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1. Introduction 

 
Liquid lead-bismuth eutectic (LBE), a designated coolant 

for an LBE-cooled fast reactor (LFR) as well as a target 

for high power spallation neutron, has good material 

properties such as low melting point, high boiling point, 

high heat transfer coefficient, low chemical reactivity 

with water and air, and high neutron spallation [1]. 

However, its highly corrosive characteristic for structural 

steels gives nuclear engineers a critical challenge in 

terms of material integrity and safety of the LFR. 

Impurities in liquid LBE play an important role in 

increasing or decreasing the corrosion rate. It is widely 

known that controlling the O concentration is important 

in that adequate O concentration can mitigate corrosion 

by forming a protective oxide layer on steels [2–4]. In 

addition to oxygen, it is also proposed that nitrogen may 

act as a corrosion inhibitor with even more flexibility and 

stability to control [5]. Moreover, interstitial impurities 

in the steel such as oxygen, nitrogen, and carbon affect 

the dissolution of steel components into LBE [6,7]. 

Thus, it is of great importance to understand and 

control the behaviors of these impurities in LBE, which 

is related to the structural integrity and the 

comprehensive safety of the LFR. Such fundamental 

research is expected to provide the knowledge base 

needed to solve important issues on liquid LBE such as 

steel corrosion and radionuclide transport. In the present 

study, we analyzed the behaviors of selected 2p-valence 

impurity elements – C, N, O, and F – by performing the 

atomic-scale computational simulations. First-principles 

molecular dynamics (FPMD) based on density functional 

theory (DFT) were mainly used. 

 

2. Models and methods 

 

2.1 Simulation Procedure 

 

A cubic supercell consisting of 45 Pb and 56 Bi atoms 

was prepared as a model LBE system. The system was 

first equilibrated at 1000 K for 100 ps by classical 

molecular dynamics (CMD). The LAMMPS code [8] 

was used here with an embedded-atom method (EAM) 

potential [9] parameterized by Celino et al [10]. 

Subsequently, FPMD calculations using the VASP code 

[11] were performed at 1000 K for 15 ps to equilibrate 

the system. The Perdew-Burke-Ernzerhof (PBE) 

functional [12] of the generalized gradient 

approximation (GGA) [13] was utilized to evaluate the 

exchange-correlation energy. The band energy was 

sampled over a 2×2×2 Monkhorst–Pack grid [14], which 

has 4 irreducible k-points, with the Methfessel-Paxton 

smearing scheme of 1st order [15] with a 0.2 eV 

smearing width. 

For the equilibrated LBE system, one impurity atom 

among C, N, O, and F was introduced at a specific 

position that is sufficiently distant from the neighboring 

atoms. Then, another FPMD calculation was performed 

at 1000 K for 15 ps for each impurity-including LBE 

system. After the equilibration run of 5 ps, the data of 10 

ps was used in the analysis with the following methods. 

 

2.2 Pair correlation function (PCF) 

 

To obtain the structural information on impurity-LBE 

complexes, a pair correlation function (PCF) was 

calculated. A PCF represents the number density of the 

LBE atoms surrounding an impurity atom along the 

radial distance. The function is expressed as: 

𝑔𝑖𝑗(𝑟) =
1

𝜌0𝑐𝑖𝑐𝑗𝑁
⟨∑ ∑ 𝛿(𝑟 − 𝑟𝑖𝑗⃑⃑ ⃑⃑ )𝑗≠𝑖𝑖 ⟩  (1) 

where ρ0 is the average number density, ci and cj are the 

concentrations of particles i and j, N is the number of 

particles, and rij is the distance between the particles i and 

j. With a given PCF, an average interaction distance and 

a cutoff radius to first-neighboring atoms (FNAs) were 

obtained. In addition, a coordination number (CN), which 

corresponds to the number of FNAs, of an impurity atom 

was calculated as a volume integral of the PCF: 

𝑁𝑖𝑗 = ∫ 4𝜋𝑟2𝜌0𝑐𝑗𝑔𝑖𝑗(𝑟)𝑑𝑟
𝑅cutoff
0

  (2) 

with Rcutoff being a cutoff radius to FNAs. 

 

2.3 Projected density of states (pDOS) 

 

To predict the impurity-LBE interaction, the energy 

levels of atomic orbitals were located by identifying the 

projected density of states (PDOS). For LBE, 6s and 6p 

orbitals from each atom interact with each other to form 

6s and 6p bands. For 2p orbitals of an impurity, the 

relative location to the LBE 6s and 6p bands was 

evaluated. By analyzing the location and the shape of 

PDOS, it was suggested how an impurity atom interacts 

with LBE. 

Additionally, by evaluating the partial decomposed 

charge density at specific energy levels determined from 

pDOS, charge density was visualized to confirm the 

impurity-LBE interaction expected from PDOS. By 

constructing and analyzing the isosurface for a 

decomposed charge density, we visually investigated 

how an impurity atom interacts with neighboring LBE 

atoms. 
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2.4 Static calculations with different FNA compositions 

 

Static calculations were performed with the following 

procedure to find out the preferences of the impurities 

either for Pb or for Bi. First, for each impurity case, two 

configurations (four configurations for the F case) were 

randomly chosen and optimized. Subsequently, the FNA 

composition of the impurity atom was changed from all-

Bi to all-Pb by replacing the original FNAs with the LBE 

atoms located far enough from the impurity atom. Finally, 

the geometry optimization calculation was performed 

again to locally minimize the potential energy of each 

system. The preferences were suggested for each 

impurity by checking the dependence of the system 

potential energy on the FNA composition. 

 

3. Results and Discussions 

 

3.1. Pair correlation function (PCF) 

 

 
 

Fig. 1. PCFs for impurity-Pb and impurity-Bi. The x-axis is the 

radial distance (1.8 Å  – 6.2 Å ) from the impurity atom. 

 

Table I: Characteristic quantities obtained from the PCFs. 

Impurity C N O F 

Average interaction 

distance [Å ] 
2.30 2.30 2.25 2.40 

Cutoff radius 

to FNAs [Å ] 
3.20 3.15 3.05 2.75 

CN 

Pb 2.3 3.2 2.4 1.5 

Bi 2.1 1.0 1.4 0.5 

Total 4.4 4.2 3.8 2.1 

 

Fig. 1 shows the PCFs for impurity-Pb and impurity-

Bi. The average impurity-LBE interaction distance was 

determined with the first local maximum of the function 

while the cutoff radius to FNAs was determined with the 

first local minimum of the function. For the F case, the 

cutoff radius was adjusted according to a visualization 

analysis with geometry-optimized F-LBE structures. The 

partial (Pb and Bi) and the total CNs were calculated 

using the determined cutoff radii. These three quantities 

obtained from the PCFs are listed in Table Ⅰ. 

For C, N, and O, the CNs are around 4, and the 

separation between first-neighboring and next-neighboring 

atoms is clear in the PCFs. For the geometry-optimized 

impurity-LBE complexes, tetrahedron-wise shape is 

mostly seen for these impurities. From these 

observations, 2p-6p covalent interaction is predicted as 

the impurity-LBE interaction scheme. Meanwhile, F has 

the CN of around 2. This low CN comes from the F-LBE 

complex structure where the two FNAs are 

predominantly Pb while Bi appears mainly as the next-

neighboring atoms from approximately 2.9 Å  away from 

the F atom. The reason for this unique structure should 

be related to the points that F-2p orbitals can only 

accommodate one additional electron to form a closed 

shell and that F has a higher electronegativity compared 

to LBE and other impurities. 

Moreover, for N, O, and F, the first-neighboring peak 

for Pb is much higher than that for Bi. As a result, the 

partial CNs for Pb is greater than the partial CNs for Bi 

for these three impurities. From these findings, it is 

suggested that N, O, and F prefer to be surrounded by Pb. 

This preference will be further confirmed and discussed 

in the section 3.3. 

 

3.2. Projected density of states (pDOS) 

 

 
 

Fig. 2. PDOS evaluated for each impurity-including system. 

The x-axis is the energy relative to Fermi level (EF). The left y-

axis is scaled for LBE 6s and 6p bands while the right y-axis is 

scaled for impurity 2s and 2p orbitals. 
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Table Ⅱ: Electronegativity (EN) of the impurities and LBE.  

Impurity C N O F Pb Bi 

EN [eV] 2.55 3.04 3.44 3.98 1.87 2.02 

∆EN [eV] 0.60 1.09 1.49 2.03 0 

 

Fig. 2 shows the PDOS for each impurity-including 

system. Among the impurities, the PDOS of C-2p 

exhibits the most balanced bonding and anti-bonding 

peaks at around the lower and the upper ends of the LBE-

6p band, respectively. This suggests that C interacts with 

LBE in a covalent manner, which is consistent with the 

structural analysis results in the previous section. 

For 2p-PDOSs in Fig. 2, as the atomic number 

increases, the bonding orbital peak enlarges, while the 

anti-bonding peak diminishes. Only the bonding peak is 

visible for F. This tendency suggests that the impurity-

LBE interaction scheme changes from covalent to ionic. 

Table II compares the electronegativity (EN) [16] of the 

impurities with Pb and Bi. In general, the interaction 

between atoms of which EN difference is over 2.0 eV is 

categorized as ionic. The trend of EN in Table II also 

indicates a gradual transition of interaction scheme from 

covalent to ionic. 

Fig. 3 shows visualized charge densities for C-LBE 

and F-LBE complexes. The left figure confirms the 

covalent interaction between C-2p and LBE-6p. In 

contrast, almost only the charge density of F-2p is visible 

in the F case, indicating that the bonding orbitals are 

dominantly contributed by F-2p orbitals and an electron 

transfer occurs from LBE atoms to F as ionic interaction. 

 

  
 

Fig. 3. Visualized charge densities for C-LBE (left) and F-LBE 

(right) complexes by constructing the isosurface of 0.0008 and 

0.003 (electrons/Å 3), respectively. 

 

3.3. Static calculations with different FNA compositions 

 

Fig. 4 shows the results for the static calculations with 

different FNA compositions. Potential energy values for 

geometry-optimized impurity-including systems were 

plotted as a function of the Pb fraction in FNAs. Here 

different “cases” refer to calculation results obtained 

with different initial configurations, which were 

randomly selected from the FPMD trajectories. 

An increasing trend in the graph means that the 

potential energy increases as the FNAs changes from Bi 

to Pb. This can be interpreted that Bi is more favorable 

for an impurity. A decreasing trend can be interpreted 

that Pb is more favorable for an impurity. It is seen that 

generally there is an increasing trend for C and a 

decreasing trend for N, O, and F. This suggests the 

preference of C for Bi and the preference of N, O, and F 

for Pb. This is consistent with the PCF results in the 

section 3.1 (Fig. 1 and Table Ⅰ). 

 

 
 

Fig. 4. Potential energy for each impurity-including geometry-

optimized system according to the Pb fraction in FNAs. For the 

x axis, x=0.00 means the FNAs are all Bi atoms while x=1.00 

means the FNAs are all Pb atoms. 

 

4. Conclusion 

 

By performing the FPMD simulations and analyzing 

the results using several methods, the behaviors of 

selected 2p-valence impurity elements in liquid LBE 

were studied. Structural quantities such as impurity-LBE 

interaction distance and the CNs of the impurities were 

evaluated using PCFs. The chemical states of the 

impurities were analyzed by checking PDOS for the 

impurities and LBE and by visualizing the charge density. 

The preferences of the impurities were suggested based 

on the results of the CNs and the static calculations with 

different FNA compositions. 

The CNs of C, N, and O were determined as around 4 

with the tetrahedron-wise structure of the impurity-LBE 

complexes. The CN of F was determined as around 2 

with the two FNAs being predominantly Pb. The C-LBE 

interaction is regarded as the 2p-6p covalent interaction. 

From C to F, it is predicted from pDOS that the 

interaction scheme changes from covalent to ionic. 

Regarding the preferences, C prefers to be surrounded by 

Bi while N, O, and F prefer to be surrounded by Pb. A 

more detailed description with additional results and 

discussions are planned to be presented in the meeting. 
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