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Abstract: In the present work, we have estimated the vacancy migration energy in a single 

crystal of hcp Zr and also determined the mean energy path for this transition using molecular 

dynamics based simulations. The vacancy migration energy is estimated to be about 1.02 eV, 

which is quite close to the experimental and DFT data for hcp-Zr. 
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1. Introduction: Zirconium and its alloy with niobium are the most widely used nuclear materials for 

manufacturing fuel rods and claddings, owing to their favorable mechanical properties and low nuclear 

cross section. Irradiation induced defects like vacancies and interstitials are created during operation of 

nuclear power plant in fuel rods and claddings. The migration of these defects at the atomic level affect 

the material properties, like tensile and fracture strength, at the macro level. Atomistic simulations have 

been found to accurately predict the point defects produced as a result irradiation in a single crystal Nb 

[1] and defect formation energies in bi-crystals of hcp-Zr [2]. 

 

In this article, atomistic simulations have been carried out to study the migration of vacancy in a single 

crystal of Zr. The energy barrier for migration of vacancy to the nearest neighbor is calculated. The 

mean energy path (MEP) curve is also plotted for the migration. 

 

Modelling details: In this article, molecular dynamics based simulations were carried out in parallel 

Large Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [3], and post processing of 

dump files was performed in OVITO [4]. The accuracy of any MD based simulation entirely depends on 

the type of potential employed for estimating atomic interaction forces, hence the updated parameters of 

embedded atom method (EAM) force field proposed by Mendeleev and Auckland was used for Zr [5]. 

The EAM potential employed in this work has already been established to anticipate the mechanical 

properties of Zr correctly [5]. This potential has been used to successfully study the mechanical 

properties of Zr polycrystals [6] and grain boundary energy and vacancy and interstitial formation 

energies in bicrystal of Zr [2].  

 

Initially, a simulation box containing 4000 atoms of Zr is created. This single crystal is minimised at 0 

K, using conjugate gradient (CG) mechanism. A vacancy is created is in the single crystal by deleting 

and atom. Nudged Elastic Band (NEB) is used to calculate the energy required to migrate the vacancy to 

the nearest neighbour. The migration of vacancy is equivalent to the migration of the nearest 
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neighbouring atom towards the vacancy. This is depicted in Figure (1). In this work, 16 replicas were 

used to step by step migrate the nearest neighbouring atom towards the vacancy. In figure 1, only the 

vacancy and its immediate neighbouring atoms are shown. Potential energy of each replica was output in 

the master log file of the NEB run. The difference in potential energy of the initial (or final) and the 

highest energy replica gives the energy barrier of the migration, which is equal to 1.02 eV. Mean energy 

path (MEP) for this migration is plotted in Figure (2). It is a perfect bell curve indicating a symmetric 

transition. 
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Figure 1: Step-wise vacancy migration in a single crystal Zirconium. 

 

2. Results and discussion: 

 

The MEP for vacancy migration is depicted in Figure (2). This MEP corresponds to the vacancy hop to 

the nearest neighbour as shown in Figure (1). The energy barrier for this migration is the difference 

between the initial (final) potential energy of the atoms and that of the highest replica during the 

migration path. This value comes out to be 1.02 eV. The value obtained for vacancy migration in this 

work is approximately equal to the energies for vacancy migration in Zr obtained experimentally [8] and 

DFT calculations [7]. 
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Figure 2: Mean Energy Path during vacancy migration 

 

3. Conclusions: It can be concluded from our current work that molecular dynamics based simulations 

can accurately predict vacancy migration energy in single crystal hcp Zr. The mean energy path (MEP) 

for this migration is a perfect bell curve. 
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