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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 Zr3H, becomes preferable as the 3H concentration increases. Based on the most
stable configurations of Zr3H, (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
introducingasubstitutional Snimpurity, the diffusion barriers increase. Therefore, the

substitutional Sn in the diffusion pathway hampers the 3H diffusion in Zr hydrides.
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Zirconium (Zr) and its alloys are used as tritium getters in tritium-producing burnable absorber
rods (TPBARs), inthe form of nickel-plated Zircaloy-4tubes [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 (ZrTy). 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 a-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 ZrT, increases. Understanding the concentration-dependent 3H diffusion is essential for
understanding ZrT, formation and evolution duringirradiation. In thiswork, we study the hydride phase
formation at high 3H concentration of ZrT4 (x = 0.5, 1, 1.5, 2). Based on the stable hydride phases we
obtained, we then investigate the 3H diffusionin the ZrTy (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 a-Zr matrix, our purpose in this study is to model the ZrTy formation in TPBAR tritium getter with
increasingthe contentof tritium (x) generated from LiAIO; pellet. We conducted the phase searchbased

on the same Zr matrix..



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
Viennaab 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 eV. The Monkhorst-Pack
k-point mesh[15] of 13x13x11 and 4x4x3 were used for unit cell and 3x3x2 supercell calculations,
respectively. All the structural relaxations were performed until the individual forces on each atom were
smaller than 0.01 eV/A. The pseudopotential of *H 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 a-Zr with a close-packed hexagonal (hcp) structure (space group P63/mmc).
The calculated lattice parameters were a = 3.2326 A and ¢ = 5.1785 A, agreeing well with the
experimental values of a=3.221 Aand ¢ = 5.141 A[18]. As shown in Fig. 1, a-Zr has two unequal Zr
atoms in the unit cell. There are six interstitial sites of octahedral (O; and O;) and tetrahedral (T1-T,)
types, where O;and O,, Ty and T,, T3 and T4 are equal. Therefore, we could reach high 3H concentration
phases of ZrTys, ZI'T, ZrTy 5, and ZrT, by introducing 1, 2, 3, and 4 interstitial 3H atoms. To explore the
moststable configurations for these Zr hydrides, we consideredall possible interstitial site combinations
and performed the full structural relaxation. The stability of Zr hydride was evaluated using the

formation energy

Eg= [E(Zr +NT) — E(Zr) - ZE(T)IN (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(T,) is the total energy of 3H, molecule.



Figure 1. The hcp unit cell of Zr (green) with interstitial sites (purple) of octahedral (O; and O;) and
tetrahedral (T1-Ty) types.

As shown in Table 1, there are three possible interstitial 3H configurations for ZrT 5 because of
the three unequal interstitial sites in a-Zr. The octahedral site is the most stable for one 3H interstitial of
ZrTys, wWhich 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 ZrT, s phase
has a rhombohedral (R-3m) structure. Then, we considered all possible 9, 10, and 9 occupy
configurations (shown in Table 1) for ZrT, ZrTy 5, and ZrT,, respectively. The Table 1 also shows that
the phase optimized from O;T4 occupation has the lowest Es 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 ZrT; s is obtained by the full optimization of T,T30,
configuration, which converges to a monoclinic (Cm) structure. For ZrT,, the optimization of both
0,0,T Tzand T,T3T40; configurations reaches the same and the most stable phase that has a tetragonal
(14/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 ZrTy s and ZrT, are consistent with
the reported results[7, 20]. However, the structures of ZrT and ZrT, s 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 a-Zr matrix of hcp group. Our
purpose in this work is to explore the ZrT, 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 Ez (eV) of all possible interstitial 3H configurations for ZrT, (x = 0.5, 1,

1.5, 2).
ZrTos ZrT ZrTis ZrT,

Configuration Es Configuration Er | Configuration Es Configuration Es
O1 -0.600 00, 0sgq | 09T | 0731 OO0TT, 1-0450
T -0.508 TT osor | 99T 0731 OOTT 1-0450
Ts -0.583 TT, 0. 5 79 TTO, -0.731 | OO, TT |.0.828
- - T1T3 0.6-65 T3 T401 -0.731 OloleT4 -0.684
- - T1T4 0.6-74 T1T301 -0.782 T1T2T301 -0.628
- - O1T1 0.5'01 T1T3O2 -0.698 T1T2T302 -0.628
- - Osz 0.6_23 T1T401 -0.731 T1T3T4Ol -0.828
- - O1T3 0‘5'01 T1T4O2 -0.731 T1T3T4O2 -0.628
- - O]T4 0.7-68 TszT3 -0.692 T1T2T3T4 -0.630

- - - - T1T3T4 -0.692 - -

Based on the most stable configurations of Zr hydrides, we built 3x3x2 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 ZrTg s, one
tetrahedral and one octahedral 3H interstitial sites in ZrT and ZrT,s, and only one octahedral *H
interstitial site in ZrT,. Itis reasonable thatthe interstitial sites decrease as the 3H concentrationincreases.
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 3x3x2 supercellsforthe moststable ZrT, (x= 0.5, 1, 1.5, 2) with space group and possible
interstitial tetrahedral/octahedral sites in these hydrides.

For the diffusionof interstitial 3H in ZrTy 5, the possible nearest diffusion pathways are tetrahedral
T, to tetrahedral T, site, tetrahedral T, to tetrahedral T, site, octahedral to octahedral site, and tetrahedral
T1/T, to octahedral site, where the tetrahedral T, to tetrahedral T site diffusion is found to be hampered
by the 3H atoms lying in the diffusion path. In addition, the diffusion of tetrahedral T, to tetrahedral T,
site or octahedral to octahedral site are both through the tetrahedral T, to octahedral site diffusion.
Therefore, the dominant diffusion pathways of tetrahedral T,/T, 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 T, 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



state, where the average Zr-3H bond-length was calculated to be 1.956 and 1.946A for the tetrahedral T;

and T, to octahedral site, respectively.
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Figure 3. The migration pathways and energies for interstitial H diffusion from tetrahedral (a) T, and
(b) T, to the nearestneighbor octahedral sitesin ZrTy 5, (¢) from tetrahedral to the nearest neighbor
tetrahedral sites in ZrT, from tetrahedral to the nearest neighbor (d) tetrahedral and (e) octahedral
sites in ZrTy s, (f) from octahedral to the nearest neighbor octahedral sites in ZrT,. 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 diffusionbarrier is found to be 0.38 eV, which isa little higher



than the lowest energy barrier of interstitial 3H diffusion in ZrTy 5. Also, the 3H atom bonds with three

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

For the migration of interstitial 3H diffusion in ZrT, s, 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 0.73eV is the same for both pathways, and the interstitial 3H prefers to occupy the tetrahedral
site than octahedral site in ZrTy 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 A. The barrier
energy in ZrTy 5 is much higherthan thatin ZrTo s 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 *H
interstitial site in ZrT,. The nearest octahedral to octahedral diffusion pathway in ZrT, is shown in Fig.
3 (f), which hasthe highest energy barrier of 1.48 eV of all the cases thatwe studied. From the transition
state in Fig. 3 (), 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 1.762A. 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 ZrT,, 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 spaceamong Zr atoms and the diffusionbarrier 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 T, to octahedral site diffusionin ZrTy s, the tetrahedral to tetrahedral site diffusion in ZrT
and ZrTy s, and the octahedral to octahedral site diffusion in ZrT,. As shown in Fig. 4, the diffusion
barriers for interstitial 3H atom were found to be 0.66, 1.43,1.33,1.56eV in ZrTgs, ZrT, ZrTy 5, and
ZrT,, 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-2H interaction, which is consistent with the result on Sn-H interaction

reported in the previous study[6].

@ [9®o 0.66 eV ®'°F o om0 1.43 eV

05|10 000 nne LR

o®o oxR e 10l © @@O ,
ool .
& oo & | B vl
T S s e awe
li‘JQO_O o 7r o 0 Ll,JNO.S o oo Y80 i
Interstitial T . O,
05| OF5n 00 o b
L | " 1 " 1 " . 1 " 1 " | "
0 1 2 3 4 0 1 2 3 4
Image number Image number
(c)15}F ° @0 1.33eV (d) [ 1.56 eV
oo °°0°° i -
oo wo

10 |
3 oo ®o
5‘1 05k °°°°°o od

’ oo ao © o0

§ 248, .
oo wo
L Pl TR (SR (PR (RN LR g ; ! ; ! .
0 1 2 3 4 5 6 0 2 4 6
Image number Image number

Figure 4. The migration pathways and energies for the preferable interstitial 3H diffusion in (a) ZrTs,
(b)ZrT, (c) ZrTys, and (d) ZrT, in presence of substitution Sn. The initial, transition and final states
are shown in the inset of each figure.



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 ZrTys, ZrT, ZrTy 5,and ZrT, formation at high 3H concentrations. We obtained the most stable hydride
configurations derived from the hexagonal a-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 = 0.5to 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 ZrTys, ZrT, ZrTy 5, and ZrT,, respectively. Therefore, the interstitial
3H diffusionis 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 foundto be 0.66,1.43,1.33, 1.56 eV in ZrTys, Zr'T, ZrT1 5 and ZrT, 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.

Acknowledgements

This research was supported by the National Nuclear Security Administration (NNSA) of the U.S.
Department of Energy (DOE) through the Tritium Science Research Supporting the Tritium
Modernization Program managed by Pacific Northwest National Laboratory (PNNL). T. Jia thanks the
National Energy Technology Laboratory (NETL) Research and Innovation Center (R&IC) providing
Computational resources administered by the Oak Ridge Institute for Science and Education (ORISE).

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnorany agency thereof, norany of theiremployees,
makes any warranty, express orimplied, orassumesany legal liability or responsibility forthe accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily

constitute or imply its endorsement, recommendation, or favoring by the United States Government or

10



any agency thereof. The views and opinions of authors expressed herein do not necessarily state or

reflect those of the United States Government or any agency hereof.

Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time due

to technical or time limitations, but may be obtained by contacting corresponding author.

Uncategorized References

[1] K.A. Burns, E.F. Love, C.K. Thornhill, PNNL-22086, Pacific Northwest National Laboratory, 2012.

[2] J. Kearns, Journal of Nuclear Materials 43(3) (1972) 330-338.

[3] A. Sawatzky, Journal of Nuclear Materials 2(1) (1960) 62-68.

[4] K.C. Shrivastava, A. Kulkarni, P. Ramanjaneyulu, S. Sunil, M. Saxena, R. Singh, B. Tomar, K. Ramakumar,
Journal of Nuclear Materials 461 (2015) 151-156.

[5] C.-S. Zhang, B. Li, P. Norton, Journal of alloys and compounds 231(1-2) (1995) 354-363.

[6] Y. Zhang, C. Jiang, X. Bai, Scientific reports 7(1) (2017) 1-13.

[7] M. Christensen, W. Wolf, C. Freeman, E. Wimmer, R. Adamson, L. Hallstadius, P. Cantonwine, E. Mader,
Journal of Physics: Condensed Matter 27(2) (2014) 025402.

[8] C. Domain, R. Besson, A. Legris, Acta materialia 50(13) (2002) 3513-3526.

[9] L. Holliger, A. Legris, R. Besson, Physical Review B 80(9) (2009) 094111.

[10] P.E. Bléchl, Physical Review B 50(24) (1994) 17953-17979.

[11] J.P. Perdew, K. Burke, M. Ernzerhof, Phys Rev Lett 77(18) (1996) 3865-3868.

[12] G. Kresse, J. Furthmuller, Comp Mater Sci 6(1) (1996) 15-50.

[13] G. Kresse, J. Furthmuller, Phys Rev B 54(16) (1996) 11169-11186.

[14] G. Kresse, J. Hafner, Phys Rev B 47(1) (1993) 558-561.

[15] H.J. Monkhorst, J.D. Pack, Phys Rev B 13(12) (1976) 5188-5192.

[16] H.P. Paudel, Y.-L. Lee, D.J. Senor, Y. Duan, The Journal of Physical Chemistry C 122(18) (2018) 9755-
9765.

[17] G. Henkelman, B.P. Uberuaga, H. Jonsson, The Journal of chemical physics 113(22) (2000) 9901-9904.
[18] J. Goldak, L. Lloyd, C. Barrett, Physical Review 144(2) (1966) 478.

[19] P. Burr, S. Murphy, S. Lumley, M. Wenman, R. Grimes, Corrosion science 69 (2013) 1-4.

[20] X. Zhu, D.-Y. Lin, J. Fang, X.-Y. Gao, Y.-F. Zhao, H.-F. Song, Comp Mater Sci 150 (2018) 77-85.

11



