Journal of Nuclear Research and Applications

Research Paper

Vol. 3, No. 4, P 40-46, Autumn (2023)

Cited in: https://jonra.nstri.ir
Received: 28 February 2023, Revised: 27 May 2023, Accepted: 24 June 2023

Molecular Dynamics Study of Microstructural Evolution and
Damage-Depth Induced by Isotropic Irradiation on Zr-1%Nb Alloy

M. R. Basaadat™*, S. Sheykhi

School of Physics & Accelerators, Nuclear Science and Technology Research Institute, (NSTRI), AEOI, P. O. Box 14395-836, Tehran, Iran.

ABSTRACT

Zirconium alloys with niobium have extensive applications in the nuclear industry, especially in fuel cladding.
In this study, we consider the lattice structure of Zr-1%Nb alloy and study the damage depth (DD) due to
irradiation on the structure of this alloy which results from the collision cascade (CC) phenomenon. It has been
shown that the DD in the structure is directly related to Primary Knocked-on Atom (PKA) energy. Because
the structure of Zr-1%Nb is not homogeneous, DD is highly affected by the incident direction of irradiation.
Both Zr and Nb atoms were considered as PKA’s and the results show that the average of DD is larger for Nb
than Zr. Next, the CC phenomenon has been considered for this alloy, and microstructure evolution has been
studied at low temperatures and low PKA energy. The results show the formation of some self-interstitials
(SI’s) during the CC phenomenon and no SI clusters are observed.
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1. Introductions

Because of low neutron absorption cross-section
and high resistance against corrosion, zirconium-
niobium alloys are used as structural materials and
fuel cladding in nuclear power reactors [1-4]. The
study of microstructure evolution of the ZrNb alloy
is, therefore, important when subjected to energetic
irradiations due to fission in reactors. According to
available data, there are three phases for crystalline
zirconium: a-phase (< 863 °C), B-phase (> 863°C),
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and o-phase (Pressure 2-7 GPa) [5-7]. Zr-Nb
alloys are limited to low Nb percentages (<5%).

These alloys have a proper balance between
corrosion resistance and low hydrogenation
capacity [8]. In particular, Zr-1%Nb, which is
studied in this work, has an HCP structure at low
temperatures, and niobium atoms are dissolved in
the Zr host structure. The structures of pure
zirconium, niobium, and Zr-1%Nb alloy are shown
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in Figure 1. Under irradiation, the atoms may
displace irreversibly from their equilibrium lattice
sites and give rise to the formation of defects. The
resulting defects, then, may join together to make
defect clusters. The macroscopic properties of
nuclear materials are highly sensitive to the
microstructural evolution of atoms in the materials
and other parameters such as temperature and
pressure. The present authors have already studied
the mechanical properties of Zr-1%Nb alloy in the
presence of defects [9, 10]. Also, other studies have
been done by others [7-8,11-20] and some aspects
of this alloy and other similar materials have been
considered until now. But there are still a lot of
open questions that researchers are working on.
This work is divided into three main steps: First,
lattice structure properties have been calculated to
verify the validity of the used interatomic potential
in the calculations. Then, the damage depth (DD)
value have calculated for Zr and Nb as PKA atoms,
and the results of DD have compared. Finally, the
CC phenomenon for low primary knocked-on atom
(PKA) energies has been investigated.

HCP Zr-1%Nb

BCC-Nb

HCP-Zr

Fig. 1. Zirconium, Niobium, and Zr-1%Nb alloy

structures at low temperatures.

2. Theories and Computational Details

All calculations have been done using atomistic
simulation by the LAMMPS code package [21].
All post-processing has been done by VMD [22]
visualizer and Gnuplot. Angular-dependent
potential (ADP) is used as an interatomic potential
for simulations. This new interatomic potential is
used to simulate Zr-Nb alloy and can predict its

2. Embedded Atom Method
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mechanical properties correctly [23]. This kind of
interatomic potential is commonly used for metals
and metal alloys and it is a generalization of EAM?
potential that includes dipole and quadrupole
distortions of the local environment of an atom.
The simulation box for studying Zr-1%Nb is an
8x8x7 supercell that contains 43008 atoms (with
96 atoms per unit cell) with dimensions of
103.4x89.6x108.1 (°A)%. This study has no
temperature effect, so all calculations have been
done at near zero (1 K) temperature. The structures
have been fully optimized using the NPT ensemble
and then the NVE ensemble has been used to
simulate the CC phenomenon and DD processes.
The 8 and 15 picoseconds were needed for
equilibration of the structure in CC and DD
phenomena when the structure has been subjected
to radiation.

Table 1. Lattice constants in X & Z direction for
pure-Zr (a,c) and Zr-1%Nb alloy in A and VFE and
SIFE for pure-Zr in eV. Reference data is composed of
experimental and other available DFT calculations.
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3. Results and Discussion

3.1. Lattice Parameters

At first, the equilibrium lattice constants of pure-Zr
in X and Z-directions (a,c) have been calculated
and the results are in good agreement with
experimental data. Because the structure of
Zr-1%Nb is as pure-Zr, the calculations have been
repeated to obtain the lattice constants of this alloy.
Each unit cell of Zr-1%Nb has 96 atoms with an
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HCP structure. The results have been listed in
Table 1. Vacancy and self-interstitial formation
energies (VFE, SIFE) are two important
parameters when one is considering the defects in
the structure. In other words, the value of VFE and
SIFE can show the behavior of the structure, when
it is involved in irradiation-induced defects. These
guantities can be calculated as [7]:

EJ(p) = E(N = 1;P) = “=E(N; P) (1)
EL,(p) = E(N + 1;P) = =2 E(N; P) )

where Eif(p) , ESf,(p) are VFE and SIFE in
constant pressure respectively and N is the number
of atoms in the structure. In addition, E(N * 1; P),
E(N; P) are the total energy with one excess/less
atom and perfect system. Formation energies for
pure Zr structure have also been listed in Table 1
and compared with experimental results. A pair of
vacancy and self-interstitial is called Frenkel-pair
(FP) and the formation energy of FP’s (FPFE) is
simply the sum of VFE and SIFE and for pure-Zr
FPFE is 4.66 eV . According to these results, the
used interatomic potential is reliable to simulate the
CC phenomenon.

3. 2. Damage Depth

The damage depth (DD) is the maximum distance
of the PKA position to the furthest Sl, that is, the
maximum length which is affected by the
irradiation. On the other hand, this factor is a
damage criterion of the structure for each incident
energetic particle. The DD of Zr-1%Nb alloy
directly shows the strength of this alloy when it is
subjected to irradiation and it is highly dependent
on the irradiation with respect to crystalline
orientations. This spatial angle dependency is
depicted in Figures 2 and 3 for different PKA
energies. X and Y and Z axis in Fig 2 are 0, ¢ and
DD respectively. The orientation space of
irradiation has meshed for different polar and
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azimuthal angles. The polar and azimuthal angles
are varied in the ranges of (0-90%) and (0-120°) and
the mesh step is 15° for each angle. The energy of
PKA atoms in Fig2a to 2e are 10, 50, 100, 200 and
300 eV respectively.

When this alloy is subjected to irradiation, PKA
atoms can be Zr or Nb atoms. Therefore, the results
of damage of the structure can be different for
different PKA atom types. In general (Fig2a to 2e),
DD is bigger for Nb-PKA atoms in this structure.
Therefore, the damage range for Nb as PKA atoms
is more than Zr.

For E(PKA) =10eV, DD values are zero for nearly
all directions. From experimental data, [26] the
threshold displacement energy for Zirconium
structure to produce a stable FP is about 22.5 eV.
According to our calculation for PKA energy
between 20-30 eV stable FP can be seen in most
directions.

The left side of Figure 3 is related to Zr-PKA atoms
and the right side to Nb. From this figure, it is clear
that DD for E(PKA) = 50 eV for Zr and Nb-PKA
are nearly the same and are changing (0-40) °A. DD
for E(PKA) =100, 200, and 300 eV for Nb-PKA is
meaningfully more than Zr-PKA, and for 100 eV is
in the range of (11-37), (11-45) °A. This factor for
200 eV PKA energy is about (16-62), (24-84).
Finally, for 300 eV PKA energy, DD is changed as
(19-73) and (34-90) °A for Zr- and Nb-PKA atoms.
It is shown that the maximum DD is happened for
a head-on collision with nearest neighbor atoms
such as X-direction (6 =90 & ¢ = 0), as can be seen
in Figure 3.

Furthermore, there are 8 Sl positions in Zr-1%Nb
which show in Figure 4 and the results show that
for E(PKA) =300 eV , the maximum of DD can be
nearly seen in the direction of the octahedral SI
position (0 = 55.4 & ¢ = 30). In other words, when
the direction of irradiation is in the Sl direction of
the structure, the furthest atoms can be placed in
the Sl positions after losing their energy during the
CC process.
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Fig. 2. The dependency of DD to the polar and azimuthal angles of irradiation for different E(PKA): a. E(PKA) =
10 eV, b. E(PKA) =50 eV, c. E(PKA) = 100 eV, d. E(PKA) = 200 eV, e. E(PKA) =300 eV.
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Fig. 3. The 2D map dependency of DD to the polar and azimuthal angles of irradiation for different E(PKA):
a. E(PKA) =10 eV, b. E(PKA) =50 eV, c. E(PKA) = 100 eV, d. E(PKA) = 200 eV, e. E(PKA) = 300 eV.
The first (V) and second vacancy positions (N1 to N5) in the HCP zirconium structure; N1 to N5 refer to 1st to 5th

nearest neighbor structure positions.
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Table 2. The average DD for different E(PKA) in A
and eV respectively.

E(PKA) 10 50 100 200 300
AVGDD;

08 137 214 315 472
Zr-PKA
AVGDD;

1.7 160 241 452 632
Nb-PKA

It has also been shown that an increase in the
E(PKA) can lead to an increase in DD.
Furthermore, the treatment of the mean value of all
DD in these orientations with respect to the PKA
energy has a deviation from linear relation and is
shown in Table 2 and Figure 5. In other words, the
DD variation with respect to E(PKA) is similar to
the NRT model. When the PKA energy for this
alloy is near 300 eV, it means that the order of
irradiation energy is about a few hundred eV.
Hence, when the Zr-1%Nb structure is subjected to
irradiation with relatively high energy the structure
is affected nearly by 40 ~ 60 °A.

Fig. 4. Eight SI positions in Zr-1%Nb alloy; O:
octahedral, S: split-dumbble, C: crowdion, T:
tetrahedral and B in 4 bottom stand for basal [7].

Avg. Damage Depth [Ang]

L il s s L
0 50 100 150 200 250 300

E(PKA) [eV]
Fig. 5. DD variation w.r.t. E(PKA)
for Zr-1%Nb alloy.
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3. 3. Collision Cascade (CC) Phenomenon

CC phenomenon has been considered for Zr-1%Nb
alloy in this section. This phenomenon is illustrated
in Figure 6. When PKA atoms have sufficient
kinetic energy to transfer to the atoms nearby the
PKA atoms, they are displaced from their
equilibrium crystal lattice sites, leaving behind a
vacant site or a vacancy and each displaced atom
and its vacancy make an FP. The FPs, themselves,
may have acquired sufficient energy to displace
other atoms and this process can be repeated to
make the CC phenomenon. At first, the number of
FPs increases, then some of the displaced atoms
recombine with vacant sites and the number of FPs
decreases over time. So all of the available FPs are
not stable and just a few FPs will remain in the
structure. For Zr-1%Nb alloy, the most disturbed
structure takes place around 0.5 picoseconds and
the equilibration is achieved after 15 picoseconds.
As it can be seen, no clustering of defects has been
detected individually for low PKA energies and
temperature in a perfect crystal. It is clear that for
high PKA energies it is possible to find clusters of
Self-Interstitials (SIs) or voids (V).

(€) L=1eh?

Fig. 6. CC phenomenon for Zr-1%Nb alloy for
different time steps.

4. Conclusion

In this study, the DD of the PKA atoms with
different energies for Zr-1%Nb alloy has been
calculated and the results have shown that the
increase in PKA energy can lead to an increase in
DD. In addition, the Nb and Zr atoms may be taken
as PKA atoms and the change in the type of PKA
atoms changes the damage depth of the alloy. It has
been shown that Nb-PKA atoms can produce more
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damage to the structure. Furthermore, DD was
meaningfully dependent on irradiation orientation
and this dependency has been explored in
homogeneous angle meshes and it has been shown
that in some cases, the direction of SI in HCP
structure may lead to higher degrees of damage.
The CC phenomenon was also considered for this
alloy and it has been shown that a few Frenkel pairs
were produced in low PKA energies.

5. Abbreviations
The following abbreviations are used in this

manuscript:

DD Damage Depth

cC Collision Cascade

PKA  Primary Knocked-on Atom

Sl Self-Interstitial

HCP  Hexagonal Close-packed

BCC Body-Centered cubic

ADP  Angular Dependent Potential
EAM Embedded Atom Method

DFT  Density Functional Theory
VFE Vacancy Formation Energy
SIFE  Self-Interstitial Formation Energy
FP Frenkel Pair

FPFE Frenkel Pair Formation Energy
NRT  Norgett, Robinson, and Torres
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