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ABSTRACT 

In order to predict the consequences and to know how to intervene after a cladding 

failure event in a Generation IV Lead-cooled Fast Reactor (LFR), the chemical interaction 

between the coolant and the irradiated fuel is one of the main issues. In this study, Miedema’s 

semi-empirical method is used to estimate enthalpies of formation and solution of binary Pb-

X systems, where X is any other element of interest for a LFR core. Moreover, extensions of 

Miedema’s method have been considered in order to investigate chalcogenides and ternary 

compounds. The calculated and experimental values of enthalpies of formation are in good 

agreement, considering the semi-empirical nature of the model. In addition, new values for 

Miedema electronegativity and hybridization term for Pb have been proposed obtaining a 

better agreement with experimental data. These new values have been used to calculate many 

enthalpies of formation of binary and ternary compounds containing lead for which there is no 

experimental data in literature.  

1 INTRODUCTION 

Within the framework of Generation IV nuclear reactors, LFRs are very interesting with 

regard to the achievement of the objectives stated by Generetion IV International Forum-GIF, 

especially for the good characteristics in terms of sustainability and safety: lead is a bad 

moderator and fast neutron could be exploited in the reactor, which can work as burner and 

breeder. As regard safety issue, during a LOCA (Loss of Coolant Accident) the lead likely 

would solidify containing most of the fission products and shielding part of gamma radiation. 

Moreover, in case of a nuclear reactor core fusion, the very high density of lead and its 

convective motions should prevent the formation of critical masses [1].  

Despite these and other features make the lead very attractive as coolant in a fast 

reactor, many issues need to be explored and solved. Chemical interaction between lead and 

other core materials is one of these, especially because very few data are available on this 

topic. Some facility is now under construction in order to fill this lack from an experimental 

point of view, but at the same time, a computational approach is less expensive and could be 

equally useful.  
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Many computational methods can provide thermodynamic and crystallographic 

information of great interest for the issue. Relatively to this approach, the first problem to 

solve is to find a compromise between the quality and quantity of the data provided, and the 

time and computing power required to determine them. Primarily, these variables depend on 

the approximations and simplifications made in interpreting the physics of atoms and their 

structure. Likely, if a model reproduces in an exact (or almost exact) way the reality, the time 

and the computing power required increase. In computational chemistry, these methods are 

called ab-initio [2]. Instead, Molecular Dynamics is an example in which atoms are 

approximated to spheres [3]. However there are also methods based on the extrapolation of 

experimental data (eg CALPHAD) [4], and others like Miedema’s model [5] or BFS 

(Bozzolo-Ferrante-Smith) model [6], where not only atoms and structures are approximated, 

but in addition, they use empirical parameters in order to find a better agreement with 

experimental data. These semi-empirical methods are based on the equivalent crystal theory 

[7]. 

 In literature, there are many semi-empirical methods. Some of them seem to be very 

useful in order to investigate chemical interaction between lead and materials in a LFR 

nuclear core. Some of them have been investigated: Engel-Brewer method to calculate 

properties of mixing, phase diagram predictions of binary systems [8][9]; Embedded Atom 

Method (EAM), proposed by Murray S. Daw and M. I. Baskes, to study fractures, impurities, 

surfaces and inclusions in metals [10]; BFS method to study properties of solid solutions in 

fcc strutures [11] and structure defects in bcc ordered alloys [12][13]; Miedema’s method in 

order to estimate enthalpies of formation and solution of binary systems [14]. Finally, some 

semi-empirical methods for calculation of entropy have been also investigated [15-17].   

In the present work we investigated and applied the Miedema’s model [14], its 

extension to the group 16 [18] and two extensions to the ternary systems [19][20] to estimate  

the enthalpy of formation and the enthalpy of solution for binary and ternary systems of 

interest to face the problem of fuel-coolant chemical interaction in LFRs.   

2 DETAILS OF SEMI-EMPIRICAL MODELS USED 

2.1 Miedema’s Theory 

In Miedema's model [14] the enthalpic effects, during the formation of a compound or 

an alloy, are described in terms of change of boundary conditions when an atomic cell of a 

pure metal switches to be part of an alloy or a compound. A negative contribution to the 

formation heat ∆𝛷∗ = 𝛷𝐴
∗ − 𝛷𝐵

∗  (that helps the formation of new compound) is expressed in 

terms of the electronegativity difference between the elements A and B, and a positive 

contribution is the corresponding difference between the electronic densities at the boundary 

of Wigner-Seitz atomic cells (∆𝑛𝑊𝑆 = 𝑛𝑊𝑆
𝐴 − 𝑛𝑊𝑆

𝐵 ). If a transition metal is bound with a non-

transition metal that contains p-type electrons, there is another negative contribute to the 

formation heat. This term is called hybridization R and its value is calculated in a empirical 

way. In liquid phase its value is a little lower (Rl = 0.73R). Miedema et al. give tables and an 

easy procedure to compute this term for every binary combination of elements.  The enthalpy 

of formation and the enthalpy of solution are described by equation 1 and 2 respectively: 

∆𝐻𝑓𝐴𝑥𝐴
𝐵𝑥𝐵

(𝑠) =

2𝑥𝐴𝑉𝐴,𝑎𝑙𝑙𝑜𝑦
2/3

𝑓𝐵
𝐴[−𝑃(∆𝛷∗)2+𝑄(∆𝑛𝑤𝑠

1
3 )

2

−𝑅] 

[(𝑛𝑤𝑠
𝐴 )

−1/3
+(𝑛𝑤𝑠

𝐵 )
−1/3

]
+ 𝑥𝐴∆𝐻𝐴

𝑡𝑟𝑎𝑛𝑠 + 𝑥𝐵∆𝐻𝐵
𝑡𝑟𝑎𝑛𝑠

          (1) 
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∆𝐻𝑠𝑜𝑙𝐴 𝑖𝑛 𝐵 =

2𝑉𝐴,𝑎𝑙𝑙𝑜𝑦
2/3

[−𝑃(∆𝛷∗)2+𝑄(∆𝑛𝑤𝑠

1
3 )

2

−𝑅𝑙] 

[(𝑛𝑤𝑠
𝐴 )

−1/3
+(𝑛𝑤𝑠

𝐵 )
−1/3

]
                                                             (2) 

In these expressions P and Q are two constants of the model and 𝑉𝐴,𝑎𝑙𝑙𝑜𝑦 is the molar volume 

of A in the alloy. In equation 1, 𝑓𝐵
𝐴 is the degree to which an atomic cell of A is surrounded 

by atomic cells of B on average, while ∆𝐻𝐴
𝑡𝑟𝑎𝑛𝑠

 and ∆𝐻𝐵
𝑡𝑟𝑎𝑛𝑠

 are terms of transformation in a 

metallic structure. This positive contribute there is only for those elements that crystallize in 

non-metallic structure. Miedema et al. give values for ∆𝐻𝑡𝑟𝑎𝑛𝑠 based on empirical 

considerations. The value of 𝑉𝐴,𝑎𝑙𝑙𝑜𝑦 is deducted by molar volumes of A in its pure structure, 

by the relation  

 
(𝑉𝐴

2/3
)

𝑎𝑙𝑙𝑜𝑦

(𝑉𝐴
2/3

)
𝑝𝑢𝑟𝑒 𝐴

= [1 + 𝑎𝑓𝐵
𝐴(𝛷𝐴

∗ − 𝛷𝐵
∗ )]                                                                                (3) 

where the constant a derives from experimental contractions of the volume in compounds: it 

has the value of 0.14 for alkali metals, 0.10 for divalent metals, 0.07 for trivalent metals and 

0.04 for all the others. 

2.2 Extension to the group 16  

Miedema et al. proposed values for 𝛷∗, 𝑛𝑊𝑆
1/3

 and 𝑉2/3 for almost all elements of the 

periodic table up to plutonium except for the halogens and chalcogen groups. This lack was 

partially filled by a research group of Paul Scherrer Institute (PSI) [18] who has done many 

simulations with various of software calculations in order to compute the Miedema’s model 

parameters for O, S, Se, Te and Po. These parameters were used in this work to estimate the 

enthalpy of formation of binary and ternary chalcogenides containing lead.   

2.3 Extension to the ternary systems 

Several extensions based on Miedema’s model have been developed in order to 

calculate the enthalpy of formation and the enthalpy of solution of ternary or multicomponent 

systems. In the present work, Gallego and Ray methods were considered and applied.  

Gallego et al. [19] proposed an easy but effective extension of Miedema’s method to 

ternary systems: for a 3 component system of three metals A, B and C, the chemical 

contribute to the formation enthalpy of an alloy or a compound can be written as 

∆𝐻𝐴𝐵𝐶
𝑐 = ∆𝐻𝐴𝐵

𝑐 + ∆𝐻𝐵𝐶
𝑐 + ∆𝐻𝐴𝐶

𝑐                                                                                     (6) 

with  

∆𝐻𝑖𝑗
𝑐 = 𝑥𝑖𝑥𝑗(𝑥𝑗∆ℎ𝑖 𝑖𝑛 𝑗

𝑐 + 𝑥𝑖∆ℎ𝑗 𝑖𝑛 𝑖
𝑐 )                                                                               (7) 

where ∆ℎ𝑐 is the enthalpy at infinite dilution calculated with the Miedema’s method for 

binary systems. It is assumed that the chemical interaction per unit of contact surface area 

between A and B, does not change in presence of element C.  

 Ray et al. [20] have proposed a similar method: the enthalpy of formation of a multi-

component system is the sum of enthalpies of formation of respective binary systems, 

neglecting ternary effects. In this extension of Miedema’s model, the enthalpy of formation of 

each binary system is weighed by appropriate coefficients:  

∆𝐻𝐴𝐵𝐶 = 𝛷1∆𝐻𝐴𝐵(𝛼) + 𝛷2∆𝐻𝐵𝐶(𝛽) + 𝛷3∆𝐻𝐶𝐴(𝛾)                                                     (8) 
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where α, β, e γ are the atomic fractions of the species A, B and C in the compounds AB, BC 

and CA, respectively, while Φ1, Φ2 e Φ3 are the coefficients assigned to each binary system. 

These coefficients are calculated imposing specific conditions. 

3 RESULTS AND DISCUSSION 

In order to validate Miedema’s method and the extensions considered, a bibliographic 

research was conducted to collect the necessary experimental data of enthalpies of formation 

[21-29] and enthalpies of solution [30-37]. Any binary system considered contains lead and 

another element of interest for a LFR nuclear core. 

 

Figure 1 – Comparison between experimental and calculated enthalpies of formation of 25 

binary intermetallic compounds (MAE 16.8) + 7 chalcogenides (MAE = 14.5) 

Figure 1 shows that Miedema’s method usually underestimates the experimental data of 

(calculated values are more negative than experimental ones), but in general the agreement is 

good with a Mean Absolute Error (MAE) of 16.8 kJ/mol for intermetallic compounds. For 

chalcogenides, that are also shown in figure 1 with a red triangle, the agreement with 

experimental data is also good (MAE = 14.5 kJ/mol). In figure 2 the MAE is little higher 

(23.5 kJ/mol) but this is because enthalpies reach higher values. 
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Figure 2 – Comparison between experimental and calculated enthalpies of solution of 12 

binary solution containing lead. MAE = 23.5 kJ/mol 

As reported in literature [37], some Miedema’s parameter can be modified in order to 

find a better agreement with experimental data, and consequently a better accuracy. In this 

work the electronegative parameter of lead has been varied in a short range. A similar 

approach has been used for the hybridization term of lead. As result of these variation 

calculations, it has found that using a parameter of electronegativity of lead lower than 0.3 V 

(3.8 V instead of 4.1 V), and a coefficient of the lead for the calculation of the hybridization 

term lower then 0.1 (2.0 instead of 2.1), there is an important improvement in the agreement 

with experimental data. Figure 3 shows this improvement. Considering all the intermetallic 

compound reported in figure 1, the MAE decrease by a factor 3 (5.1 kJ/mol). Only the 

chalcogenides make exception (not reported in figure 3 for sake of brevity).  

 

Figure 3 – Comparison between experimental and calculated enthalpies of formation of 25 

binary intermetallic compounds, using the parameters proposed in this work. MAE = 5,1 

kJ/mol 
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Because of this better agreement, the data set of enthalpies with no experimental value 

available has been compiled using the new proposed parameters: more than 60 enthalpies of 

formation and 53 enthalpies of solution (X in Pb) of systems containing lead and another 

element of the irradiated fuel, have been calculated with Miedema’s method.  

For ternary systems containing lead, few experimental data of enthalpies are available in 

literature. Therefore, only 9 experimental enthalpies of formation have been considered. Some 

of them do not contain lead. Anyway, all of them contain elements of interest for a LFR core. 

Despite the few experimental data available, the extension of Gallego et al. enables to obtain 

calculated values (figure 4) with a good agreement with experimental data. The MAE is 7.6 

kJ/mol, that is an order of magnitude lower than the one calculated using the extension of Ray 

et al. (not shown in this paper). Then, many ternary compounds with lead and other elements 

of interest for LFR nuclear core, with no experimental data available, have been calculated 

using the extension of Gallego, in order to compile the data set.   

 

Figure 4 - Comparison between experimental and calculated enthalpies of formation using the 

extension to ternary system proposed by Gallego et al. MAE = 7,6 kJ/mol. 

CONCLUSIONS 

In conclusion, the results obtained has showed that the extended Miedema’s approach 

could be successfully applied to the estimation of formation and solution enthalpies of 

systems of interest. With this approach it is possible to calculate the missing data necessary to 

formulate a preliminary thermodynamic evaluation about the fuel-coolant interaction event. 

More generally, the present work has demonstrated that semi-empirical methods could be 

powerful tools to easily provide thermodynamic information in order to study even more 

challenging scientific and technological issues. 
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