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Abstract 

Molecular dynamics simulations were performed on pure a-Zr and S-ZrH2 in order to obtain a proper 
choice of potential. The EAM and MEAM potential were able to successfully predict the variation in 
Lattice parameter and Elastic Modulus with the experimental results. Interfacial cracking of zirconium 
hydride was observed with use of MEAM potential. A proper choice of potential paves a way for 
studying complicated engineering problems like failure due to hydride reorienting in zirconium. 

1. Introduction 

Zirconium a Group W Transition metal is very important in design of cladding devices in Nuclear 
Reactors [1]. It has a very low absorption of neutrons .The crystal structure of pure zirconium (a-Zr) 
is hexagonal packed structure (HCP) at room temperature. Zirconium exhibits interesting properties 
such as temperature dependent phase change and deformation under stress caused due to twinning 
[2]. Zirconium with atomic number 40 and atomic mass of 91.224 and hydrogen with Atomic 
number 1 and atomic mass of 1.007 react to form the zirconium hydrides (8-ZrH2) at 800°C .The 
hydride formation is the source of interest as it is responsible for cracking in metals. The 8-ZrH2 
formed is a face centered Cubic (FCC) structure consists of hydrogen occupying the tetrahedral sites 
(T-sites). The Interface of a-Zr and 8-ZrH2 has been source of interest. The change in orientation of 
these hydrides due to application of stress is responsible for cracking in nuclear fuel rods [3].This 
has also been proved through the thermodynamic modeling [4]. 

However, the behavior of the interface of a-Zr and 8-ZrH2 at atomic level has not been studied .The 
behavior of hydrogen through computer simulated Molecular Dynamics requires good understanding 
of crystal structure and potentials which calculates the forces with which the atoms interact with 
each other [2]. The best approach for determination of forces is EAM (Embedded Atom Method) 
proposed by Daw and Baskes as it was suggested that Finnis and Sinclair (FS) potential is not 
accurate as predicted by Marchese, Jacucci, and Flynn[5]. 

2. Embedded Atom Method (EAM) 

EAM (Daw and Baskes 1983) is a semi-empirical method which calculates random arrangement of 
positions of the atoms in pure metals and alloys. The total energy of the system is evaluated by two 
factors one is the interaction of every atom with local electron density with the entire system of 
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Abstract 
 

 Molecular dynamics simulations were performed on pure α-Zr and δ-ZrH2 in order to obtain a proper 
choice of potential. The EAM and MEAM potential were able to successfully predict the variation in 
Lattice parameter and Elastic Modulus with the experimental results. Interfacial cracking of zirconium 
hydride was observed with use of MEAM potential. A proper choice of potential paves a way for 
studying complicated engineering problems like failure due to hydride reorienting in zirconium.   
 

1.  Introduction 
 
Zirconium a Group IV Transition metal is very important in design of cladding devices in Nuclear 
Reactors [1]. It has a very low absorption of neutrons .The crystal structure of pure zirconium (α-Zr) 
is hexagonal packed structure (HCP) at room temperature. Zirconium exhibits interesting properties 
such as temperature dependent phase change and deformation under stress caused due to twinning 
[2]. Zirconium with atomic number 40 and atomic mass of 91.224 and hydrogen with Atomic 
number 1 and atomic mass of 1.007 react to form the zirconium hydrides (δ-ZrH2) at 800°C .The 
hydride formation is the source of interest as it is responsible for cracking in metals.  The δ-ZrH2 
formed is a face centered Cubic (FCC) structure consists of hydrogen occupying the tetrahedral sites 
(T-sites). The Interface of α-Zr and δ-ZrH2 has been source of interest. The change in orientation of 
these hydrides due to application of stress is responsible for cracking in nuclear fuel rods [3].This 
has also been proved through the thermodynamic modeling [4]. 
 
However, the behavior of the interface of α-Zr and δ-ZrH2 at atomic level has not been studied .The 
behavior of hydrogen through computer simulated Molecular Dynamics requires good understanding 
of crystal structure and potentials which calculates the forces with which the atoms interact with 
each other [2]. The best approach for determination of forces is EAM (Embedded Atom Method) 
proposed by Daw and Baskes as it was suggested that Finnis and Sinclair (FS) potential is not 
accurate as predicted by Marchese, Jacucci, and Flynn[5]. 
 

2. Embedded Atom Method (EAM) 
 
EAM (Daw and Baskes 1983) is a semi-empirical method which calculates random arrangement of 
positions of the atoms in pure metals and alloys. The total energy of the system is evaluated by two 
factors one is the interaction of every atom with local electron density with the entire system of 
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atoms called embedding energy and second is pairwise interactions creating electrostatic interactions 
between atoms. It can be written in the form of equation [5]. 
Etot=E Fi (pi) + 1/2 E 0 ii(Rii) (1) 

i#j 
The expression Fi is the embedded energy of atom i, (pi) is the electron density of atom i, 0 ii(Rii) gives 
the pair interactions between atom i and j with a distance(Rii).The electron density of each site is 
computed using electron density which is given by the equation. 

(PO= E (Pia) (Rii) (2) 
j#i 

pia R is atomic electron density at a distance R from the nucleus of the atom j. An empirical 
calculations are made for the pair interactions and embedded energies to fit sublimation energy, lattice 
constant, elastic constants, vacancy formation energy, and the zero temperature equation of state of the 
pure metals. 

2.1 Modified Embedded Atom Method (MEAM) 

This method computes pairwise interactions for various materials using meam potential It is developed 
by Baskes[]. It is an extension of Embedded Atom Method (EAM),It adds angular forces it is suitable 
for different kinds of metals crystal structures such as FCC, HCP, diamond and also covalently bonded 
atoms. The total energy given is 

Etot=E {Fi (pi) + 1/2 E 0 ii(Rii)} (1) 
i#j 

3. Structure of Zirconium (a-Zr) 
4. 

The electronic structure of zirconium is created with the lattice parameters from R.W.G Wyckoff at 
300°K as shown in figure 4. EAM potential for Zr is used to evaluate change in lattice parameters as 
a function of temperature taken at minimum energy states. Periodic boundary conditions are used to 
avoid free surfaces. The electronic structure is evaluated for 900 atoms of single crystal of 
zirconium. The change in Lattice parameters are evaluated at constant temperatures by relaxing the 
structure. Figure 4 shows the arrangement of atoms in zirconium. 

5. Results and Discussion: 

4.1. Change in Lattice Parameters vs. Temperature using EAM Potential 

There is increase in Lattice parameters with increase in temperature is observed. The values are in 
accordance with the Literature [6].This shows that the potential used for the structure is good. 

- 2 of 6 - 

33rd Annual Conference of the Canadian Nuclear Society 
36th Annual CNS/CNA Student Conference 

 

2012 June 10 – June 13 
TCU Place, Saskatoon, Saskatchewan 

 
 
 

 

- 2 of 6 - 
 

atoms called embedding energy and second is pairwise interactions creating electrostatic interactions 
between atoms. It can be written in the form of equation [5]. 
Etot=Σ Fi (ρi) + ½ Σ Ø ij(Rij)  (1) 
                            iǂj  
The expression Fi is the embedded energy of atom i, (ρi) is the electron density of atom i, Ø ij(Rij) gives 
the pair interactions between atom i and j with a distance(Rij).The electron density of each site is 
computed using electron density which is given by the equation. 
 
(ρl)= Σ (ρj

a) (Rij)    (2) 
        jǂi  
ρj

a R is atomic electron density at a distance R from the nucleus of the atom j. An empirical 
calculations are made for the pair interactions and embedded energies to fit sublimation energy, lattice 
constant, elastic constants, vacancy formation energy, and the zero temperature equation of state of the 
pure metals. 
 
 
     2.1 Modified Embedded Atom Method (MEAM) 

 
This method computes pairwise interactions for various materials using meam potential It is developed 
by Baskes[]. It is an extension of Embedded Atom Method (EAM).It adds angular forces it is suitable 
for different kinds of metals crystal structures such as FCC, HCP, diamond and also covalently bonded 
atoms. The total energy given is  
 
  Etot=Σ {Fi (ρi) + ½ Σ Ø ij(Rij)}  (1) 
                                 iǂj  

3. Structure of Zirconium (α-Zr) 
4.  

The electronic structure of zirconium is created with the lattice parameters from R.W.G Wyckoff at 
300°K as shown in figure 4. EAM potential for Zr is used to evaluate change in lattice parameters as 
a function of temperature taken at minimum energy states. Periodic boundary conditions are used to 
avoid free surfaces. The electronic structure is evaluated for 900 atoms of single crystal of 
zirconium. The change in Lattice parameters are evaluated at constant temperatures by relaxing the 
structure. Figure 4 shows the arrangement of atoms in zirconium.     

 
5. Results and Discussion: 

 
4.1. Change in Lattice Parameters vs. Temperature using EAM Potential  
 
There is increase in Lattice parameters with increase in temperature is observed. The values are in 
accordance with the Literature [6].This shows that the potential used for the structure is good.  
 
 
 



33rd Annual Conference of the Canadian Nuclear Society 
36th Annual CNS/CNA Student Conference 

2012 June 10 - June 13 
TCU Place, Saskatoon, Saskatchewan 

Table I. Calculate Lattice parameters of 'a' and 'c' and comparison with the Experimental values 
Temperature 
(°K) 

'a'(A) 
EAM 

'c'(A) 
EAM 

Experimental 
a[6] 
(A) 

Experimental 
c[6] 
(A) 

100 3.2365 5.1542 3.2294 5.14143 
300 3.2375 5.1588 3.23312 5.14905 
500 3.2418 5.1625 3.23641 5.15752 
800 3.2527 5.18 3.24146 5.1737 
1125 3.2689 5.2058 3.24479 5.19637 

4.2 Stiffness Coefficients for a-Zr Using EAM Potential at OK 

Table II. Calculated elastic coefficients a-Zr for structure 
Cij 1 2 3 4 5 6 
1 141.52 74.27 74.08 0.00 0.00 0.00 
2 74.27 141.52 74.27 0.00 0.00 0.00 
3 167.72 0.00 0.00 0.00 
4 43.93 0.00 0.00 
5 43.93 0.00 
6 33.63 

The values of Lattice parameters and stiffness values are in good comparison with Literature [2]. 

Table III. Calculated parameters from stiffness matrix 
Bulk Modulus(GPa) Young's 

Modulus[100]( GPa) 
Poisson ratio 

96.67 90.38GPa 0.34 

4.3. Stress and Strain values for a-Zr Using EAM potential 
The variation of stress and strain at various temperatures is shown in Figure 2. The Drop in stress is 

observed due to deformation of material. The variation stress and strain for different directions is 
shown in Figure 3 
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Table I. Calculate Lattice parameters of ‘a’ and ‘c’ and comparison with the Experimental values 
Temperature  
(°K) 

'a'(Å) 
EAM 

 ‘c'(Å) 
EAM 

Experimental 
a[6]  
(Å) 

Experimental 
c[6] 
 (Å) 

100 3.2365 5.1542 3.2294 5.14143 
300 3.2375 5.1588 3.23312 5.14905 
500 3.2418 5.1625 3.23641 5.15752 
800 3.2527 5.18 3.24146 5.1737 
1125 3.2689 5.2058 3.24479 5.19637 
 
4.2 Stiffness Coefficients for α-Zr Using EAM Potential at 0K 
 
Table II. Calculated elastic coefficients α-Zr for structure 
Cij 1 2 3 4 5 6 
1 141.52 74.27 74.08 0.00 0.00 0.00 
2 74.27 141.52 74.27 0.00 0.00 0.00 
3     167.72 0.00 0.00 0.00 
4       43.93 0.00 0.00 
5         43.93 0.00 
6           33.63 

 
The values of Lattice parameters and stiffness values are in good comparison with Literature [2]. 
 
Table III. Calculated parameters from stiffness matrix 
Bulk Modulus(GPa) Young's 

Modulus[100]( GPa) 
Poisson ratio 

96.67 90.38GPa 0.34 
 
4.3. Stress and Strain values for α-Zr Using EAM potential 
 The variation of stress and strain at various temperatures is shown in Figure 2. The Drop in stress is 
observed due to deformation of material. The variation stress and strain for different directions is 
shown in Figure 3 
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4.4. Zirconium Hydride(ZrH2) 
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Figure 3 

Initially zirconium hydride is created as a tetragonal structure with hydrogen atoms at tetrahedral 
sites. MEAM potential is used for this structure. Upon minimization it converts to FCC (6-ZrH2) 
which shows the tetragonal phase for this structure is unstable. The elastic values for 6-ZrH2 are 
shown in Table M. Figure 5 shows arrangement of zirconium (Zr) and hydrogen (H) 

Table IM-The stiffness values for 6-ZrH2

Cij(Gpa) 1 2 3 4 5 6 
1 209.91 89.84 89.84 0.00 0.00 0.00 
2 209.91 89.84 0.00 0.00 0.00 
3 209.91 0.00 0.00 0.00 
4 20.41 0.00 0.00 
5 20.41 0.00 
6 20.41 

Table IV:-Parameters calculated from stiffness matrix 
Cohesive 
Energy(Ec) 
eV/atom 

Lattice 
parameter(A°) 

Bulk 
Modulus(GPa) 

Youngs 
Modulus(GPa) 

Poission 
Ratio 

4.18 4.83 130 156 0.3 

The stiffness values and Bulk modulus are in good comparison with the ab inito calculations of 
Literature [14] 

4.5. Interfacial Fracture of Zirconium Hydride 

Interface of zirconium has been interesting to many of the researchers. This work discusses the 
effect of stress on Interface between zirconium and zirconium hydride using molecular dynamics 
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      Figure 2                                    Figure 3 
4.4. Zirconium Hydride(ZrH2) 
 
Initially zirconium hydride is created as a tetragonal structure with hydrogen atoms at tetrahedral 
sites. MEAM potential is used for this structure. Upon minimization it converts to FCC (δ-ZrH2) 
which shows the tetragonal phase for this structure is unstable. The elastic values for δ-ZrH2 are 
shown in Table III. Figure 5 shows arrangement of zirconium (Zr) and hydrogen (H) 
 
Table III:-The stiffness values for δ-ZrH2 

 
 
 
   
  
  
 
 
 

Table IV:-Parameters calculated from stiffness matrix  
Cohesive 
Energy(Ec) 
eV/atom 

Lattice 
parameter(A°) 

Bulk 
Modulus(GPa) 

Youngs 
Modulus(GPa) 

Poission 
Ratio 

4.18 4.83 130 156 0.3 
 
The stiffness values and Bulk modulus are in good comparison with the ab inito calculations of 
Literature [14] 
 
4.5. Interfacial Fracture of Zirconium Hydride 
 
Interface of zirconium has been interesting to many of the researchers. This work discusses the 
effect of stress on Interface between zirconium and zirconium hydride using molecular dynamics 

Cij(Gpa) 1 2 3 4 5 6 
1 209.91 89.84 89.84 0.00 0.00 0.00 
2  209.91 89.84 0.00 0.00 0.00 
3   209.91 0.00 0.00 0.00 
4    20.41 0.00 0.00 
5     20.41 0.00 
6      20.41 
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using MEAM potential. An Interface of a-Zr- &-ZrH2- a-Zr is modeled. There are two different 
types of interface .One containing hydrogen at the Interfacial boundary and second is zirconium at 
the boundary. The structure is first equilibrated at 300K and stress is applied along X-direction. The 
figure 7 shows cracking of &-ZrH2 and interface due presence of hydrogen. 

6. Conclusion:-

Molecular dynamics simulations using EAM potential are able to correctly predict the increase in 
lattice parameters increase in temperature for a-Zr. Also the stiffness values for a-Zr and &-ZrH2 are 
in good comparison with literature. A good match of the simulations with the existing experimental 
values validates the choice of potential used in the simulations. The fracture of &-ZrH2 is observed. 
The further analysis is to be done on reorientation of hydride on stress. 
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Figure 4 Shows a-Zr at different views Figure 5 Shows &-ZrH2 (Red-Zr, Blue H) 
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using MEAM potential. An Interface of α-Zr- δ-ZrH2- α-Zr is modeled. There are two different 
types of interface .One containing hydrogen at the Interfacial boundary and second is zirconium at 
the boundary. The structure is first equilibrated at 300K and stress is applied along X-direction. The 
figure 7 shows cracking of δ-ZrH2 and interface due presence of hydrogen. 
                      

6. Conclusion:- 
 

Molecular dynamics simulations using EAM potential are able to correctly predict the increase in   
lattice parameters increase in temperature for α-Zr. Also the stiffness values for α-Zr and δ-ZrH2 are 
in good comparison with literature. A good match of the simulations with the existing experimental 
values validates the choice of potential used in the simulations. The fracture of δ-ZrH2 is observed. 
The further analysis is to be done on reorientation of hydride on stress.    
   

  
 
Figure 4 Shows α-Zr at different views  Figure 5 Shows δ-ZrH2 (Red-Zr, Blue H) 
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