rule and the 
short-range correlation condition [19].

2.2. Pair Distribution Function 
In order to have numerical values for partial correlation function, we first calculate the Ashcroft-Langreth (AL) partial static structure 
factors, Si j(q), and then take a Fourier trans- form of it, 
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where, ρ is the ionic density of alloys. We note that calculation of Si j(q) requires the 

knowledge of the effective hard sphere diameters σi j, which is obtained by using the 

linearized WCA thermodynamic perturbation theory [21]. 

\ 

2.3 Scaling laws 

   To compute the transport properties of liquid metals and alloys, scaling rules put forth 

by Rosenfeld and Dzugutov [10,11] are utilized as a link between structural and 

thermodynamical qualities. In order to determine transport coefficients, Dzugutov and Li 

[11] took into account microscopic reduction parameters, collision frequency, and HS 

diameter, while Rosenfeld [11] took into account macroscopic reduction parameters, 

temperature, and density. Li et al. [11] suggested a comparable scaling relationship for 

viscosity after Dzugutov. Hoyt et al. [11] computed transport coefficients numerically for 

a variety of systems with varying potentials using the scaling law put forward by 

Dzugutov [11]. These theories' specifics have been covered in [11]. This study intends to 

focus for interionic pair interaction obtained from BS model using the USLs with the 

combination of Dzugutov [10,11] framework. The equation involved for these 

calculations are mentioned below: 

(4) 
	  

where, ρ is the ionic density of alloys [20]. We note that calculation of Si j(q) requires the knowledge of the effective hard sphere 
diameters σi j, which is obtained by using the linearized WCA thermodynamic perturbation theory [21]. 
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Fig. 1. (a) BS potential profile, (b) static structure factor, (c) pair correlation function for liquid Al at 

T=1323 K. Solid line, and circle with black line represents the theoretical and, experimental results 

respectively. 
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Table. 1. Input parameters and calculated results 

 

g(r), respectively. The BS fitted parameters were listed in Table 1, namely chemical 

valence 𝑍𝑍, core radius Rc, and softness parameter a. It is noted that the pair correlation 

function, g(r), is the key ingredient of this study [4, 6]. The estimated effective partial pair 

potential V(r) (a.u.) for liquid aluminum is shown in Fig. 1(a), and using this potential, 

the related microscopic inter-ionic correlation g(r) is calculated and displayed in Fig. 1(c). 

The experimental data perfectly matches this, demonstrating the accuracy of the current 

work. In the end, these findings about structure and interactions are used to figure out the 

atomic transport properties based on the electronic theory of metals. No free parameter 

or anything irrelevant to the interionic interaction enters in this process laterally.   From 

Table 1, it is seen that the values of ƞ and D, calculated using the USLs of Dzugutov with 

a local field correction, match the experimental data more closely than those obtained 

using the Li et al. method [21,22]. A few studies claimed that Al has an s-d hybridization 

effect that is exhibited in the Al cluster [23]. This study has been conducted without 

consideration of the hybridization effect and found an excellent correlation between the 

theoretical study with USL's and experimental results. In the branch of material science 

study, may extend this method to uncover the microstructure properties of other liquid 

metals, semi-metals, and transition metals. 

 

4. CONCLUSIONS 

  The results of this study demonstrate that the utilization of USLs is a particularly 

appropriate approach for analyzing the liquid state of the material attributes. As an 

additional material property inquiry, this study might also be taken into consideration. 
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Table 1: Input Parameters and Calculated Results
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g(r), respectively. The BS fitted parameters were listed in Table 1, namely chemical valence 𝑍, core radius Rc, and softness parameter a. 
It is noted that the pair correlation function, g(r), is the key ingredient of this study [4, 6]. The estimated effective partial pair potential 
V(r) (a.u.) for liquid aluminum is shown in Figure. 1(a), and using this potential, the related microscopic inter-ionic correlation g(r) is 
calculated and displayed in Figure. 1(c). The experimental data perfectly matches this, demonstrating the accuracy of the current work. 
In the end, these findings about structure and interactions are used to figure out the atomic transport properties based on the electronic 
theory of metals. No free parameter or anything irrelevant to the interionic interaction enters in this process laterally. From Table 1, it 
is seen that the values of ƞ and D, calculated using the USLs of Dzugutov with a local field correction, match the experimental data 
more closely than those obtained using the Li et al. method [21,22]. A few studies claimed that Al has an s-d hybridization effect that is 
exhibited in the Al cluster [23]. This study has been conducted without consideration of the hybridization effect and found an excellent 
correlation between the theoretical study with USL's and experimental results. In the branch of material science study, may extend this 
method to uncover the microstructure properties of other liquid metals, semi-metals, and transition metals. 
 
4. Conclusions 
The results of this study demonstrate that the utilization of USLs is a particularly appropriate approach for analyzing the liquid state of 
the material attributes. As an additional material property inquiry, this study might also be taken into consideration. 
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