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Abstract

The corrosion of steel in liquid lead-bismuth has been studied by computer simulation using MOLDY code. The
diffusion processes among atoms are assumed to be the key issues to understand the corrosion mechanism
microscopically. In order to simulate these diffusion processes, the inter-atomic potential between Fe-Fe, Pb-Pb,
Bi-Bi, Cr-Cr and Ni-Ni are assumed to obey the Lennard-Jones potential. The Lennard-Jones potential parameters
of above pairs of atom have been derived by fitting the data available in the literature with the Lennard-Jones
equation. The initial positions of the system are taken from the crystal structures data including the cell parameters.
The simulation cell was a box with the volume 60x30x30 A® that were filled by 2864 atoms. Nickel and chromium
atoms were substituted into Fe crystal with the percentage 10% and 16 % respectively to construct the systems of
SS-316 which contacted by 50%Pb-50%Bi. The molecular dynamic simulations have been carried out for surface
interaction between steel crystal with liquid lead-bismuth for several temperatures. After done the above simulation,
the simulation is then tried by using 45%Pb-55%Bi (Pb-Bi Eutectic). The results of molecular dynamic simulations
for several temperatures and the effect of variation of Pb and Bi above will be presented in this paper.

Keywords: molecular dynamic, Lennard-Jones potential, liquid lead-bismuth, stainless steel, corrosion, fast breeder
reactor, penetration depth.

computational chemical kinetics and hydrodynamics

1. Introduction methods. Meanwhile, the group from Tokyotech

The liquid lead-bismuth eutectic (LBE) is one carried out the studies using molecular dynamics
of the candidate coolants in Generation IV nuclear methods. Their interatomic potential for Fe-Fe, Pb-Pb,
reactor especially for fast reactor or fast breeder Bi-Bi, Fe-Pb, Fe-Bi and Pb-Bi were derived by using
reactor (FBR). The application of this material have ab-initio method. The depth of potential well was used
many advantages because of low melting point, very to analyze the cohesive forces between atoms. The
high boiling temperatures and chemical inertness that deeper the potential depth, the higher the cohesive
can contributes to the safety inherent with liquid metal forces and therefore the more difficult diffusion
reactor (LMR). However, there is a problem of low process to occur.
corrosion resistance of the materials structure in The group from Tokyotech also had published
contact with this liquid metal. Although some of the the paper about interaction between Pb atom and/or Bi
corrosion problem has been overcome by film coating atom which located at the surface of the Fe (iron)
in the surface of steels and flowing oxygen controlled crystal at high temperatures using first principle
in the system, there are some efforts to understand the molecular dynamic. The result of this simulation
corrosion phenomena macroscopically or showed the motion of Pb atom and Bi atom on Fe
microscopically. crystal surface.

Many investigations of corrosion phenomena However, since they used ab-initio method that
of stainless steel (SS) in liquid Pb-Bi has been carried computationally very expensive then only a few atoms
out macroscopically by experiment, nevertheless there were involved in their simulation. Therefore in order
were some studies done by using computer to accommodate more atoms, we used simple
simulation. Among those studies contributions by the interatomic potential to be used with molecular
groups from Tokyo Institute of Technology dynamic methods at reasonable computational time.
(Tokyotech/TIT) and University of Nevada are We used Lennard-Jones potential in this simulation.
important™™. Some of Fe atoms in Fe crystal were substituted by

The group from University of Nevada in 2002 nickel and chromium atoms to represent SS 316.

had investigated corrosion phenomena using
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Basically a corrosion phenomenon in this
regard is indicated by the penetration of Pb/Bi into
stainless steel. Our simulation results showed the
existence of this penetration process.

Molecular dynamics simulation is a technique
for computing the equilibrium and transport properties
of classical many-body system. This is an excellent
approximation for a wide range materials simulations.
Basically Molecular dynamics is a method to calculate
positions and velocities of molecules or atoms as a
function of time-step. All positions and velocities data
calculated are called phase space trajectories which
can be used to determine the macroscopic properties
of materials. This method using finite different
method to solve Newton’s second law of motion*®.

In this study, we try to study corrosion
phenomena of SS 316 in contact with Pb-Bi at several
temperatures. The simulations use MOLDY code, an
open source molecular dynamics software, which can
be used to simulate solid or liquid system. The
computer experiment were done by varying the
percentage of Pb and Bi composition in the Pb-Bi
system in contact with SS 316. The percentage of Pb-
Bi are 50%Pb-50%Bi and 45%Pb-55%Bi (Pb-Bi
Eutectic).

2. Theory

Basically molecular dynamic simulation
divides into two tasks: developing a model and using
a model in a simulation. The first task includes
choosing a form for the intermolecular potential and
then deriving appropriate equations of motion. The
second task divides into two parts: generating phase-
space trajectories and analyzing the trajectories for
properties.

In the first step in performing a simulation, we
must choose a functional form for the intermolecular
potential. As mentioned above that we used Lennard-
Jones equation for the intermolecular potential
between pair of atoms:

&) e

where r is the atomics distance, ¢ the potential depth
and o potential parameter.

To calculate the parameters ¢ and o for
different types of atoms we used the Lorentz-Berthelet
mixing rule equation as follows®:
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The forces based on the Lennard-Jones potential
above are :
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where F; is the sum of forces Ifij on atom i due to

atom j (j=) in the system. N is the number atoms
involved in the simulation. These atoms are assumed
to be classical and therefore obey the classical
mechanics. The equation of motion can be written as
follow :
= ov; or .
F=m—=m— ;@i=1..,N), (6)
ot ot
where m; is atomic mass of particle i, V; and T,

respectively velocity and position of atom i. Equation
(6) can be solved numerically by finite different
method. Some methods to solve this equation among
others are the well known leap-frog algorithm, Verlet
algorithm, Gear predictor-corrector, Beeman etc. In
this study we used Beeman algorithm.

The energy or forces calculation is the most
time-consuming part almost all Molecular Dynamics
simulations. If we consider a model system with
pairwise interactions, we have to consider the
contribution to the force on particle i, by all
neighbors. For a system of N particles, we must
evaluate N(N-1)/2 pair interactions®. This implies that
the time needed for evaluation of the energy scale as
N2 This process is too long in the simulation. There
exist efficient techniques for speeding up the
evaluation. Some of the techniques are called Verlet
list and Cell (or linked list).

Figure 1. The Verlet list method

Verlet develop a bookkeeping technique which
is illustrated in Figure 1 above™®. In this method a
second radius cutoff r, > r. is introduced, where r; is
first radius cutoff. Before the interactions was
calculated, firstly a list of all particles within a radius
r, of particle i was made (Verlet list). In the
subsequent calculation of the interactions, only those
particles in this list have to be considered. This is a
calculation of order N. As soon as one of the particles
is displaced more than r, > r., a list have to update.
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Figure 2. The cell list method

The idea of cell list is illustrated in Figure 2.
The simulation box is divided into cells with a size
equal or slightly larger than the cutoff radius r. . Each
particles in a given cell interact with only those
particles in the same or neighboring cells. Since the
allocation of a particle to a cell is an operation that
scales with N and the total number of cells that needs
to be considered for the calculation of the interaction
is independent of the system size, the cell list method
scales as N. Moldy code used cell list to gain the
speed of calculation forces or energy.

3. Methodology

The simulation requires the initial condition of
positions and velocities of all atoms involved in the
system. The initial positions of Fe was developed
based on the BCC structure with lattice parameter
2.8665 A and Pb atoms are determined to fill the FCC
cell with lattice parameter 4.9508 A as illustrated in
Figure 3.

The unit cell of the systems can be extended
periodically in three dimensions with the equation:

r=ne+nd+nb+n,C, ©)
where T is the vector position of unit cell, n,, ny, n,
are the number of cell in the x,y,z directions, &,b and

C are the unit vector in the Cartesian coordinates.
Nickels and chromiums were randomly added to the
pure Fe structure above as impurities to develope Fe
alloy structure. Some of bismuth atoms also replaced
of some Pb atoms in the pure Pb structure. The initial
velocities of each atom were generated randomly with
the value between 1 to —1.

The parameters Lennard-Jones used in our
simulation are taken from the data of energy potential
versus interatomic distance of the same atoms in the
literature™”®. These data are fitted by the Lennard-
Jones equation. The results are shown in Table 1.

(3)

Figure 3. Lattice constant of (a) Fe, (b) Pb, (c) Bi and
Pb-Bi

Table 1. Lennard-Jones parameter used in the
simulation

No Element e(eV) c(A)
1 Fe-Fe -0.62 2.26
2 Pb-Pb -0.125 2.75
3 Bi-Bi -0.075 2.8
4 Ni-Ni -0.6 19
5 Cr-Cr -0.2 2.5

4, Results and Discussion

Figures 4 shows the atomics positions of Fe-
10%Ni-16%Cr in contact with 50%Pb-50%Bi after
molecular dynamics simulations in 20 thousand time-
steps at several temperatures. These figure presents
the atomic positions of Fe (Green), nickel (blue),
chromium (grey), Pb (Brown) and Bi (white) after
molecular  dynamics  simulation at  several
temperatures. It can be shown that some of Pb and Bi
atoms can diffuse into Fe system. The penetration
depth of Pb and Bi are shown in Figure 5, 6 and 7.

i ” 7 ©
Fe-10%Ni-16%Cr  50%Pb-50%Bi Fe-10%Ni-16%Cr  50%Pb-50%Bi
(a) T=473 K () T=573 K

Fe-10%Ni-16%Cr  50%Pb-50%Bi

Fe-10%Ni-16%Cr
() T=673 K () T=773K

Figure 4. Molecular dynamics simulation of Fe
systems with 50%Pb-50%Bi at several temperatures.
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Figure 5. Penetration depth of Pb as a function of
temperatures in Fe system with different composition
of chromium.

Figures 5 and 6 shows that generally the
penetration depth of Pb and Bi increase with
increasing the temperatures. Figure 5 also indicate that
the composition of chromium 16 % of Fe system show
the lowest penetration depth of Pb.

The penetration depth of Pb and Bi as a
function of the composition of chromium at 773 K are
presented in Figure 7. At this temperature the
penetration depth of Pb and Bi increase with
increasing the composition of chromium. The
penetration depth of Pb is also more higher than Bi.
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Figure 7. Penetration depth of Pb and Bi as a function
of composition of chromium at 773 K.

The results of molecular dynamic simulations
of contact between Fe system and Pb-Bi eutectic
(45%Pb-55%Bi) at 773 K are illustrated in Figure 8
and 9. In this simulation the composition of chromium
in the Fe-10%Ni system are varied from 13% to
20.3%. It can be shown that the surface of the Fe-
10%Ni systems can be penetrated by the leads and
bismuths atoms. The penetrations depth of Pb and Bi
into Fe-10%Ni system is presented in Figure 10.
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Figure 6. Penetration depth of Bi as a function of
temperatures in Fe system with different composition
of chromium.

Figure 8. The atomics posistion of 45%Pb-55%Bi and
Fe-10%Ni systems after molecular dynamic
simulationat 773 K

Fe-10%Ni-19,7%Cr 45%Pb-55%Bi Fe-10%Ni-20,7%Cr  45%Pb-55%Bi

©

Figure 10. The atomics posistion of 45%Pb-55%Bi
and Fe-10%Ni systems after molecular dynamic
simulationat 773 K.
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Figure 11. Penetration depth of Pb and Bi into Fe-
10%Ni with different contain of chromium at 773 K.

Figure 10 shows that the composition of
chromium 20.7 % in the Fe system, the lead atoms can
penetrate more deeper than the other about 3 A.
Penetration depth bismuth atoms generally more
lower than leads atoms in all composition of
chromium. The penetration depth of lead at 16 % of
chromium composition is more lower than the other.

The penetration depth of Pb and Bi in the
interaction between 45%Pb-55%Bi with Fe-10%Ni-
16%Cr as a function of temperatures are illustrated in
Figure 11. The penetration depth of Pb and Bi atoms
increases with increasing the temperatures.
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Figure 12. Penetration depth of Pb and Bi into Fe-
10%Ni-16%Cr as a function of temperatures.

5. Conclusions

Molecular dynamic simulation can be use to
study corrosion phenomena of stainless steel in liquid
lead-bismuth through penetration of lead and bismuth
atoms into Fe system.

The penetration depth of Pb and Bi increase
with increasing temperatures. The penetration depth
of Pb is more higher than Bi in the simulation of
contact between 50%Pb-50%Bi or 45%Pb-55%Bi
with Fe system.

The penetration depth of Pb and Bi in Fe
system is depending on the composition of chromium.
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