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Abstract 

 

We performed first-principles calculations to study the 3H diffusion in the 

zirconium hydrides with or without Sn impurity. Our results show that the formation 

of Zr3Hx becomes preferable as the 3H concentration increases. Based on the most 

stable configurations of Zr3Hx (x=0.5, 1.0, 1.5, 2.0), we studied the interstitial 3H 

diffusion with or without Sn impurity. The results show that the interstitial 3H 

diffusion becomes less probable in the hydrides with a higher 3H concentration. When 

introducing a substitutional Sn impurity, the diffusion barriers increase. Therefore, the 

substitutional Sn in the diffusion pathway hampers the 3H diffusion in Zr hydrides.  

 

 

Keywords: Tritium diffusion, Zirconium Hydrides, Substitutional Sn, Density 
Functional Theory 

 

 

 

  

 
* Author to whom correspondence should be addressed. Tel. 412-386-5771, Fax 412-386-5990, E-mail: yuhua.duan@netl.doe.gov 



 2 

Zirconium (Zr) and its alloys are used as tritium getters in tritium-producing burnable absorber 

rods (TPBARs), in the form of nickel-plated Zircaloy-4 tubes [1]. When irradiated in a pressurized water 

reactor (PWR), lithium aluminate pellets absorb neutrons and produce tritium (T, 3H), which is captured 

by the getter and then chemically reacts with Zr to form metal hydride (ZrTx). The zirconium–hydrogen 

system has been extensively studied both from experiments and theory. The diffusion coefficient of 

hydrogen or deuterium in Zr, Zircaloy-2, and Zircaloy-4 has been reported from experiments [2-4]. In 

addition, the experimental measurements indicated that the diffusivity of 3H relies on the different 

crystallographic directions[2, 5]. Theoretically, Zhang et al. have investigated the anisotropic hydrogen 

diffusion in α-Zr and Zircaloy using combined density functional theory (DFT) and kinetic Monte Carlo 

simulations[6], Christensen et al. have reported the effect of defects and strain on the solubility of 

hydrogen in Zr and its hydrides[7]. The possible stable Zr-3H phases have been reported by Domain et 

al. using ab initio studies[8] and then enriched by Holliger et al. using a combined cluster expansion 

and ab initio methods[9]. However, the concentration dependence of 3H diffusion in Zr hydride is still 

not well understood due to the lack of relevant experimental and theoretical studies. 

During irradiation, the concentration of 3H in the getter, and thus the 3H content (x) in the Zr 

hydride ZrTx increases. Understanding the concentration-dependent 3H diffusion is essential for 

understanding ZrTx formation and evolution during irradiation. In this work, we study the hydride phase 

formation at high 3H concentration of ZrTx (x = 0.5, 1, 1.5, 2). Based on the stable hydride phases we 

obtained, we then investigate the 3H diffusion in the ZrTx (x = 0.5, 1, 1.5, 2) to investigate the 

concentration dependence of 3H diffusion. Finally, we introduce the main alloying element of Sn in 

Zircaloy-4 and explore its influence on the x dependence of 3H diffusion. Our results provide insight on 

Zr hydride formation and 3H diffusion as the concentration of 3H increases during irradiation. Based on 

the α-Zr matrix, our purpose in this study is to model the ZrTx formation in TPBAR tritium getter with 

increasing the content of tritium (x) generated from LiAlO2 pellet. We conducted the phase search based 

on the same Zr matrix..  
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All the calculations were based on DFT using the projector augmented wave (PAW) method[10] 

and the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional[11] as implemented in the 

Vienna ab initio simulation package (VASP)[12-14]. The plane-wave basis sets were used with a kinetic 

energy cutoff of 440 eV and the electronic energy convergence was set to 10-4 eV. The Monkhorst-Pack 

k-point mesh[15] of 13×13×11 and 4×4×3 were used for unit cell and 3×3×2 supercell calculations, 

respectively. All the structural relaxations were performed until the individual forces on each atom were 

smaller than 0.01 eV/Å. The pseudopotential of 1H was used to model isotope 3H by changing the mass. 

As mentioned in our previous results[16], the isotope effect does not affect the electronic and energetic 

properties. The climbing image nudged elastic band (CI-NEB) method[17] was employed with 3-5 

intermediate images to determine the barriers for 3H diffusion in the Zr hydride.  

We started from the α-Zr with a close-packed hexagonal (hcp) structure (space group P63/mmc). 

The calculated lattice parameters were a = 3.2326 Å and c = 5.1785 Å, agreeing well with the 

experimental values of a = 3.221 Å and c = 5.141 Å[18]. As shown in Fig. 1, α-Zr has two unequal Zr 

atoms in the unit cell. There are six interstitial sites of octahedral (O1 and O2) and tetrahedral (T1-T4) 

types, where O1 and O2, T1 and T2, T3 and T4 are equal. Therefore, we could reach high 3H concentration 

phases of ZrT0.5, ZrT, ZrT1.5, and ZrT2 by introducing 1, 2, 3, and 4 interstitial 3H atoms. To explore the 

most stable configurations for these Zr hydrides, we considered all possible interstitial site combinations 

and performed the full structural relaxation. The stability of Zr hydride was evaluated using the 

formation energy 

 𝐸f = [𝐸(Zr + NT) − 𝐸(Zr) −
N

2
𝐸(T2)]/N    (1) 

where 𝐸(Zr + NT) and 𝐸(Zr)  are total energies of the Zr unit cell with and without interstitial 3H 

atoms, N is the number of 3H atoms, and 𝐸(T2) is the total energy of 3H2 molecule. 
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Figure 1. The hcp unit cell of Zr (green) with interstitial sites (purple) of octahedral (O1 and O2) and 
tetrahedral (T1-T4) types. 

 

As shown in Table 1, there are three possible interstitial 3H configurations for ZrT0.5 because of 

the three unequal interstitial sites in α-Zr. The octahedral site is the most stable for one 3H interstitial of 

ZrT0.5, which is different from the results of formation performance for H in tetrahedral sites over 

octahedral sites in a dilute H concentration [7, 8, 19]. As shown in Fig. 2, the most stable ZrT0.5 phase 

has a rhombohedral (R-3m) structure. Then, we considered all possible 9, 10, and 9 occupy 

configurations (shown in Table 1) for ZrT, ZrT1.5, and ZrT2, respectively. The Table 1 also shows that 

the phase optimized from O1T4 occupation has the lowest Ef for ZrT, which indicates the two 3H 

interstitial atoms in ZrT prefer to locate as far as possible. The optimized ZrT phase has a monoclinic 

(C2/m) structure. The most preferable phase for ZrT1.5 is obtained by the full optimization of T1T3O1 

configuration, which converges to a monoclinic (Cm) structure. For ZrT2, the optimization of both 

O1O2T1T3 and T1T3T4O1 configurations reaches the same and the most stable phase that has a tetragonal 

(I4/mmm) structure. As shown in Fig. 2, the stable phases of Zr hydrides have a larger deviation from 

hcp cell for the higher 3H concentration. The tetragonal structures of ZrT0.5 and ZrT2 are consistent with 

the reported results[7, 20]. However, the structures of ZrT and ZrT1.5 we obtained are different from 

others[7, 20], due to the different Zr matrix or cell size they used. In those reported studies, different Zr 

matrix were used to search the most stable one. Here we used the same α-Zr matrix of hcp group. Our 

purpose in this work is to explore the ZrTx formation with increasing T content x. In addition, the 
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formation energies decrease and thus the hydrides become more stable with the increase of 3H content 

x, which is consistent with the trend from previous work[7, 8]. 

 

Table 1 The formation energy Ef (eV) of all possible interstitial 3H configurations for ZrTx (x = 0.5, 1, 

1.5, 2).  

ZrT0.5 ZrT ZrT1.5 ZrT2 
Configuration Ef Configuration Ef Configuration Ef Configuration Ef 

O1 -0.600 O
1
O

2
 -

0.584 
O

1
O

2
T

1
 -0.731 O

1
O

2
T

1
T

2
 -0.450 

T1 -0.508 T
1
T

2
 -

0.501 
O

1
O

2
T

3
 -0.731 O

1
O

2
T

3
T

4
 -0.450 

T3 -0.583 T
3
T

4
 -

0.579 
T

1
T

2
O

1
 -0.731 O

1
O

2
T

1
T

3
 -0.828 

- - T
1
T

3
 -

0.665 
T

3
 T

4
O

1
 -0.731 O

1
O

2
T

1
T

4
 -0.684 

- - T
1
T

4
 -

0.674 
T

1
T

3
O

1
 -0.782 T

1
T

2
T

3
O

1
 -0.628 

- - O
1
T

1
 -

0.501 
T

1
T

3
O

2
 -0.698 T

1
T

2
T

3
O

2
 -0.628 

- - O
1
T

2
 -

0.623 
T

1
T

4
O

1
 -0.731 T

1
T

3
T

4
O

1
 -0.828 

- - O
1
T

3
 -

0.501 
T

1
T

4
O

2
 -0.731 T

1
T

3
T

4
O

2
 -0.628 

- - O
1
T

4
 -

0.768 
T

1
T

2
T

3
 -0.692 T

1
T

2
T

3
T

4
 -0.630 

- - - - T
1
T

3
T

4
 -0.692 - - 

 

Based on the most stable configurations of Zr hydrides, we built 3×3×2 supercells to investigate 

the tritium diffusion. As shown in Fig. 2, the possible interstitial tetrahedral or octahedral sites in these 

hydrides were identified. There are two tetrahedral and one octahedral 3H interstitial sites in ZrT0.5, one 

tetrahedral and one octahedral 3H interstitial sites in ZrT and ZrT1.5, and only one octahedral 3H 

interstitial site in ZrT2. It is reasonable that the interstitial sites decrease as the 3H concentration increases. 

the interstitial 3H diffusion in these hydrides will be explored in three possible diffusion pathways of the 

nearest neighbor tetrahedral to tetrahedral sites, octahedral to octahedral sites, and tetrahedral to 

octahedral sites. 
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Figure 2. The 3×3×2 supercells for the most stable ZrTx (x = 0.5, 1, 1.5, 2) with space group and possible 
interstitial tetrahedral/octahedral sites in these hydrides.  

 

For the diffusion of interstitial 3H in ZrT0.5, the possible nearest diffusion pathways are tetrahedral 

T1 to tetrahedral T1 site, tetrahedral T2 to tetrahedral T2 site, octahedral to octahedral site, and tetrahedral 

T1/T2 to octahedral site, where the tetrahedral T1 to tetrahedral T1 site diffusion is found to be hampered 

by the 3H atoms lying in the diffusion path. In addition, the diffusion of tetrahedral T2 to tetrahedral T2 

site or octahedral to octahedral site are both through the tetrahedral T2 to octahedral site diffusion. 

Therefore, the dominant diffusion pathways of tetrahedral T1/T2 to octahedral site are shown in Fig. 3, 

where the corresponding diffusion barriers were found to be 0.31/0.41 eV. Therefore, the most 

preferable diffusion pathway is tetrahedral T1 to octahedral site. In addition, the interstitial 3H atom is 

more stable in the octahedral site than tetrahedral site. Corresponding images for the initial, transition, 

and final states are also shown in Figure 3, which indicate that the interstitial 3H diffusions occur by 

passing through the space between Zr atoms. The 3H atom bonds with three Zr atoms in the transition 
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state, where the average Zr-3H bond-length was calculated to be 1.956 and 1.946Å for the tetrahedral T1 

and T2 to octahedral site, respectively. 

 

Figure 3. The migration pathways and energies for interstitial 3H diffusion from tetrahedral (a) T1 and 

(b) T2 to the nearest neighbor octahedral sites in ZrT0.5, (c) from tetrahedral to the nearest neighbor 
tetrahedral sites in ZrT, from tetrahedral to the nearest neighbor (d) tetrahedral and (e) octahedral 
sites in ZrT1.5, (f) from octahedral to the nearest neighbor octahedral sites in ZrT2. The initial, 
transition, and final states are shown in the inset of each figure.  

 

For the migration of interstitial 3H diffusion in ZrT, the interstitial 3H in the octahedral site is not 

stable and converges to the tetrahedral site after relaxation. In Fig. 3 (c), we present the pathway and 

energy barrier for the interstitial 3H migration from tetrahedral to the nearest tetrahedral site including 

the initial, transition, and final states. The diffusion barrier is found to be 0.38 eV, which is a little higher 
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than the lowest energy barrier of interstitial 3H diffusion in ZrT0.5. Also, the 3H atom bonds with three 

Zr atoms in the transition state. The calculated average Zr-3H bond length is 2.028 Å. 

For the migration of interstitial 3H diffusion in ZrT1.5, the diffusion of octahedral to octahedral 

site is through the tetrahedral to octahedral site diffusion. The nearest tetrahedral to tetrahedral site and 

tetrahedral to octahedral site diffusion pathways are shown in Fig. 3 (d) and (e). The diffusion barrier 

energy of 0.73 eV is the same for both pathways, and the interstitial 3H prefers to occupy the tetrahedral 

site than octahedral site in ZrT1.5. As shown in Fig. 3 (d) and (e), the transition state in these pathways 

is the same, corresponding to the equal barrier energy we obtained. In this case, the 3H atom also bonds 

with three Zr atoms in the transition state and the average Zr-3H bond length is 2.132 Å. The barrier 

energy in ZrT1.5 is much higher than that in ZrT0.5 and ZrT.. The Zr-T interaction determines the relative 

stability of the different phases. As the content of T increases Zr-T bond length varies partly also due to 

an increased in repulsive interaction between T atoms. This results in variation in diffusion barriers in 

the phases with different T content. The lowest diffusion barrier occurs at an optimal Zr-T bond length. 

The barrier increases as the repulsive part of the total interaction is enhanced. 

As the 3H content in Zr hydrides increases, the interstitial sites decrease to one octahedral 3H 

interstitial site in ZrT2. The nearest octahedral to octahedral diffusion pathway in ZrT2 is shown in Fig. 

3 (f), which has the highest energy barrier of 1.48 eV of all the cases that we studied. From the transition 

state in Fig. 3 (f), the interstitial 3H still passed through space between Zr atoms. There are two Zr atoms 

bonds with 3H atom, where the averaged Zr-3H bond length was calculated to be 1.762Å. This value of 

the bond length is much smaller than that in the hydrides with relatively lower 3H content. Because of 

the increased packing in ZrT2, the Zr-3H repulsion increases and thus the interstitial 3H diffusion 

becomes difficult.  

Finally, we introduced the main alloying element of Sn in Zircaloy-4 to study the effect of 

substitutional Sn on 3H diffusion. From our study on the interstitial 3H diffusion in the Zr hydrides above, 

it was found that the 3H diffusion passes through space among Zr atoms and the diffusion barrier depends 
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on the Zr-3H interaction in the transition state. In order to reflect such interaction in the diffusion 

dynamics, a Zr atom in the diffusion pathways was substituted by an Sn atom. In the presence of 

substitutional Sn, we investigated the diffusion pathways with the lowest energy barrier of the 

tetrahedral T1 to octahedral site diffusion in ZrT0.5, the tetrahedral to tetrahedral site diffusion in ZrT 

and ZrT1.5, and the octahedral to octahedral site diffusion in ZrT2. As shown in Fig. 4, the diffusion 

barriers for interstitial 3H atom were found to be 0.66, 1.43, 1.33, 1.56 eV in ZrT0.5, ZrT, ZrT1.5, and 

ZrT2, respectively. These energy barriers are generally higher than that calculated from the hydride 

without Sn impurity. Therefore, the substitutional Sn in the diffusion pathway hampers the 3H diffusion 

due to the repulsive nature of Sn-3H interaction, which is consistent with the result on Sn-H interaction 

reported in the previous study[6]. 

 

 

Figure 4. The migration pathways and energies for the preferable interstitial 3H diffusion in (a) ZrT0.5, 
(b)ZrT, (c) ZrT1.5, and (d) ZrT2 in presence of substitution Sn. The initial, transition and final states 
are shown in the inset of each figure.  
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In this study, we performed first-principles calculations to study the concentration-dependent 3H 

diffusion in the Zr hydrides with and without Sn impurity. Firstly, we explored the probable Zr hydrides 

of ZrT0.5, ZrT, ZrT1.5, and ZrT2 formation at high 3H concentrations. We obtained the most stable hydride 

configurations derived from the hexagonal α-Zr matrix and found that the hydrides become more stable 

with increased 3H concentration. Then, we studied the interstitial 3H diffusion in the ground state of Zr 

hydrides. The interstitial sites decrease as the 3H concentration increases from x = 0.5 to x = 2. By 

considering all the possible interstitial sites in Zr hydrides, we obtained the lowest energy barriers of 

0.31, 0.38, 0.73, and 1.48 eV for ZrT0.5, ZrT, ZrT1.5, and ZrT2, respectively. Therefore, the interstitial 

3H diffusion is less probable in the hydride with a higher 3H concentration. Finally, we introduced a 

substitutional Sn atom to study the Sn effect on interstitial 3H diffusion in the Zr hydrides. The diffusion 

barriers were found to be 0.66, 1.43, 1.33, 1.56 eV in ZrT0.5, ZrT, ZrT1.5, and ZrT2 with a substitutional 

Sn impurity. These values were found to be higher than that without Sn impurity. We conclude that the 

substitutional Sn impurity hampers the 3H diffusion in the Zr hydrides.  
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