This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the paper do SAND2023-04888)
not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Molecular dynamics study of grain boundary and radiation effects on tritium

population and diffusion in zirconium
M. E. Foster, X. W. Zhou?
Sandia National Laboratories, Livermore, California 94550, USA

ABSTRACT

Tritium population thermodynamics and transport kinetics critically define the tritium storage
performance of zirconium tritides that can be used for a variety of nuclear applications including
tritium-producing burnable absorber rods. Both thermodynamic and kinetic properties can be
sensitive to grain sizes of materials and can be significantly altered by irradiated defects during
operation under the reactor environments. A thorough experimental characterization of how these
properties evolve under different reactor conditions and different initial grain structures is
extremely challenging. Here molecular dynamics simulations are used to investigate tritium
population and diffusion in zirconium with and without different planar symmetric and asymmetric
tilt grain boundaries and irradiated defects. We found that in addition to trapping tritium, the most
significant effect of planar grain boundaries is to increase tritium diffusivity on the boundary plane.
Furthermore, fine grain structures are found to mitigate the change of tritium diffusivity due to

irradiated point defects as these point defects are likely to migrate to and sink at grain boundaries.
Keywords: Hydrogen isotopes; zirconium; diffusion; molecular dynamics; radiation effects
1. Introduction

Zirconium (Zr) alloys have many important nuclear applications. For example, zirconium
can be used to safely store radioactive tritium and has a high storage capacity. This is because Zr
can easily hydrogenated, to the fully hydrogenated e-ZrH, phase, which has a strong formation
energy of <-0.65 eV/atom [1,2]. This unique property has enabled zirconium tritides to be used as
a trittum getter in tritium-producing burnable absorber rods (TPBAR) [3]. For this application, the

relative permeability of tritium through zirconium and zirconium tritide phases is the key property
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because it critically impacts the gettering performance and the safety of the environment.
Permeability is the product of solubility and diffusivity so that tritium population thermodynamics
and transport kinetics are important. Thermodynamic and kinetic properties are likely to
significantly change under reactor conditions due to both phase transformation and formation of
irradiated defects such as vacancies (Vac) and self-interstitial atoms (SIA) [4]. These are further
influenced by grain structures of materials. A thorough experimental characterization of evolving
properties for a variety of microstructures is challenging especially when radioactive species (e.g.,
tritium) are also involved. Density-functional theory (DFT) calculations have been used to
calculate energetics (including diffusion energy barriers of hydrogen isotopes) in various
zirconium [5,6,7,8] and zirconium hydride phases [9,10,11,12,13,14] assuming predesignated
configurations. Without the constraint to predesignated configurations, molecular dynamics (MD)
simulations have been successfully applied to study the radiation effect on tritium population and
diffusion in both single crystalline zirconium [15,16] and single crystalline zirconium tritides [17].
These MD simulations have not accounted for microstructures of materials due primarily to grain
boundaries (GBs). Grain boundaries can have important effects. First, tritium diffusivities along
grain boundaries and in bulk can be significantly different. Second, grain boundaries can be sinks
for irradiated point defects and thereby modulate the irradiation effects. Third, grain boundaries
can trap tritium and change the tritium population thermodynamics, which appears to comply with
the experimental observation that hydrides preferentially form at grain boundaries [18]. It can also
be envisioned that the initial saturation of tritium at defects (such as vacancies, dislocations, and
grain boundaries) may create an apparent incubation time for tritium release. These effects must

be understood to better evaluate and optimize TPBAR performance.

In this paper, we apply MD simulations to study grain boundary and radiation effects on
trittum population and diffusion in the hexagonal close packed (HCP) a-Zr. To enable detailed
understanding of mechanisms, we focus on designated planar grain boundaries using bicrystal
configurations. Numerous symmetric tilt and asymmetric tilt grain boundaries commonly
considered for HCP materials [19,20,21] are chosen for the study. Simulations are performed for
a variety of configurations with and without grain boundaries, and with and without irradiated

point defects (Vac and SIA).
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Fig. 1. llustration of all the nine grain boundaries studied in the present work: (a) ST-0.0° (bulk a-
Zr) , (b) ST-17.9°, (c) ST-21.8°, (d) AT1-10.9°, (e) AT1-30.0°, (f) AT2-0.0°, (g) AT2-8.9°, (h)
AT2-10.9°, and (g) AT2-30.0°. The Zr atoms are shown in blue and red to illustrate the two grains.

2. Grain geometries

We study nine selected grain boundaries, illustrated in Fig. 1, where red and blue colors



represent grains 1 and 2 respectively. These boundaries span systematically both symmetric and
asymmetric tilt grain boundaries commonly observed in a-Zr [19]. Using the three orthogonal axes
al, a2, and c for an HCP unit cell illustrated in the inlet, the un-tilted symmetric tilt (ST) grain
boundary shown in Fig. 1(a) satisfies algini // algrain2, @2grain1 // 82grain2, Cgrainl // Corainz. This 1s
notated as a ST-0.0° structure which happens to be equivalent to a single crystal without any grain
boundary (bulk a-Zr). To create a symmetric tilt angle 6, grain 1 is tilted clockwise and grain 2 is
tilted anticlockwise by the same angle 6/2. The corresponding grain boundary is notated as ST-0
and Figs. 1(b) and 1(c) correspond to two such boundaries with 6 = 17.9° and 21.8° respectively.
Two types of asymmetric tilt grain boundaries are considered. In the first type (AT1), the un-tilted
boundary satisfies Cgrain // @l grain2, @2grain1 // @2grain2, @l grain1 // Cgrain2. TO introduce an asymmetric
tilt angle 0, grain 2 is tilted anticlockwise by an angle 0. The corresponding grain boundary is
notated as AT1-6 and Figs. 1(d) and 1(e) correspond to two such boundaries with 6 = 10.9° and
30.0° respectively. In the second type (AT2), the un-tilted boundary satisfies Cgraini // @l grain2, @l graini
/" a2gain2, @2grain1 // Cgrainz. ToO introduce an asymmetric tilt angle 0, grain 2 is again tilted
anticlockwise by an angle 6. The corresponding grain boundary is notated as AT2-0 and Figs. 1(f)
- 1(i) correspond to four such boundaries with 6 = 0.0°, 8.9°, 10.9° and 30.0° respectively. Note
that the tilt angles were selected to closely match the periodic lengths of the two grains on the grain
boundary plane. Other tilt angles can also be studied, but the system dimensions may need to be

significantly increased to maintain an acceptable periodic length mismatch.

To create a tritium content, the corresponding number of trittum atoms are randomly added
into the tetrahedral interstitial sites. To create a SIA content, the corresponding number of
zirconium atoms are randomly added to the octahedral interstitial sites. To create a Vac content,
the corresponding number of zirconium atoms are randomly removed. Periodic boundary
conditions are used. Given the orientation geometries shown in Fig. 1, the system sizes are chosen
to ensure that the lattice strain between the two grains is |¢| < 2% in any direction. Our system
sizes, therefore, vary significantly from 1616 to 3482 Zr atoms. After the tilt grain boundary is
created, grain 2 is shifted with respect to grain 1 in the two directions parallel to the grain boundary
until a minimum energy at 0 K location is found. This minimum energy configuration is used as
the starting configuration for all studies relevant to the GB. Note that the use of small systems only

specifies a high relative volume fraction of gain boundary vs. bulk, and it should not impact the



diffusion behavior near grain boundary and in bulk.
3. Simulation methodology

Our simulations were performed with the MD code LAMMPS [22,23,24] under a zero
pressure NPT (number of atoms, pressure, and temperature are held constant) ensemble for a total
simulated time of 100 ns at a time step size of 0.5 fs. The diffusion analysis was performed on the
last 50 ns, allowing ample time for the system to reach equilibrium. The embedded atom method
potential developed by Wimmer et al. [25] was used to define interatomic forces. The statistically
averaged MD approach based on mean square displacement of tritium as a function of time
[26,27,28,29] was used to calculate tritium diffusivities in a 400 - 700 K temperature range. Once
diffusivities at different temperatures are known, the diffusion energy barriers and pre-exponential
factors can be derived from Arrhenius equation. All simulations were performed at relatively high
temperatures to ensure sufficient displacement of tritium atoms. Since only high temperatures are
considered, it is assumed that isotope effects are due primarily to atomic mass [30,31]. Note that
the simulation results can be easily used to derive 1D diffusivities in arbitrary direction and 2D
diffusivities on arbitrary plane. This is because MD simulations essentially determine
displacement vector (Ax;, Ay;, Az;) of all the N; tritium atoms 1= 1, 2, ..., N; as a function of time.
The displacement along any direction A can then be calculated as d;; = cosaAx; + cosBAy; +
cosyAz;, where a, 3, y are angles between A and X, y, z axes respectively. The square displacement
d; ;> can then be used to calculate the 1D diffusivities along A [26,27,28,29]. Similarly, the square
displacement on any plane p normal to A can be calculated as d, ;2 = Ax;? + Ay;? + Az - d, ;2, which
then allows the calculation of the 2D diffusivities on any plane [26,27,28,29]. Through analyses
of diffusivities along different directions based on our MD results, we confirm that in the a-Zr,
tritium diffusivities on the al-a2 plane are isotropic, but are lower than diffusivities along c,
consistent with the literature DFT based kinetic Monte Carlo calculations [32]. For all the nine
structures shown in Fig. 1, diffusion normal to the grain boundary (i.e., along the y-axis) always

occur on the al-a2 plane in the bulk of both grains 1 and 2.
4. Results and discussion

4.1. Tritium trapping by grain boundaries




Tritium trapping by grain boundaries is first explored on systems containing 1% tritium.
1% is appropriate because the system contains a sufficient number of tritium atoms to reduce the
statistical errors of the average behavior while at the same time tritium-tritium interactions are not
extensive, therefore, closely represents a dilute solution. To this end, time-averaged tritium
concentration is calculated as a function of position along the direction normal to the grain
boundaries. This is achieved by binning the tritium concentration along the direction normal to the
grain boundary. The concentration in each bin is calculated for each time step and averaged over
the last 50 ns of the simulation. Note that for our simulated total time and time step, time-averaging
means averaging over 108 configurations. The concentration thus obtained is further averaged over
eight GBs: ST-17.9°, ST-21.8°, AT1-10.9°, AT1-30.0°, AT2-0.0°, AT2-8.9°, AT2-10.9°, and AT2-
30.0°. This average is to some extent equivalent to modeling a polycrystalline material where a
variety of grain boundaries co-exist; moreover, polycrystalline materials are more experimentally
relevant. The results for the defect-free systems (i.e., no SIA and Vac) obtained at 550 K are shown
in Fig. 2(a). This figure clearly illustrates that tritium concentrates at GBs; the concentration is

found to be approximately three times greater than in bulk regions.
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Fig. 2. The time-averaged tritium concentration along the direction normal to the grain boundaries
with (a) 1% tritium, 0% SIA, 0% Vac, (b) 1% tritium, 1% SIA, 0% Vac, and (c) 1% tritium, 0%
SIA, 1% Vac. These figures were generated from simulations performed at 550 K.

The same analysis was performed on systems containing 1% SIA or Vac, in addition to the
1% tritium. Fig. 2(b) shows the results with 1% SIA; the result is like the case with no defects.
This suggests that SIA do not attract tritium; this conclusion is consistent with a previous study of

tritium diffusion in a-Zr [15]. We also find that SIA tend to migrate and vanish at grain boundaries;

this is another reason why the trititum concentration profile is like the no defect case. In the case



where 1% Vac are introduced, only a slight increase in tritium is observed at the grain boundaries
as shown in Fig. 2(c). This is because interstitial tritium atoms get trapped and cluster in the
vacancies; once this occurs, the clusters can become immobile (at least within our 100 ns
simulations). This is the reason why elevated concentrations are observed, in Fig. 2(c), in regions
away from the GBs. As was the case for SIA, Vac can also migrate and vanish at grain boundaries;
however, the migration of Vac is slower and can diminishes once occupied by tritium. These

results indicate that tritium is attracted to both vacancies and grain boundaries.

Simulations were also performed on systems containing 1% SIA and 1% Vac (Frenkel
pairs). Interestingly, we found that a portion of SIA quickly annihilates with Vac while the
remaining SIA vanishes at GBs. Hence, the net effect is a reduced Vac concentration without SIA.

For clarity, we explore separate SIA and Vac effects in the following.

4.2.  Anisotropic bulk diffusion
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Fig. 3. Arrhenius plots of tritium diffusion along the c-axis and the al-a2 plane of HCP o-Zr bulk
(ST-0.0°). System contains 1% tritium, 0% SIA, 0% Vac.

Discussion of SIA and Vac effects on tritium diffusion in bulk a-Zr have been reported



previously [15]; however, the anisotropic diffusion was not considered. Hence, we calculated
Arrhenius plots for tritium diffusion along the c-axis and on the al-a2 plane in defect-free o-Zr
(ST-0.0°); the results are shown in Fig. 3. Diffusivity in the c-direction is faster than on the al-a2
plane; this agrees with DFT calculations [32] and other literature [32,33] which provides some
validation of the potential used in this study.

To understand why diffusion along c-axis is faster than along al-a2 plane, MD movie with
extremely fine time resolution was used to examine diffusion pathways. We found that the c-
diffusion is mainly achieved by alternating jumps between tetrahedral-tetrahedral (T-T) interstitial
sites and between tetrahedral-octahedral (T-O) interstitial sites, whereas the al-a2 diffusion is
mainly achieved by jumps between T-O interstitial sites. This is consistent with literature [34].
Further, our calculations using nudged elastic band methods [35,36,37] indicated that the diffusion
energy barriers for T-T and T-O paths are ~0.2 eV and ~0.6 eV, respectively. The overall diffusion
barrier in both c-axis and al-a2 plane, therefore, is dominated by the ~0.6 eV barrier. However,
half of the c-jumps are the lower barrier T-T jumps, and therefore the c-diffusion appears to have
a higher pre-exponential factor. These are consistent with Fig. 3 where c-axis and al-a2 plane seem
to have similar energy barrier of ~0.5 eV but c-axis has a higher pre-exponential factor.
Experiments also indicated that diffusion of hydrogen along ¢ and al-a2 has similar energy barrier
but c-diffusion is faster [38]. On the other hand, experiments on polycrystalline Zr indicate that
the hydrogen diffusion energy barrier falls in the 0.31 — 0.59 eV range [39,40,41,42].

4.3, Tritium diffusion around grain boundaries

The diffusion of tritium in defect-free (i.e., no SIA and Vac) a-Zr with different grain
boundaries (see Fig. 1) has been studied. The Arrhenius plots normal and parallel to the various
grain boundaries are shown in Figs. 4(a) and 4(b) respectively. The diffusivities normal to GB is
independent on the tilting angle because the tilting is always about the c-axis (Fig. 1) and the c-
plane has isotropic diffusivities. While diffusivities on GB are anisotropic, averaged values are
used because this does not impact our study of defect and grain boundary effects as long as all
cases are compared using the same average diffusivities. Further, the linear gray lines in Fig. 4
show the average diffusion in the 8 different GBs; as before, we are mainly concern with the

average effect. Fig. 4 also contains the results for bulk a-Zr (ST-0.0°) represented by the linear



blue line. Note, the bulk diffusion curves in each plot are along the same crystallographic directions
as for the GBs; this allows for the effect of the GB with respect to bulk diffusion to be observed.
Visual comparison indicates that the grain boundaries enhance the diffusivities on the GB planes
but does not affect the diffusivities normal to the GBs. These results, along with the tritium

concentration profile (Fig. 2), indicate that tritium diffuses to GBs then diffusion is accelerated

along the GB plane.
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Fig. 4. Arrhenius plots of tritium diffusion in the presence of various grain boundaries: (a) normal
to grain boundaries and (b) parallel to grain boundaries. The bulk diffusion values in each plot
(blue curves), are along the same crystallographic directions as the GBs (see Fig 1). System
contains 1% tritium, 0% SIA, 0% Vac.

To understand why diffusion along grain boundaries is accelerated, an MD movie with a
fine time resolution was used to identify a tritium atom jump event on an AT2-30.0° GB at 550 K
during 1 ps time span; the atomic configuration is shown in Fig. 5. The figure shows the initial
atomic positions plus the final tritium atom location; the initial and final trittum atoms are labeled
as I and F. Near the GB, the Zr atoms are distorted so the jump path can no longer be characterized
as T-T or T-O jumps. Nudged elastic band calculations indicated that the jump path shown in Fig.
5 has an energy barrier of ~0.1 eV. This lower diffusion barrier, with respect to bulk, is why we
observe higher tritium diffusivity along GBs. The distortion is also the likely reason why tritium

is observed to segregated at GBs.



trittum jumps from I to F during 1 ps span at 550 K on AT2-30.0° GB

S ..g...b...

Fig. 5. An initial atomic configuration of an AT2-30.0° GB at 550 K where both initial and final
positions of a jumping tritium atom during a 1 ps time span are shown. The Zr atoms are shown in
blue and red to illustrate the two grains; the tritium atoms are white, and the atom radius has been
enlarged for visualization.
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Fig. 6. Arrhenius plots of tritium diffusion in the presence of SIA and various grain boundaries:
(a) normal to the grain boundaries and (b) parallel to the grain boundaries. The bulk diffusion
values in each plot (blue curves), are along the same crystallographic directions as the GBs (see
Fig 1). System contains 1% tritium, 1% SIA, 0% Vac.

We repeated the same analysis with 1% SIA added to the systems (1% tritium, 1% SIA,
0% Vac); the results are shown in Figs. 6(a) and 6(b) for tritium diffusion normal and parallel to

the GBs respectively. As is in the case discussed above without SIA, tritium diffusion normal to
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the GBs is virtually unchanged and diffusion parallel is increased. These results are consistent with
tritium not being attracted to SIA and that SIA vanish at GBs resulting in the same behavior as if
SIA were not present. This conclusion is further supported by the Arrhenius plots of tritium with
SIA in bulk a-Zr, the magenta line in Fig. 6. Without GBs, 1% SIA slightly increases tritium
diffusion due to a lattice expansion effect [15]. Our findings suggest that SIA have little to no
effect on tritium diffusion; as was the case without SIA, tritium diffusivity is only

effected/increased parallel to the grain boundaries.
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Fig. 7. Arrhenius plots of tritium diffusion in the presence of Vac and various grain boundaries:
(a) normal to grain boundaries and (b) parallel to grain boundaries. The bulk diffusion values in
each plot (blue curves), are along the same crystallographic directions as the GBs (see Fig 1).
System contains 1% tritium, 0% SIA, 1% Vac.

We also perform the same analysis with 1% Vac (1% tritium, 0% SIA, 1% Vac); the results
are shown in Figs. 7(a) and 7(b) for tritium diffusion normal and parallel to the GBs respectively.
The results are more interesting with vacancies because there are several competing factors: 1) the
attraction of tritium to vacancies, 2) the attraction of tritium to grain boundaries and 3) the
attraction of Vac to grain boundaries. Arrhenius plots of tritium diffusion in bulk with Vac reveals
a significant reduction in diffusion (the magenta line in Fig. 7). This is because tritium is attracted
to and cluster in vacancies, causing a decrease in diffusion. The data points (magenta stars) deviate
from linear because the trapping rate of tritium depends on the initial proximity to the vacancies;

as a result, the diffusion decreases at different times (note that time-averaged MD can mitigate the
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effects of initial defect population when the defects are highly mobile). At the end of the 100 ns
simulation, all/most of the tritium atoms are trapped in Vac. However, when GBs are present
diffusion persists, as evident in Fig. 7. This is because the Vac are also attracted to and vanish at

the grain boundaries.

Fig. 8 shows the time-averaged tritium concentration profiles for the different GBs
individually with 1% Vac. There it can be seen that in some cases the tritium clusters in bulk
regions (e.g. AT2-0.0°) and in other cases trittum makes it to the GB (e.g. AT2-10.9°). In the
former, tritium gets trapped in Vac. The latter case occurs because either the tritium reaches the
GB before encountering a Vac or the Vac make it to the GB before being occupied by tritium. Fig.
9 visually compares AT2-0.0° with and without Vac; the structures shown are the final MD
optimized geometries. It’s hard to visually to see regions of increased tritium in these snapshot
configurations; however, the time-averaged concentration histogram clearly indicates that the
tritium concentration is greater at the GB when no Vac are present but when Vac are introduced,
the tritium clusters in regions away from the GB. Note that simulations we performed involve
statistical errors which may depend on system size; however, we believe our conclusions are not

system size dependent.
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Fig. 8. Time-averaged tritium concentration along the direction normal to the grain boundaries for
each system with 1% tritium, 0% SIA, 1% Vac. These figures were generated from simulations
performed at 550 K. The magenta line represents the location of the GBs.
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Our results indicate that grain boundaries promote the in-plane diffusivities but not
significantly the out-plane diffusivities. This is consistent with the GB trapping effect which
should only reduce diffusion normal to the GB. The reason that we do not see a significant
reduction in diffusivities normal to GB is because the GB thickness is relatively thin compared to
the thickness of the internal GB region. However, we only considered infinitely large planar grain
boundaries. In realistic polycrystalline materials, there exist junction regions of three or more grain
boundaries, and other defects such as dislocation loops. The effects of these defects need to be
studied to understand the performance of materials under reactor conditions. We plan to continue

to study these effects.

a) AT2-0. 0 no defects b) AT2-0.0° with 1% VAC

0.0 08 16 0.0 08 16

Tritium Conc. Tritium Conc.
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Fig. 9: A schematic showing the optimized geometries after a 100 ns MD simulations at 550 K for
AT2-0.0°: (a) with no defects and (b) with 1% Vac. The corresponding time-averaged tritium
concentration from the MD simulations are also included. The Zr atoms are shown in blue and red
to illustrate the two grains; the trittum atoms are white with the atom radius enlarged for
visualization.

5. Conclusions

Our MD simulations of grain boundary and radiation effects on tritium population and

diffusion in zirconium have resulted in the following conclusions: 1) Diffusivity of hydrogen
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isotopes along the c-axis is higher than on the basal plane of a-Zr. 2) Planar symmetric and
asymmetric tilt grain boundaries trap hydrogen isotopes. 3) Diffusion of hydrogen isotopes along
grain boundaries is enhanced. 4) SIA slightly increases and Vac significantly decreases
diffusivities of hydrogen isotopes in single crystalline Zr (bulk). 5) The effect of SIA and Vac are
reduced near grain boundaries because they tend to move to and sink at grain boundaries. This
work helps provide a fundamental understanding of how tritium diffuses in Zr which is important

for various nuclear applications.
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