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Abstract: Understanding of the defect evolution mechanism under irradiation is very important for
the research of pressure vessel steel embrittlement. In this paper, the embedded atom method (EAM)
based canonical ensemble molecular dynamics (MD) method was used to study the evolution of the
stacking structure of different nano-sized Cu, (n = 13, 43 and 87) clusters in an Fey,;; embedded with
BCC lattice structure during continuous heating. The mean square displacement, pair distribution
functions and atomic structures of Cu atom clusters at the nanometer scale were calculated at different
temperatures. The structural changes present apparent differences, for the Fey, s contain nano-sized
Cu clusters with different atom numbers during heating. For the Fey,,j,—Cuy3 system, since the ability
to accommodate the atomic Cu in the Fe substrate is lesser, a small number of Cu atoms in BCC lattice
positions cannot influence the whole structure of the Fe-Cu system. For the Fep,;;x—Cuy3 system,
with an increase in temperature, a Cu atomic pile structural change happened, and the strain areas
decreased significantly in the Fepy, but a single strain area grew large. For the Fey,;,—Cugy system,
when the Cu atoms are constrained by the Fe atoms in bulk, only a few of the Cu atoms adjust their
positions. With the increase in temperature, strain in the Fe eased.

Keywords: cluster; structure change; molecular dynamics

1. Introduction

Nuclear power is of great strategic significance for pollution reduction and energy de-
mand relief because of its many advantages including environmental protection, economic
competitiveness and technological independence [1-5]. Its development and utilization is
one of the most promising means to solve the energy crisis. Due to long-term exposure
to the irradiation environment, materials in nuclear power plants are facing the problem
of radiation damage [6-8]. The damage process is multi-scale both in time and space,
involving in collision, defect formation and microstructure evolution, and affects macro
performances of the materials, resulting in lowering system security and operating life of
the nuclear power system.

As one of the most important parts of a nuclear power plant, the nuclear reactor
pressure vessel (RPV) is the largest and least replaceable part of the reactor. It carries the
nuclear fuel parts, and at the same time contains the high temperature and high-pressure
water for cooling these parts. Because the RPV operates under high temperature, high
pressure and neutron irradiation for a long time, its integrity is crucial to the safety and
life of the nuclear reactor and the entire nuclear power plant. Brittle failure poses the
greatest threat to the reactor. A large number of studies have shown that after long-term
neutron irradiation at 288 °C, the impurity element Cu in the RPV steel will be precipitated
as a Cu-rich nanometer phase, which is the main reason for the increase in tough-brittle
transition temperature of RPV steel [9-16].

Precipitation of Cu-rich nano-phases has a significant impact on the mechanical
properties of RPV steels. Factors including nucleation of the Cu precipitates, the early
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growth process of these Cu-rich phases, microstructures, the size of the distribution,
population density and Cu-rich phase evolution with different crystal structures, etc.,
influence macroscopic properties of the materials. A large number of studies have shown
that the precipitation of the Cu-rich nano-phases is one of the main causes for irradiation
embrittlement of the RPV steels [17-27].

Researchers have carried out a lot of theoretical and experimental studies on the
radiation damage of RPV materials. Cai et al. [28] studied nano-scale Cu-rich precipitates
in reactor pressure vessel (RPV) model steel after water quenching, tempering and thermal
aging at 400 °C. Then, samples were cold tolled by 20-30% to study the deformation
of Cu-rich precipitates. Their results showed that the deformation characteristics of the
nanometer Cu-rich precipitates is complicated due to effects of «-Fey, 1. Different deforma-
tion mechanisms have been investigated. Fujii and Fukuya [29] observed defective clusters
in ion-irradiated A533B steel, which is one of the RPV steels commonly used in nuclear
reactors. They reported that nanometer-sized dislocation looped with a Burgers vector (b)
of <100> in the ion-irradiated A533B steel.

Computer simulations were mostly applied to analyze the formation and growth of
Cu-rich clusters and the structural evolution of Cu precipitated phases. Ackland [30] and
Domain [31] studied the migration energies of Cu solute in Fe by molecular dynamics
and first principles calculations. Shu et al. [32] calculated the migration energy of Fe, Cu
and Ni atoms in Fey,j; by using molecular dynamics with the nudged elastic band (NEB)
method. Messina and Chiapetto [33] used kinetic Monte Carlo for the simulation of the
microstructure evolution of reactor pressure vessel (RPV) steels. Although there are many
studies on precipitated phases, there are few on the changes of atomic packing structures
in precipitated small size Cu clusters in Fey,, the motion of Cu atoms and Fe atoms, and
the influence of these Cu clusters on the packing structures in Fep,q.

In this paper, canonical ensemble (NVT) molecular dynamics (MD) simulations within
the frame of the embedded atom method (EAM) were used to study the evolution of the
packing structure of nano-sized Cu clusters embedded in the Fep ) with a BCC lattice
structure during aging treatment at different temperatures. At the atomic scale, these are
calculated including mean square displacements, the pair distribution function, and the
distribution function of atomic density along the radial direction as well as the changes of
atomic packing structures and the structural change of the bulk. The structural changes of
Cu clusters constrained by the matrix at the atomic scale during the heating process are
studied in order to study the influence of the atomic stacking structure in Cu clusters at
different temperatures on the matrix structure, which can provide an understanding of the
behavior of these small size precipitated clusters during thermal aging.

2. Model and Simulation

The interaction among atoms is in the form of EAM, which is given by Bonny et. al. [34].
The total energy of the system is given by:

Z

1 N
E =) Fo)+3 ) Vi(ry) @)
i=1 =1

where the subscripts i and j label each of the N atoms in the system, 7;; is the separation
between atoms, Vj; (rij) describes the pair interaction, and F(p;) is the embedding energy’s
contribution which depends on the electron density of the atom i

N
pi =) 2ij(rij) 2
i=1
where (r) is the density function.
In the calculations, a 30ag x 30ay x 30ag BCC lattice Fe crystal was built (a is the
lattice constant of Fe, and equals 0.2855 nm), where the x, y and z axes correspond to
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100, 010 and 001 orientations, respectively. The 30ag x 30ag x 30ay is the size of the MD
simulation cell. Along the X, y and z axes, periodic boundary conditions were applied.
Then, a 10a; x 10a; x 10a; FCC lattice Cu crystal (a; is 0.3615 nm, which is the lattice
constant of Cu) was constructed. Three fragments were extracted from the center of the
bulk Cu crystal, containing 13, 43 and 87 atoms, which are labeled as Cuj3, Cuyz and Cugy,
having the radiuses of 0.313, 0.478 and 0.652 nm, respectively. The number of copper atoms
in a small number of three types corresponds to the different neighbors from the central
atom. In the meantime, in the Fey,, the central position was taken as the center, and
three spheres with radiuses of 0.313, 0.478 and 0.652 nm were taken. All Fe atoms in these
spheres were removed, and then the three Cu clusters were placed in the hollow Fep, s to
obtain binary Fep,;;—Cupn (n = 13, 43 and 87) systems. Figure 1 shows a three-dimensional
projection of the Feyp,,;x—Cu;3, where the blue balls represent Fe atoms and the orange ones,
Cu atoms.

© 06 0
© 06 0
© 06 0

Figure 1. Three-dimensional projection of the Fey,;,—Cuy3 binary system.

The simulations were performed by starting with the optimal structure at 100 K, then
increasing gradually the temperature to 900 K in increments of 100 K. At each temperature,
these simulations were carried out in the NVT ensemble using an Andersen thermostat
and the time step in the calculation was set as 1.6 x 1071 s. By solving Newton’s motion
equations, we could obtain the positions and velocities of each atom, and a predictor-
corrector algorithm was used to integrate the equations of motion. The initial structures
under a temperature above 200 K were from the coordinates of the last time step of the
previous temperature. At each temperature, the runs took 100,000 time steps, and the last
5000 time steps were used to calculate the statistical average values to record the energy.
In the simulations, the energy usually has very high values at the initial steps at 100 K.
Then the energy drops abruptly and enters into an oscillating regime. In the following
temperatures, the energy changes in an oscillating model, indicating that the simulated
system is in equilibrium.

The following values were determined in the simulations.

gu1) = (L ¥ 8(r—1y)) ®

ieLJ#iel

20) = L 3° (13(0) - 1, (0)
(1) = 5 L () = x(0)) @
i—1

Here, py; is the atomic density distribution function, L is the number of nearest
neighbors of the central atom, N is the number of atoms in the simulated cluster, and < . ..
> denotes the average over the entire trajectory. The pair distribution function (PDF), g(r),
gives the possibility of finding the atom pairs at a given distance, . Whenr = r;;, 8 is 1,
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whereas when r # r;;, it is zero. Mean square displacement (MSD) is (r2(t)) and r;(t) and
7;(0) are the displacement of atom 7 at times ¢, and 0, respectively.

3. Results and Discussion

According to the analysis of the above simulation model, the following simulation
results are obtained.

Figure 2 shows the variations of MSDs of Cu atoms in Fey,j,—Cuy3, Fep x—Cugs and
Fepx—Cugy with the simulation time at different temperatures. For all mean square dis-
placements, only when an atom displacement exceeded the set threshold, was displacement
value included in calculations. The threshold value was 1.07374 x 10~ so that only when
atomic positions presented significant changes would MSDs apparently increase, to avoid
the displacements caused by atomic thermal motions. For the Fey,,;x-—Cuy3 system, there are
54,004 atoms, in which the numbers of Fe and Cu atoms is 53,991 and 13, respectively. Due
to the fact that the atomic radius of a Cu atom is slightly greater than that of an Fe atom,
when thirteen Cu atoms are in Fey, i, these Cu atoms undergo strong constraints from
surrounding Fe atoms, which limits the Cu atom mobility greatly. As shown in Figure 2a,
when the temperature is 400 K, there are not obvious changes in the positions of Cu atoms.
If these Cu atoms are considered as a whole, the packing structures of the Cuy3 cluster do
not change. When the temperature increases to 500 K, the MSDs increase significantly. It
can be found that the increases in the MSDs are not very large, and after a certain time,
the MSDs enter a plateau. This suggests that at this temperature, only a small number of
atoms change their positions compared to those at 400 K. Above 800 K, the MSDs present
increased behavior, implying that the Cu atoms continuously adjust their positions. As
for the Fepx—Cuys system in Figure 2b, the numbers of Fe atoms and Cu atoms are 53,911
and 43, respectively. Because these Cu atoms have a larger moving range than those in the
Cuys case, at 400 K there are apparent increases in the MSDs. At the other temperatures,
the MSDs present increased behavior as the simulation time increases. It can be noted
that at 800 K and 900 K, the values of the MSDs are lower than at 700 K. This is due to the
interaction among the Cu atoms and the atoms in the Fep. When the Cu atoms adjust
their positions, some Fe atoms present position changes. At high temperatures of 800 K
or 900 K, some Cu atoms occupy the BCC lattice positions, and they do not change their
positions. For the Fep,;,.—Cugy, it can be seen in Figure 2c that the MSDs at 400 K imply
that the mobility of the Cu atoms is limited. As the temperature increases above 600 K, the
increases in the MSDs suggest continuous adjustments of the atomic positions. In these
figures, it can be seen that there are stepped increases for the MSDs. This is because a
threshold is set during calculations. When the MSD value at each step is greater than the
threshold, this value is included in the total value. Otherwise, this value is considered to
be due to lattice vibration.
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Figure 2. Cont.
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Figure 2. Mean square displacements of Cu atoms in Fep,,;;x—-Cun, n = 13 (a), 43 (b) and 87 (c).
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Figure 3 shows PDFs of the three Cu clusters at different temperatures. For the Fep,-
Cuy3 as shown in Figure 3a, there are distinct peaks at the positions of 0.0869, 0.1004, 0.1418,
0.1665, 0.2013, 0.2220, 0.2465 and 0.2616 nm at 400 K. With the increase in the temperature,
the height of these peaks become low, and they widen. However, at 800 K, some peaks
disappear, implying changes in the atomic packing of these Cu atoms. For the cases of
Fepux—Cuss and Feyp,,;x—Cugy, shown in Figure 3b,c, the PDFs also indicate that only at high
temperatures, are there a few atoms adjusting their positions.

Figure 3. Pair distribution function curve of Cu atoms in Fep,,;x—-Cun systems, n = 13 (a), 43 (b) and 87 (c).

g(r)
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¢ Fepuk-Cugz
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Figure 4 shows the atomic packing of these three Cu clusters at 400, 500, 600, 800 and
900 K along the (001) direction. For the Cu;3 cluster, as shown in Figure 4i, below 800 K, the
thirteen atoms are at BCC lattice positions. Only at 900 K, one Cu atom leaves the lattice
position. Because the radius of Cu atoms is only slightly larger than that of Fe atoms, when
these Cu atoms are in the Fey, i, they are strongly constrained by the surrounding Fe atoms,
which greatly limits the mobility of the Cu atoms. In the case of the Cuys cluster, as shown
in Figure 4ii, at 400 K these Cu atoms are at BCC lattice positions. As the temperature
increases, a few Cu atoms adjust their positions. At 800 K, it can be seen that a certain
number of atoms are not at lattice positions. Correspondingly, the peak shape of the PDF
presents different features from those at low temperature, including lower peak height
and increased width. For the Cugy cluster, as shown in Figure 4iii, at 400 K, when most of
the Cu atoms are at BCC lattice positions, a small number of atoms present movements
contributing to the small increase in MSDs. At 600 K, all atoms are at lattice positions. As
the temperature increases further, a few of atoms adjust their positions, resulting in the
increases in the MSDs.
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© © e © @ ©
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© © 0 © © © 06 © © © 0 o
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Figure 4. 2d projection of Cu cluster in the Fep,,;;;—~Cup system, n = 13 (i), 43 (ii) and 87 (iii) at a given
temperature. (a) 400 K; (b) 500 K; (c) 600 K; (d) 800 K; (e) 900 K.
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When the Cu clusters change their configurations as the temperature increases, the Fe
atoms in bulk present different features. As shown the Fey,j in Figure 5i, at 400 K, there
are some small strain zones. With the temperature increasing, positions and number of the
strain zones changes. However, because there is a small number of Cu atoms at the BCC
lattice positions, this small Cuy3 cluster does not affect the whole structure of the Fey .
For the Cuys cluster, as shown in Figure 5ii, a certain number of strain zones appear in
the Fep, 1, and some of them are relatively large. As the temperature increases, the areas
of some strain zones decrease significantly, whereas a few of zones grow large. In the
meantime, segregation of solute atoms along the direction in (110) occurs. As the atom
number of Cu reaches 87, shown in Figure 5iii, one large size strain zone appears in the
Fepuik, and is adjacent to the Cu clusters, where the positions of the atoms are not at the
lattice positions. When the temperature increased to 800 K, the strain zones in the Fep,j
decreased significantly. At higher temperature, apparent strain in the Fey,j, disappears.

i Fepux-Cuns

ii  Fepux-Cugs

dii Fepu-Cusgy

Figure 5. Two-dimensional projection of the Fey,,;,—Cup system, n =13 (i), 43 (ii) and 87 (iii): (a) 400 K;
(b) 500 K; (c)600 K; (d) 800 K; (e) 900 K.
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References

Figure 6 shows the atomic packing structures in the four sub-regions a-d at 800 K in
the Fepx—Cugs system along the radial direction from the matrix center. As shown in this
figure, only Fe atoms exist in region d, while Fe and Cu atoms exist in regions a, b and c.
Thus, for this system, it can be clearly seen that there will be vacancies in the Cu clusters
and the substitution of Fe and Cu atoms occurs in the simulation process.
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Figure 6. Atomic packing structures in four sub-regions (a-d) along the radial direction from the
matrix center at 800 K for Fep,,j—Cuys.

4. Conclusions

Atomic simulations within the frame of the embedded atom method were performed
to study atomic packing changes of small sized Cu clusters in Fey,j; on heating by using
molecular dynamics. The simulation results show that the size of the Cu clusters in the
Fepuk apparently affects the atomic packing of the Cu atoms and the structure of the
Fepyk at different temperatures, the Cu clusters changed from ordered to disordered. The
study of three different nano-sized Cu clusters in the Fey,,j; with different temperatures
shows that the structure does not increase with the number of atoms in different stacking
structures of Cuy, (n = 13, 43 and 87) clusters. For Fep;,—Cus3, a small number of Cu atoms
at BCC lattice positions cannot influence the whole structure of the Fe—Cu system. In the
Fepux—Cuys system, although the atomic number increases and the accommodating space
in the Fey,,x becomes greater, most of the Cu atoms are at the BCC lattice positions. As
the temperature increases, packing patterns of the Cu atoms change. In the meantime,
when most of the areas of the strain zones decrease significantly in Fepx, a few of the
strain zones become large, this condition results in an increase in strain within the bulk.
In Feyp,y;x—Cugy, the position change of these Cu atoms occurs mainly in the interior of the
cluster. While the Cu atoms are constrained by the Fe atoms in the bulk, only a few of Cu
atoms adjust their positions. With increasing the temperature rise, the strain in the Fe has
eased. Thus, the annealing at high temperature can greatly improve the apparent position
adjustments among the Cu and Fe atoms, resulting in the obvious changes of the strain in
the whole matrix.
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