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Abstract

:

The α-decay of incorporated actinides continuously produces helium, resulting in helium accumulation and causing security concerns for nuclear waste forms. The helium mobility is a key issue affecting the accumulation and kinetics of helium. The energy barriers and migration pathways of helium in a potential high-level nuclear waste forms, La2Zr2O7 pyrochlore, have been investigated in this work using the climbing image nudged elastic band method with density functional theory. The minimum energy pathway for helium to migrate in La2Zr2O7 is identified as via La–La interstitial sites with a barrier of 0.46 eV. This work may offer a theoretical foundation for further prospective studies of nuclear waste forms.
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1. Introduction


The safe disposition of the minor actinides and plutonium (Pu) generated from spent fuel, nuclear waste and dismantled nuclear weapons has become an important challenge in the development of nuclear industry [1,2]. Pyrochlores have attracted tremendous attention as a potential host matrix to immobilize minor actinides and Pu [3,4,5]. Most studies have paid more attention to evaluating the effects of radiation on these solids. However, the α-decay of incorporated actinides also produces helium (He), which is ignored. As the accumulated He will cause swelling and mitigate the physical properties of pyrochlores [6,7,8,9,10], it is essential to study He solubility, diffusion, trapping and release in pyrochlores.



La2Zr2O7 pyrochlore, as a candidate nuclear waste form, was selected to study the effects of He in pyrochlores and compare the differences of He behavior in different local environments based on our previous work [8]. The results show that the local environment has little influence on the behaviors of He, and the octahedral interstitial sites are the preferred positions for He to occupy in La2Zr2O7 pyrochlore. Structural distortion and volume swelling have also been observed in He–La2Zr2O7 systems. Similar research of He behavior in Y2Ti2O7 pyrochlore was performed by Danielson et al. [10] using first principles calculation. They analyzed the effects of He interstitials on structural and electronic properties of Y2Ti2O7 pyrochlore, and the results revealed that the oxygen orbital distortion induced by the presence of He resulted in the change in Ti–O bond character and structural deformation. In their other work [11], the mobility of He in Y2Ti2O7 pyrochlore was also investigated using density functional theory. They calculated the migration barriers and plotted the potential energy landscape for He in pyrochlore and concluded that the deep potential energy wells lead He atoms to be trapped at the octahedral sites. In addition, the climbing image nudged elastic band (CI-NEB) method was adopted in their work and confirmed that the O–O interstitial was the transition state between two octahedral sites.



Recently, the combined effects of radiation and He accumulation have been simulated in experiments using ion irradiation and He implantation. For example, in Taylor et al.’s [6] study, Gd2Zr2O7 pyrochlore was pre-damaged using 7 MeV Au3+ and then implanted into different concentrations of He, and the results showed the lattice swelling and He bubble chains in their samples. In their other similar work [7], individual He bubbles appeared after implantation with 12 at.% He in Gd2Ti2O7 pyrochlore, but without fracturing the solid. Additionally, Huang et al. [9] found that nanograin Gd2Zr2O7 ceramic can delay the process of He bubble evolution due to the presence of large grain boundary areas in the material.



The mobility and the migration barriers of He in the complex oxide La2Zr2O7 are still unclear. This work presents systemic research on the mobility of He in La2Zr2O7 pyrochlore to confirm the migration barriers and the transition state between different He interstitial locations, which will provide a theoretical reference for further understanding the relationship between He atoms and the coalescence of larger He bubbles. In addition, the mechanical stability of La2Zr2O7 containing different concentrations of He have been evaluated in this work. The method we used in this work, the results and discussion will be illustrated in Section 2 and Section 3, respectively. In Section 4, we will summarize the current work.




2. Computational Method


All DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP) [12,13] with the projector augmented wave method (PAW) [14] pseudopotentials. Generalized gradient approximation (GGA) from Perdew–Burke–Ernzerhoff (PBE) [15] was selected to describe the exchange–correlation functional of the valence electrons. The 4 × 4 × 4 k-point mesh for the He–La2Zr2O7 systems containing 89 atoms with a Monkhorst–Pack scheme was adopted for the Brillouin zone sampling. The plane-wave cutoff energy was 478.9 eV, and the total energy and total force were converged to 10−5 eV and 0.01 eV/Å in structural relaxation, respectively. The migration barriers of He in the two complex oxides were calculated using the climbing image nudged elastic band method [16,17].




3. Results and Discussion


3.1. Atomic Structures


The climbing image nudged elastic band method has been applied to calculate the migration barriers of He in pyrochlore [11]. The interstitial location with higher energy has always been regarded as a possible transition state, and the location with the lowest energy has always been assumed to be the final state. The octahedral interstitial site with the lowest formation energy (see Table 1) is the preferred position for He to occupy, and it is used for the final state in the He–La2Zr2O7 system. To investigate the migration barriers and the migration paths of He, different cases were tested and calculated, i.e., the helium atom travels from the unstable interstitial positions with higher formation energy to another adjacent octahedral interstitial site. Here, the La–La (He atom at the midpoint of two lanthanum atoms), O–O (He atom at the midpoint of two oxygen atoms) and Tet. (He atom at the tetrahedral location) interstitial locations (see Figure 1) were considered, and each of them could be a possible energetic path for He atoms to diffuse in La2Zr2O7 pyrochlore. The site of a He atom at the midpoint of two Zr atoms (Zr–Zr) is also treated as the tetrahedral interstitial site, because the Zr–Zr interstitial relaxes into the tetrahedral position, and they maintain considerable formation energies [8].




3.2. Migration Paths and Barriers of He in La2Zr2O7


The first case we considered is when a He atom passes through the La–La interstitial to reach an adjacent octahedral interstitial site. The migration pathway of a He atom and the potential energy relative to the initial state is shown in Figure 2(1) with an energy barrier of 0.26 eV. The middle state with the highest energy exists between the La–La interstitial site and Oct. interstitial site, corresponding to the reaction coordinate 1.72 Å. Within the process of He atom diffusion, local spatial structure distortion has also been observed. In the second case, the migration energy barrier for a He atom to migrate from the Tet. site to an adjacent Oct. site is 0.39 eV, as shown in Figure 2(2). The configuration with the highest energy was observed at 0.93 Å along the reaction coordinate between the Tet. site and the Oct. site. Similarly, the He atom caused the change in the local structure, which was induced by the interaction between He and surrounding atoms and then resulted in the local changes of electronic structures and chemical bond in La2Zr2O7 pyrochlore [8].



The last case is when a He atom migrates from the O–O site to an Oct. site, as shown in Figure 2(3), It shows that the O–O interstitial site is a unstable site and spontaneously degenerates to the octahedral interstitial site, with an energy difference of 1.09 eV, which is considered as the energy barrier for the path of Oct.–O–O–Oct. This trend can also be derived from Table 1, which shows that a He atom at the midpoint of two oxygen atoms has the highest formation energy in the He–La2Zr2O7 system. By analyzing the energy difference between the initial state and final state, the most favorable path for He to diffuse from the octahedral site to a neighboring octahedral site in La2Zr2O7 pyrochlore is through the La–La interstitial site with an energy barrier of 0.46 eV.





4. Mechanical Properties


To clarify the possible impact of a helium atom at different positions on the mechanical properties of La2Zr2O7 pyrochlore, the elastic constants and bulk moduli have been calculated for different helium interstitial configurations of He–La2Zr2O7. The elastic constants for cubic crystals,    C  11    ,    C  12     and    C  44    , are obtained from the first derivative of the fit to the stress–strain relationships (see ref. [11] for more details). Then, the bulk modulus ( B ) and shear modulus ( G ) can be estimated according to the Voigt–Reuss–Hill approximation [11] using the following equation:


B = (C11 + 2C12)/3










  G =  (     C  11   −  C  12   + 3  C  44    5  +   5  (   C  11   −  C  12    )   C  44     4  C  44   + 3  (   C  11   −  C  12    )     )  / 2  











Furthermore, Young’s modulus ( E ) and Poisson’s ratio (υ) can be calculated using the equations:


  E = 9 B G /  (  3 B + G  )   










  υ =   3 B − 2 G   2  (  3 B + G  )     











The calculated results together with available experimental and theoretical values are shown in Table 2. All the elastic constants satisfy the following elastic stability criteria according to the Born rule:


   C  11   + 2  C  12   > 0  










C44 > 0










   C  11   −  C  12   > 0    











This means that La2Zr2O7 pyrochlore and He-La2Zr2O7 systems are mechanically stable, and a single helium interstitial will have no significant effect on the mechanical stability of La2Zr2O7 pyrochlore. From Table 2, there is a weak increase/(decrease) in B, G and E caused by the presence of helium atom at the La–La site/(O–O site). This may be related to the interaction between a helium and oxygen atom and the dissymmetrical changes in <La–O> bonds [8].




5. Conclusions


The migration paths and energy barriers of He in La2Zr2O7 pyrochlore have been investigated systemically using the climbing image nudged elastic band method within a density functional theory framework. In the He–La2Zr2O7 system, the most favorable path for He to diffuse is from an octahedral site to a neighboring octahedral site through the La–La interstitial site with an energy barrier of 0.46 eV. The diffusion of He in La2Zr2O7 pyrochlore can distort the local structure due to the interaction between the He atom and surrounding atoms. The understanding of He interstitial migration provides insight into the behavior of He in pyrochlores. This will improve the theoretical research of pyrochlore in the field of high-level nuclear waste forms.
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Figure 1. The structure of He–La2Zr2O7 system for initial state. The green, blue, red and ivory spheres represent La, Zr, O and He atoms, respectively. (1) La–La (He atom at the midpoint of two lanthanum atoms), (2) O–O (He atom at the midpoint of two oxygen atoms), (3) Tet. (He atom at the tetrahedral location). 






Figure 1. The structure of He–La2Zr2O7 system for initial state. The green, blue, red and ivory spheres represent La, Zr, O and He atoms, respectively. (1) La–La (He atom at the midpoint of two lanthanum atoms), (2) O–O (He atom at the midpoint of two oxygen atoms), (3) Tet. (He atom at the tetrahedral location).



[image: Crystals 11 00667 g001]







[image: Crystals 11 00667 g002 550] 





Figure 2. Migration pathway for He atom from (1) La-La interstitial site, (2) tetrahedral interstitial site and (3) O-O interstitial site to octahedral interstitial site. The local La2Zr2O7 pyrochlore structures including a He atom are illustrated in the figure, the green, blue, red and ivory spheres represent La, Zr, O and He atoms, respectively. 
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Table 1. Formation energies of helium atom at interstitial sites.
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Site

	
La–La

	
O–O

	
Zr–Zr

	
Tet.

	
Oct.






	
Formation Energy (eV)

	
He–La2Zr2O7

	
1.80

	
2.69

	
2.02

	
2.01

	
1.60
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Table 2. Elastic constants (C11, C12, C44), bulk modulus (B), shear modulus (G) and Young’s modulus (E) for He–La2Zr2O7. Here, a He atom is at the La–La (He atom at the midpoint of two lanthanum atoms), O–O (He atom at the midpoint of two oxygen atoms), Tet. (He atom at the tetrahedral location) and Oct. (He atom at the octahedral location) interstitial locations. The unit for all values is GPa.
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	C11
	C12
	C44
	B
	G
	E
	υ





	La2Zr2O7
	261.72
	103.58
	84.10
	156.29
	82.05
	209.49
	0.277



	Exp. [18]
	
	
	
	171
	
	
	



	Cal. [19]
	289
	124
	100
	179
	
	214
	



	La–La
	275.27
	101.22
	89.32
	159.24
	88.39
	223.78
	0.266



	O–O
	253.04
	103.09
	68.68
	153.07
	71.13
	184.78
	0.299



	Tet.
	267.04
	103.10
	82.32
	157.74
	82.18
	210.06
	0.278



	Oct.
	262.63
	105.16
	84.05
	157.65
	81.88
	209.39
	0.279
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