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A B S T R A C T   

Lead-bismuth eutectic (LBE) corrosion-resistant materials are crucial for the development of future fourth- 
generation nuclear reactors, and the dissolution and diffusion of material components are important processes 
in LBE corrosion-resistant materials. FeCrAl alloy is an important structural material for fourth-generation re-
actors, and it is essential to study its dissolution and diffusion processes in liquid LBE. Molecular dynamics 
simulations (MD) were used to investigate the mutual diffusion process between the FeCrAl alloy and liquid LBE. 
The dissolution and diffusion abilities of Fe, Cr, and Al atoms in liquid LBE were evaluated using mean-square 
displacement (MSD) and diffusion activation energy (DAE). Fe atoms exhibited the highest degree of diffu-
sion, while Al atoms showed the lowest degree of diffusion, resulting in a distinct difference in the elemental 
distribution at the solid–liquid interface (SLI). There was a significant difference in the depth of penetration of Pb 
and Bi atoms into the FeCrAl alloy matrix, with Bi atoms penetrating deeper. Furthermore, there is a thermal 
vibration process during the invasion of Pb and Bi atoms into the FeCrAl alloy matrix, which promotes the in-
vasion process of Pb and Bi atoms. In addition, an increase in temperature exacerbates the diffusion of Fe, Cr, and 
Al atoms in liquid LBE and the process of Pb and Bi atom invasion into the FeCrAl alloy matrix. Our research may 
contribute to the design of future nuclear-grade FeCrAl alloy and the development of next-generation reactors.   

1. Introduction 

The lead–bismuth fast reactor, a kind of reactor cooling with the 
lead–bismuth alloy, has emerged as the most promising reactor type of 
the fourth-generation nuclear energy system due to its high safety, 
miniaturization, and high power density (Alemberti, 2016; Jiang et al., 
2022; Luo et al., 2023; Wu et al., 2020). The LBE possesses superior 
neutronics properties, a low melting point, a high boiling point, excel-
lent heat transfer performance, and low chemical activity. The acceler-
ator driven subcritical (ADS) system is currently considered to be the 
preferred technical approach to overcome the issues associated with 
nuclear waste and nuclear safety (Wang et al., 2019). LBE can signifi-
cantly improve the inherent safety and economy, thus becoming a po-
tential material for the ADS target and reactor coolant (Loewen and 
Tokuhiro, 2003; Kurata, 2011; Eynde, 2001). Despite many advantages, 
the high temperature, flow rate and density of LBE can lead to structural 
corrosion of reactor materials under reactor operating conditions. The 
corrosion mechanisms mainly include dissolution, oxidation, erosion, 

and fretting wear. Liquid metal embrittlement influences the tensile, 
fatigue, creep, and fracture properties of structural materials in the LBE 
environment. The structural material of the lead-cooled fast reactor is 
required to withstand not only the corrosion caused by the coolant but 
also the temperature and radiation (Gao et al., 2020; Chen et al., 2015). 

The LBE corrosion of fast reactors is a vital issue associated with lead- 
based reactors (Jiang et al., 2022; Luo et al., 2023; Zhang and Li, 2008). 
There is extensive research on the development of structural materials. It 
is common sense that the surface oxide layers reduce lead–bismuth 
corrosion on structural materials. An ideal LBE corrosion-resistant oxide 
film should be sufficiently dense with a slow growth rate. The FeCrAl 
alloy demonstrate excellent resistance to LBE corrosion. Two genera-
tions of nuclear-grade FeCrAl alloy are currently on the market. The 
first-generation FeCrAl alloy mainly include four elements: Fe, Cr, Al 
and trace amounts of Y. The second-generation FeCrAl alloy is devel-
oped by adding trace elements (Mo, Nb, Ta, Si, Ti, Zr) on the basis of the 
first-generation alloy. 

FeCrAl alloy have a high resistance to LBE corrosion, and most 
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studies conducted from an experimental perspective have focused only 
on the oxidative corrosion of materials caused by liquid LBE. The 
corrosion mechanisms of materials by liquid LBE also involve the 
penetration of liquid LBE into the inner structure of the material and the 
dissolution and diffusion of the material (Zhang and Li, 2007; Martinelli 
et al., 2020; Yeliseyeva et al., 2008; Schroer et al., 2014; Benamati et al., 
2002). Several studies have shown that the dissolution and diffusion of 
materials in liquid LBE is also an important indicator (Yeliseyeva et al., 
2008; Benamati et al., 2002). However, due to the small timescale, it is 
difficult to experimentally study material dissolution and diffusion in 
liquid LBE. Only a few simulations at low time scales exist. Gao et al. 
(2016) and Gao et al. (2018) applied the embedded-atom method (EAM) 
of MD methods to simulate the properties of liquid metal. The calculated 
density and coefficient of thermal expansion agree well with the 
experimental results. Maulana et al. (2008) studied steel corrosion in 
liquid lead-cooled reactors using MD method simulations and found that 
the higher the temperature was, the deeper the penetration depth of Pb 
and Bi. Zhou et al. (2004) and Belashchenko (2012) improved the 
embedded-atom model for Ni, Fe and Pb, Bi, respectively, with better 
agreement with the experimental physical properties. Arkundato et al. 
(2010) and Arkundato et al. (2012) studied the corrosion phenomenon 
of Fe in liquid Pb by MD accompanied by diffusion theory. The inter-
action of Fe with LBE was also studied numerically by evaluating the 
diffusion coefficient, radial distribution function (RDF) and MSD curve 
of Fe. Liu et al. (2018) studied the corrosion process of Fe in liquid Pb by 
using the MD method and generalized embedded-atom method. Zhou 
et al. (2021) used MD with embedded-atom model potential to study the 
behavior of the SLI between body-centered cubic (BCC) Fe (100) and 
LBE in an anaerobic environment. Haris et al. (2021) noted that MD 
simulations are a powerful tool to study corrosion inhibitor corrosion 
inhibition mechanisms at the molecular level. Despite these efforts, the 
dissolution and diffusion processes are still elusive at the atomistic scale. 

In this work, we aim to study the dissolution and diffusion processes 
of BCC FeCrAl alloy in liquid LBE by means of MD simulations. MD is a 
widely used simulation technique for studying atomic-scale systems in a 
variety of applications (Peng et al., 2018; Qin et al., 2020; Qin et al., 
2019; Liu et al., 2019; Sun et al., 2021; Xie et al., 2019; He et al., 2021; 
Xie et al., 2020; Chen et al., 2019; Qin et al., 2021; Xie et al., 2019) and is 
thus used to study the dissolution and diffusion processes of FeCrAl alloy 
in this study. The differences in the penetration of Pb and Bi atoms into 
FeCrAl alloy and the dependence of the penetration behaviour on tem-
perature are investigated by the RDF, diffusion coefficient and SLI. Our 
investigation is beneficial for the development of nuclear-level FeCrAl 
alloy. 

2. Methods and computational details 

The selection of the potential function is crucial in MD simulations 
and may directly affect the results of the simulation. The EAM developed 
by Daw and Baskes (1984) has been used extensively in metallic sys-
tems. The total energy E of the metallic system can be expressed as: 

E =
∑

t
Fi(ρi) +

1
2
∑

t

∑

i∕=j

φij(Rij) (1)  

where φij is the pair energy of atoms i and j at a distance of Rij. Fi is the 
embedding energy of embedding atom i in a region with electron density 
ρi. The principal electron density ρi can be expressed as: 

ρi =
∑

i(i∕=j)

ρα
i (Rij) (2)  

where ρα
i (Rij) is the electron density distribution function for atom i. 

Our simulations are based on the EAM potential developed by Gao 
et al. (2018), where the parameters of Zhou et al. (2004) are used for Fe, 
Al, the parameters of Lin et al. (2008) are used for Cr and Belashchenko 

(2012) for Pb and Bi. In order to make the parameters for Fe, Cr, Al and 
Pb, Bi compatible, we scaled the parameters of Zhou and Lin with a 
scaling factor μ. The same scaling factor should be used for the same set 
of parameters, otherwise it would break the intrinsic consistency of the 
potential parameters. By redefining the electron density ρi and potential 
energy function Fi, which ensures that the total potential energy calcu-
lated is the same: 

F′
i(η) = Fi(η/μ) = Fi[(μ × ρi)/μ] (3) 

The choice of individual electron density is arbitrary. Zhou and Lin 
used the same density standard in their parameters, while Belashchenko 
used a different density standard. We modified the density function ρα

i 
for Fe, Cr, and Al, while keeping the parameters for Pb and Bi un-
changed, to ensure the same density standard for both: 

ρα′
i (R) = μ × ρα

i (R)⋅F
′
i(η) = Fi(η/μ) (4)  

Where, i represents the element Fe, Cr, or Al. The choice of scaling factor 
μ is crucial. The parameters provided by Zhou and Lin include 17 
metallic elements, including the Pb element but not the Bi element. We 
set the scaling factor μ = 0.0097, which is the same as the value set by 
Gao et al. (Gao et al., 2018). They used MD simulations and first- 
principles calculations to complete the diffusion simulation of Fe and 
Ni in LBE. This method of setting the scaling factor is applicable to 
matching all metallic elements involved in the Zhou parameters with the 
Pb and Bi parameters in the Belashchenko parameters. By setting the 
scaling factor μ, the electron density at R = 3.00 Å for Pb using Zhou’s 
parameters and Belashchenko’s parameters were made identical. This 
result was obtained through X-ray scattering and MD simulations using 
the EAM potential (Gao et al., 2018). As a result, compatibility was 
achieved between the parameters of Fe, Cr, Al and those of Pb, Bi. 
Furthermore, Zhou et al. (2021) and Chen et al. (2023) successfully 
applied the EAM potential function to the systems of Pb, Bi and bcc-Fe. 
Further validation of the EAM potential function will be discussed in 
Section 3.1. 

We simulated the dissolution and diffusion of FeCrAl alloy in liquid 
LBE, and the model is shown in Fig. 1. The LAMMPS software package 
was used for the MD simulations in this study. The size of the simulation 
box is 9.17824 nm × 9.17824 nm × 20 nm. To mitigate the effects of 
anomalous interactions between Pb, Bi and Fe, Cr, Al atoms due to their 
initial proximity, we introduced an initial gap of 1.5 Å between liquid 
LBE and FeCrAl alloy. To resolve the effects of periodic boundary con-
ditions in the z-direction, four layers of fixed atoms were set at the top 
and bottom of the model. There are 13,971 Pb atoms and 17,075 Bi 
atoms. There are 43,692 atoms of Fe, 8398 atoms of Cr, and 13,446 
atoms of Al. The entire experiment was conducted at a temperature of 
693 K. The lattice constant of the FeCrAl alloy was set to a = 2.8682 Å, 
and the crystal structure was BCC. The simulation timestep is 0.001 ps. 
The initial temperature is 300 K. After 500 ps, the temperature is raised 
to 693 K and then relaxed for 50 ps with the canonical ensemble (NVT). 
The simulation is then continued at a constant temperature of 693 K for 
4000 ps. 

3. Results and discussion 

3.1. EAM potential function verification 

To validate the accuracy of the EAM potential function, we con-
structed a liquid LBE model consisting of 16,000 atoms, with the same 
Pb and Bi atomic ratios as the parameters of the model in Fig. 1. The 
number of solute atoms (Fe/Cr/Al) was 17. The RDFs of the solute atoms 
with Pb and Bi atoms were calculated, and they were compared with the 
first-principles calculations by Gao et al. (2018) and Xu et al. (2017) at 
different temperatures, as shown in Fig. 2. The positions of the first 
peaks in the RDFs of the solute atoms with Pb and Bi atoms are almost 
identical to the first-principles calculation values. The small differences 
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can be attributed to the increased number of atom types included in the 
potential function and differences in the calculation methods. The dif-
ferences in peak intensities are caused by variations in the number of 
atoms included in the model. Furthermore, we employed the EAM po-
tential function to calculate the melting point of the bcc-FeCrAl alloy, 
and the obtained range of 1693 K–1820 K is in good agreement with the 
results reported by McMurray et al. (2017), which were in the range of 
1798 K–1813 K. 

The dissolution and diffusion processes of solute atoms in liquid LBE 
are one of the main focuses of this study. To ensure the accuracy of the 
dissolution and diffusion processes of FeCrAl alloy in liquid LBE, the self- 
diffusion coefficient (D) of Fe, Cr, and Al atoms in liquid LBE were 
calculated. D is calculated from the MSD (Qin et al., 2019; Sun et al., 
2019), which is a measure of the deviation of a particle from its refer-
ence position after it has moved over time (Liu et al., 2018; Zhou et al., 
2021). MSD is the most common measure in the spatial range of random 
motion. It is defined as: 

MSD =< |x(t) − x(0)|2 > (5)  

where the <> symbol indicates the average of all atoms to be calculated 
after equilibrium. |x(t)-x(0)| denotes the distance moved by an atom in 
time interval t. Since atoms diffuse equally in all six directions in the 
bulk liquid system, self-diffusion coefficient can be derived from the 
Stokes-Einstein relationship: 

D = lim
t→∞

1
6t

MSD (6) 

D is an important indicator to describe the strength of the diffusion 
ability of material components in liquid LBE. A larger D indicates faster 
diffusion. We tested the Ds of elemental Fe of FeCrAl alloy in liquid LBE 
at 673 K, 743 K, 823 K, 873 K, 923 K, and 1023 K, as shown in Table 1. 
Our calculations are very close to the experimental and simulation re-
sults of others, indicating that our simulations are reliable. 

In Fig. 3(a), the Arrhenius diagrams for Fe, Cr and Al are shown on 
the left-Y and below-X, and the Ds of Fe, Cr and Al in LBE are shown in 
relation to temperature on the right-Y and upper-X. The diffusion acti-
vation energy (DAE) is calculated according to the Arrhenius equation. 
The DAEs of Fe, Cr, and Al in the FeCrAl alloy are 0.42 ev, 0.46 ev, and 
0.73 ev, respectively. The DAE of pure Fe was calculated to be 0.78 ev 
from the experimental data reported by Gao et al. (2015). The DAE of 
pure Fe was calculated to be 0.67 ev from MD data reported by Zhou 
et al. (2021). Differences between our calculations and those of others 
may be due to differences in calculation methods and in the types of 
elements in the system. The MSD of Fe, Cr, and Al atoms were calculated 
at 693 K (Fig. 3b). The calculated Ds for Fe, Cr and Al are 2.65×

10− 11 m2/s, 1.87× 10− 11 m2/s, 1.95× 10− 12 m2/s. The DAE of Fe < Cr <
Al lead to a change in the elemental distribution characteristics at the 
SLI, as shown by the tendency for Fe atoms to be distributed close to the 
liquid phase and for Al and Cr atoms to be concentrated on the side close 
to the solid phase, which has also been observed in relevant experi-
mental studies (Jiang et al., 2022; Ren et al., 2022). 

Furthermore, we have performed calculations on the mutual- 
diffusion coefficients between FeCrAl alloy elements and Pb, Bi ele-
ments in liquid LBE within the model. The calculation method (Med-
vedev and Shapiro, 2004) for the mutual-diffusion coefficient M is as 
follows: 

Mi,j = viDi + vjDj (7)  

Where, Mij represents the mutual-diffusion coefficient between different 
elements i and j, vi denotes the molar fraction of element i in the system, 
Di represents the self-diffusion coefficient of element i, vj denotes the 
molar fraction of element j in the system, and Di represents the self- 
diffusion coefficient of element j. Our results are consistent with the 
mutual-diffusion coefficients of pure Fe in liquid lead calculated by Liu 
et al. (2018) and Robertson (1968), all of which remain within the 
magnitude of 10− 9 m2/s. In Fig. 4, the mutual-diffusion coefficients 
between different elements exhibit significant temperature dependence. 
The mutual-diffusion between Fe and Pb, Bi elements shows the stron-
gest interaction, while the diffusion of Al element is relatively weaker. 
The above results show that our simulation results are feasible. 

3.2. Dissolution and diffusion processes of FeCrAl alloy in liquid LBE 

3.2.1. Mutual-diffusion behaviours 
Figs. 5 and 6 record the dissolution and diffusion processes of FeCrAl 

alloy within 4 ns at 693 K. The penetration of liquid LBE into FeCrAl 
alloy is shown in Fig. 5, and the dissolution and diffusion of Fe, Cr and Al 
atoms in liquid LBE is shown in Fig. 6. In Fig. 5, Pb and Bi atoms 
gradually penetrate into the FeCrAl alloy matrix with increasing simu-
lation time. A large number of Bi atoms (green) are observed to aggre-
gate at the SLI, with only a small number of Pb atoms, the penetrate 
ability of Bi atoms is greater than that of Pb atoms. Furthermore, 
compared to the dispersed diffusion of Fe and Cr atoms in Fig. 6, Pb and 
Bi atoms show aggregated diffusion, which is caused by the difference in 
density between the solid–liquid sides, where the diffusion of atoms in 
the liquid phase is easier. In Fig. 6(a), the Fe atoms diffuse in the liquid 
LBE in the greatest amount and depth, followed by the Cr atoms and 
finally the Al atoms. This phenomenon is related to the difference in the 
ability of atoms to dissolve and diffuse in liquid LBE. The diffusion 

Fig. 1. The initial structure of the FeCrAl–LBE diffusion model (the upper layer 
is LBE, and the lower layer is FeCrAl alloy). 
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activation energies calculated in section 3.1 are Fe < Cr < Al, indicating 
that Fe atoms need to overcome the smallest energy barrier to diffuse in 
liquid LBE and Al atoms need to overcome the largest energy barrier, 

making it difficult for Al atoms to diffuse into the interior of liquid LBE 
and preferring to aggregate near the SLI. 

Fig. 7 shows the RDF images of Fe, Cr, and Al atoms with Pb and Bi 
atoms in SLI at 4 ns. The RDF is a measure of the averaged variation in 
the atomic number density with respect to the distance to the central 
atom (Qin et al., 2019; Sun et al., 2019; Xie et al., 2018; Song et al., 
2013). The results of RDF analysis have the same trend for Fe, Cr, and Al 
atoms. The RDFs of Fe-Bi and Fe-Pb show a peak near 2.9 Å, and then the 
peak flattens and oscillates with increasing distance, which indicates a 
short-range ordered and long-range disordered character, suggesting a 
liquid state (Fig. 7(b)). In addition, the first peaks of Fe-Bi and Fe-Pb are 
located at 2.8525 Å and 2.9225 Å, respectively. This result is consistent 
with the first-principles MD simulations of Xu et al. (2017). They 
calculated the RDF of Fe dissolved in LBE liquid at 800 K and obtained 
first peak positions of 2.91 Å and 2.71 Å for Fe-Pb and Fe-Bi, respec-
tively. The discrepancy between our results and first-principles MD 
simulations may be due to the different temperatures and the increase in 
element types in the simulations. In Fig. 7, the peaks of Fe, Cr and Al 
atoms with Bi atoms are much stronger than those with Pb atoms, 
indicating that the number of Bi atoms in the SLI greatly exceeds the 
number of Pb atoms. In Fig. 7(d), the peaks of Al atoms are significantly 
lower compared to the peaks of the Fe and Cr atoms., indicating that Al 

Fig. 2. Diffusion model of solute elements (Fe/Cr/Al) in liquid LBE (a). Radial distribution functions of Fe-Pb (b), Fe-Bi (c), Cr-Pb (d), Cr-Bi (e), Al-Pb and Al-Bi (f).  

Table 1 
Diffusion coefficient (D) of elements in liquid LBE at various temperatures.  

T(K) Our simulation (m2/s) By others (m2/s) 

Simulation system Simulation system Experiment system 

Fe-Cr-Al 
in LBE 

Fe in LBE Fe(pure) in LBE 

673 1.68×

10 - 11 
2.17×

10 - 11 
2.78 × 10 - 11 Zhou 
et al. (2004) 

3.50 × 10 - 11 Gao 
et al. (2016) 

743 3.13×

10 - 11 
4.00×

10 - 11 
6.87 × 10 - 11 Zhou 
et al. (2004) 

7.60 × 10 - 10 Gao 
et al. (2016) 

823 6.45×

10 - 11 
8.00×

10 - 11 
7.69 × 10 - 10 Zhou 
et al. (2004) 

7.80 × 10 - 10 Gao 
et al. (2018) 

873 9.05×

10 - 11 
1.11×

10 - 10 
8.35 × 10 - 10 Zhou 
et al. (2004) 

1.20 × 10 - 9 Gao 
et al. (2018) 

923 1.23×

10 - 10 
1.49×

10 - 10 
8.97 × 10 - 10 Zhou 
et al. (2004) 

1.50 × 10 - 9 Gao 
et al. (2018) 

1023 2.13×

10 - 10 
2.56×

10 - 10 
9.20 × 10 - 10 Zhou 
et al. (2004) 

2.27 × 10 - 9 Zhang 
and Li (2008)  
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atoms are dissolved at the edge of the SLI and basically do not diffuse 
inside the liquid LBE (Fig. 6c). Furthermore, the peak for Al-Bi occurs at 
2.7475 Å, whereas a very small peak for Al-Pb occurs only near 5.3725 Å 

(Fig. 7d), indicating that the majority of atoms in contact with Al atoms 
at the SLI are Bi atoms, rather than Pb atoms (Fig. 5). In addition, the 
first peak of Al-Bi appears at an earlier position than Fe-Bi and Cr-Bi, 
indicating a stronger interaction between Al and Bi atoms, which may 
be partly responsible for the lower diffusion of Al atoms into the liquid 
LBE and causes the repulsive forces generated as the liquid LBE pene-
trates into the FeCrAl alloy matrix to push the Al atoms to aggregate on 
the surface of the matrix, even towards the direction away from the SLI 
(towards the side closer to the solid) (Figs. 6c and 9b). 

3.2.2. Solid-liquid interface atom density distribution 
We analysed the atom density in the Z direction (Fig. 8). The den-

sities of Bi atoms and Pb atoms far from the SLI are almost the same, and 
the density of Bi atoms near the initial interface is significantly higher 
than the density of Pb atoms, indicating that Bi atoms are more active 
near the SLI. There is a tendency for the density of Fe, Cr and Al atoms to 
decay near the initial interface, indicating that FeCrAl alloy undergo 
dissolution and diffusion when in contact with liquid LBE. In contrast, 
the Al atoms decay more slowly near the initial interface, which is 
caused by the strong interaction between the Al and Bi atoms pushing 
the Al atoms closer to the solid side. This typical distribution of elements 
at the SLI may facilitate the formation of oxide layers of different ele-
ments and structures (Jiang et al., 2022; Luo et al., 2023; Wu et al., 
2020; Ren et al., 2022). 

Fig. 3. Arrhenius diagram for diffusion coefficients of Fe, Cr and Al atoms (a). The MSD of Fe, Cr and Al atoms at 693 K (b).  

Fig. 4. Temperature dependence of mutual-diffusion coefficients between 
FeCrAl alloy elements and liquid LBE elements. 

Fig. 5. The mutual-diffusion process of FeCrAl alloy and LBE after system equilibrium at 693 K (The upper layers are Pb and Bi atoms, and the lower layers are Fe, Cr, 
and Al atoms. The Fe, Cr, and Al atoms are scaled down here for a clear view of Pb and Bi penetration into the FeCrAl alloy matrix.). 
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Fig. 6. The mutual-diffusion process of FeCrAl alloy and LBE after system equilibrium at 693 K (To clearly observe the dissolution and diffusion of Fe (a), Cr (b), Al 
(c) atoms in liquid LBE, the Pb and Bi atoms have been scaled down, and the Fe, Cr, Al atoms are shown separately.). 
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3.2.3. Penetration of FeCrAl alloy by Pb and Bi atoms 
We measured the average depth of Pb and Bi atoms penetrating into 

the matrix of the FeCrAl alloy (Fig. 9a) and the number of Fe, Cr, Al 

atoms dissolved into LBE (Fig. 9b). As the simulation time is extended, 
there is a gradual increase in the depth of penetration of Pb and Bi 
atoms. Compared to Pb atoms, the penetration depth of Bi atoms is 

Fig. 7. Atomic morphology of the solid-liquid interface (a). Radial distribution functions ((b) Fe-Bi, Fe-Pb. (c) Cr-Bi, Cr-Pb. (d) Al-Bi, Al-Pb.) of the SLI at 4 ns.  

Fig. 8. The distribution of the atom densities of Fe (b), Cr (c), Al (d) and Pb, Bi in the Z direction after equilibrium at 4 ns (dPbBi is the depth of Pb and Bi penetration 
into the FeCrAl side, and dFeCrAl is the depth of Fe, Cr, Al atom diffusion into the liquid LBE.). 
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substantially greater, indicating that the Bi atoms penetrate more easily 
into the FeCrAl alloy matrix. Furthermore, the average penetration 
depth of Pb and Bi atoms does not increase monotonically with time 
(Fig. 9a), indicating that there is a significant thermal vibration of Pb 
and Bi atoms penetrating into the interior of the FeCrAl alloy matrix 
(Fig. 10). This process may lead to the re-entry of Pb or Bi atoms 
penetrating into the FeCrAl alloy matrix into the liquid LBE (Fig. 10). 
The average depth of penetration of Pb atoms into the FeCrAl alloy 
matrix at 1.5 ns is close to 0 Å (Fig. 9a), indicating that the Pb atoms 
penetrating into the matrix are again returned to the liquid phase. 

In Fig. 10, this thermal vibrational process of Pb and Bi atoms on the 
surface or inside the FeCrAl alloy matrix can cause severe lattice 
distortion, which can lead to atomic bond breakage, causing the matrix 
atoms to break away from their original positions, facilitating the 
dissolution of Fe, Cr, and Al atoms into the liquid LBE results in an 
increased number of vacant spaces for Pb and Bi atoms to penetrate. This 
also indicates that the corrosion of FeCrAl alloy by liquid LBE does not 
necessarily leave Pb and Bi atoms inside the matrix but may also cause 
some vacancy defects. Fig. 9(b) counts the number of atoms dissolved 
and diffused into the liquid LBE. The highest number of Fe atoms dis-
solved is related to a higher content of Fe atoms and a relatively small 
DAE. The number of Al atoms shows a decreasing trend with time, as 
analysed in sections 3.2.1 and 3.2.2. 

The dissolution and diffusion rates of materials in the liquid state 
generally have a strong temperature dependence. We have analysed the 

depth of liquid LBE penetration into FeCrAl alloy varies with tempera-
ture (600 K, 650 K, 673 K, 693 K, 743 K, 783 K, 823 K, 873 K, 923 K, 
1023 K), and here, the depth of LBE penetration into FeCrAl alloy is 
expressed in terms of the penetration depth of Pb and Bi atoms. In 
Fig. 11, the penetration of liquid LBE into the FeCrAl alloy matrix is 
clearly influenced by temperature, with the depth of penetration 
increasing with increasing temperature. The temperature effect within 
the first 2 ns is not very clear because the number of Pb and Bi atoms 
penetrating into the matrix at the beginning of the simulation is small, 
and some of the atoms may return to the liquid phase afterpenetrating 
into the matrix, leading to a chance in counting the penetration depth. 
At 750 K, the penetration depth of the LBE is within 1.5 Å at 4 ns. The 
penetration depth at 750 K- 923 K is considerably higher than that at 
600 K-750 K, with a substantial increase in penetration depth above 
approximately 1000 K. At 1023 K and 4 ns, the penetration depth is 
approximately 7 Å, which corresponds to passing through about five 
(001) crystal planes. Fig. 12 shows the diffusion results of the system at 
various temperatures (600 K, 673 K, 783 K, 873 K, 1023 K) simulated at 
1 ns. With the rise of temperature, the diffusion of Fe, Cr, and Al atoms 
with Pb and Bi atoms increases significantly. The high density of Pb and 
Bi atoms in the form of diffusion contributes to the formation of a similar 
corrosion profile characteristic of the Al (yellow) atom layer at the solid 
interface. 

Fig. 9. Average depth of penetration of Pb and Bi atoms into the FeCrAl alloy matrix within 4 ns (a). Number of Fe, Cr and Al atoms diffused into LBE within 4 ns (b).  

Fig. 10. Trajectories of single Pb (a) atoms and Bi (b) atoms in the z-direction at the SLI (two atoms of each type were taken for analysis).  
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4. Conclusions 

The dissolution and diffusion processes of nuclear-grade FeCrAl alloy 
at the atomic level in liquid LBE and the differential penetration ability 
of Pb and Bi atoms into the FeCrAl alloy matrix were investigated by 
molecular MD and EAM potentials. 

The matrix elements of FeCrAl alloy dissolve and diffuse within a 

short time of contact with the liquid LBE, with Fe atoms dissolving and 
diffusing most readily into the liquid LBE. The diffusion activation en-
ergies of Fe, Cr and Al atoms within the liquid LBE are Fe < Cr < Al. 

The penetration ability of Pb and Bi atoms into the FeCrAl alloy 
matrix is significantly different, with Bi atoms having a stronger pene-
tration ability than Pb atoms. In addition, there is a significant thermal 
vibration process during the penetration of Pb and Bi atoms into the 
matrix, which may lead to vacancy defects in the FeCrAl alloy matrix, 
further enhancing the corrosion ability of liquid LBE. In addition, the 
dissolution and diffusion processes of the FeCrAl alloy matrix in liquid 
LBE and the penetration of Pb and Bi atoms into the matrix are signifi-
cantly temperature dependent, with an increase in temperature exac-
erbating the effect of the above processes. 

Our atomic-scale insights may provide a boost to the development of 
nuclear-grade FeCrAl alloy and the application of fourth-generation 
lead–bismuth reactors. 
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