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Summary

Density functional theory (DFT) simulations have been carried out to evaluate the potential
for tritium trapping by metal vacancies in four Cr-containing phases (i.e., Cr3Si, Alo3Cro.7, AlgCrs-
HT, and AlgCrs) identified near the interface between the Al coating and 316 stainless steel (316
SS) cladding. In addition, an ab initio thermodynamics approach has been employed to predict
the temperature and T,-partial pressure dependence on the thermodynamics of singly tritiated
defects. Key results in this work suggest that metal vacancies in the four phases have the
potential to favorably trap tritium species, especially Si vacancies in Cr3Si phase. This overall
thermodynamic trend can be correlated to the energy cost of having an interstitial tritium in the
lattice, which has been calculated to range from 0.17 eV in AlgCrs-HT to 0.89 eV in CrsSi. A
comparison of the results from this study with previous theoretical works investigating tritium
behavior in other Fe-Al phases identified in the aluminide coating, suggests that metal vacancies
are generally able to trap tritium in various Fe-Al aluminide phases. Especially, it was found that
Si and Al vacancies would be the most efficient to trap for tritium, followed by Cr vacancies, then
Fe and Nivacancies. In the four Cr-based material phases investigated in this work, it is interesting
to note that, in the absences of Fe or Ni species, strong interactions between tritium and the
metal vacancies are always occurring by the formation of preferential Cr—T bonds (i.e., no Si—T
or AlI—T bonds were formed).
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1.0 Introduction

Reports'? have indicated that a small but steady fraction of atomic tritium generated in °Li
enriched y-LIAIO, pellets during neutron irradiation permeates out of the TPBAR during
production. After a decade of fundamental research, the NNSA supported Tritium Modernization
program has provided a much better understanding of irradiation effects on pellet, getter and
cladding materials, and has pointed at possible design improvements that have the potential to
increase tritium production, improve design margins, or reduce tritium permeation into the WBN
coolant.® As our understanding improve, many of the studies now seek to explain the
mechanisms behind the observed phenomena and an essential first step to develop a
mechanistic understanding of tritium behavior in TPBAR components is provided by material
characterization. While it has been observed that tritium permeation is slowed due to the
aluminide coating, the actual mechanisms for tritium trapping and its trapping locations are still
elusive. So far, observations suggest that tritium is trapped “somewhere” in the aluminide
coating and not in the 316 SS. However, as shown in Figure 1A and 1B, numerical simulations
using density functional theory (DFT) performed by Sassi*® have indicated that tritium would be
more efficiently trapped by defects in phases such as FeNiAls, FesAl13, and Fe;Als s found in the
inner-iron aluminide coating, and (Fe, Cr, Ni), AlFes, NiAl, and AlFe found near the interface
between the Al-coating and the 316 SS rather than in the Al12(TM)2.35 phase found in the outer-
region of the Al-coating located below the Al-oxide phase present at the surface.
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Figure 1: (A) Energy for tritium trapping in the various identified Fe-Al phases of the Al coating.
(B) Interstitial tritium binding energy. Grain quality maps (C) and phase map (D) collected at the
interface between the 316 SS cladding and aluminide coating collected using t-EBSD.[8]

Key findings of these simulations are that Al vacancies are generally the best trap for tritium,
followed by Fe vacancies, then by Ni or Cr vacancies, and that tritium is preferentially binding Fe
species rather than Al, Cr, or Ni species. It was also found that there could be a correlation
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between interstitial tritium solubility and the effectiveness for trapping by metal vacancies
(Figure 1B).

Based on the microscopy imaging conducted by Silverstein et al.,” Cr-based phases could be
identified (Figure 1C and 1D) near the interface between the Al-coating and 316 SS.8 Interestingly,
these phases do not bear Fe in their composition. To provide a deeper understanding of tritium
interaction within TPBAR’s aluminide coating, we used ab initio density functional theory (DFT)
simulations to investigate the thermodynamics of tritium trapping by point defects in the Cr-
based phases found at the interface between the aluminide coating and 316 SS. The systematic
evaluation of trapping effectiveness of the phases identified in the Al-coating can help guide the
design of a deposition process to intentionally create phases that maximize tritium trapping. To
that end, the findings will be combined with previous theoretical investigations to provide a more
complete picture of tritium behavior in complex chemical environments. The work will focus on
the following four Cr-based phases, namely AlgCrs, AlsCrs-HT, Cr3Si, and Alo3Cro 7.
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2.0 Computational Details

DFT calculations have been performed with the VASP code.® All the simulations used the
generalized gradient approximation (GGA) exchange-correlation as parametrized in the Perdew,
Burke, and Ernzerhof (PBE) functional.1%! A cutoff energy of 350 eV for the plane-wave basis set
has been used and spin-polarization has been taken into account. The simulations of the CrsSi
(2x2x2 supercell), Alp3Cro7 (3x3x3 supercell), and AlgCrs-HT phases used a Brillouin zone
sampling at the I'-point with a k-point mesh of 5x5x5. The simulation of hexagonal AlsCrs phase
used a Brillouin zone sampling at the -point with a k-point mesh was 4x4x6. In all cases, the total
energy was converged with a criterion of 10 eV/cell. Due to their similar electronic structure,
the pseudopotential of standard hydrogen (*H) has been used to describe tritium (3H), however,
to account for the isotopic effect, the mass in the pseudopotential has been modified to match
that of the isotope atom.

Each of the four phases investigated in this work were first fully relaxed and the optimized
lattice parameters of the defect-free phases were in good agreement with their respective
experimental values,'?*> which as shown in Table 1, had an error generally within ~1%.

Phase a(A) b (A) c(A) a(’) B (°) v (%)
s 4.555 4.555 4.555 90.0 90.0 90.0
4.507 (-1.05%)  4.507 (-1.05%)  4.507 (-1.05%)  90.0 (0.0%) 90.0 (0.0%) 90.0 (0.0%)
AloaCros 2.960 2.960 2.960 90.0 90.0 90.0
07 2950 (-0.32%)  2.943 (-0.59%)  2.936 (-0.81%) 89.86 (-0.15%) 90.13 (0.15%)  90.08 (0.08%)
AlCroHT 9.090 9.090 9.090 90.0 90.0 90.0
8.997 (-1.02%)  9.036(-0.59%)  9.020 (-0.77%) 90.04 (0.04%) 90.13 (0.14%) 89.76 (-0.26%)
ACrs 12.718 12.718 7.937 90.0 90.0 120.0

12.693 (-0.20%)  12.683 (-0.20%)  7.904 (-0.42%)  90.0 (0.0%) 90.0 (0.0%)  120.0 (0.0%)

Table 1: Comparison of the experimental (in italic) and calculated lattice parameters for the four
phases investigated. The errors between calculated and experimental values are provided in
brackets.

After introducing interstitial tritium (T;) and metal vacancy (V(M)) defects, only the atomic
coordinates were allowed to relax while the lattice parameters were kept fixed to their relaxed
defect-free bulk structures values. Subsequently, tritium loading of the metal vacancy has been
investigated by filling it with several tritium atoms. The energy of multiple configurations was
evaluated and only the most energetically favorable one at each loading was used for
thermodynamic calculations.

To evaluate the relative thermodynamic stability of non-tritiated and tritiated metal
vacancies at conditions relevant to in-reactor operation, ab initio thermodynamics calculations
have been carried out in which the temperature (T) and tritium partial pressure (p(T,))
dependance of the Gibbs free energy of formation of defects, AGf(T, p(T5)), has been calculated
using the following generic equation:
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AGf(TJ p(TZ)) = (Egefect + EdZeI:’fct + A,u(T)defect) (Eperf + pZeI:F + A.U(T)perf) +
Yo (Ef + EFPF + Apy(T, p(T2))) (1)

where n; is the number of atoms added/removed of each atomic species i. Ef, EZ*E, and

Api(T,p(T,)) are respectively the total DFT energy, the zero-point-energy, and the temperature
and T, partial pressure dependent chemical potential of each reference species i. In order to
account for the temperature effect in the various bulk phases, Ap(T) gefect and Ap(T) (s are the
temperature-dependent chemical potential of the system with and without defect (i.e., perfect).
All the temperature-dependent chemical potentials have been calculated using the following
relation:

Au(T) = (H(T) — H(298.15)) = TS (2)

where H(T) and H"(298.15) are the system enthalpy at a temperature T and at T=298.15 K, and
S is the entropy. Here, H(T), is the Helmholtz free energy as given by H(T) = —kgT In(Z),
where Z is the partition function expressed as implemented in the Phonopy code.® The
calculated temperature dependence of the chemical potential of tritium has been obtained from
previous work.* The temperature and T, partial pressure dependent chemical potential of
molecular T; has been calculated as:

Br, (T,p(T2)) = ur, (T",p"(T2)) + koTlog (522)  (3)

where T° and p’(T,) are the temperature and T, partial pressure at standard conditions.
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3.0 Results and Discussion

3.1 Atomic model structure of Alo3Cro.7 and AlsCrs-HT

The experimental CIF files of the Alp3Cro7 and AlgCrs-HT phases have sites with partial
occupancies. In order to find an atomic model that reproduces the stoichiometry experimentally
determined and the random ordering of species distribution in the partially occupied sites, we
generated special quasi-random structures (SQS)*” and evaluated their energies. As shown in
Figure 2, 64 SQS structures and 46 SQS structures were generated for Alo3Cro7 and AlgCrs-HT
respectively. Among the structure generated, we selected the lowest energy structure, as shown
by the green dot in Figure 2a and 2b, to investigate the thermodynamic behavior of tritium in
each of these two phases.
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Figure 2: Relative energy of the (a) 64 SQS structures generated for Alp3Cro7 and (b) 46 SQS
structures generated for AlgCrs-HT phases. The horizontal dashed line represents the average
energy of all the SQS structures and has been used as reference.

3.2 Formation energy of metal vacancies in the four interfacial Cr-based phases

We have explored the energy landscape of metal vacancies in each structure and localized
the atomic site leading to the lowest vacancy formation energy. As shown in Table 2, which
summarizes the formation enthalpy of vacancy calculated for each phase, CrsSi has the highest
formation energy for Cr species of among all the phases, while the highest formation energy for
Al species is obtained for the Alo3Croz phase. Among all the vacancy formation energies
calculated, the one for Si species is the highest of all.
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Phase Ver Vai Vsi

CrsSi 2.357 0.000 3.847
Alo3Cro7 1.693 2.527 0.000
AlgCrs-HT 0.958 1.299 0.000

AlgCrs 1.061 0.866 0.000

Table 2: Calculated formation energies (in eV) of the metal vacancies for the phases of interests.

A comparison of the Gibbs free energy for vacancy formation in each material phase and its
temperature dependence is shown in Figure 3. Interestingly, Figure 3 shows that at a
temperature of 700 K, Cr vacancies would be easier to create in the materials sharing a similar
stoichiometry, AlsCrs-HT phase, followed by the Al vacancies in the AlgCrs phase.
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Figure 3: Temperature-dependent Gibbs free energy of formation of metal vacancies in each
material phase. The vertical black dashed line helps localize the temperature of in-reactor

operation conditions.

3.3 Temperature and T»-partial pressure dependence of tritiated vacancies

The tritiation of metal vacancies has been performed for up to six tritium atoms. The tritium
loading dependent defect energy has been calculated and is plotted in Figure 4 for each material
phase. To some degree, adding a tritium species in the vacancy site leads to energetically more
stable defects compared to the non-tritiated vacancies. Among the four phases investigated,
vacancies in Cr3Si and Alo3Cro7 phases would accommodate the most tritium species, 4 and 3
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respectively, while the Cr and Al vacancies in AlgCrs would favorably accommodate only one
tritium species for the Al vacancy and 2 tritium species for the Cr vacancy. For Alg3Cro.7, AlgCrs-
HT, and AlsCrs it is found that Cr vacancies would accommodate at least as much, or more, tritium
species than Al vacancies.

While exploring different tritium configurations in the vacancy space, we noticed that the
energetically most favorable and common configurations obtained are those when tritium is
bound to a Cr species. As shown by the image inserts in Figure 4, the formation of Cr—T bonds
have always been preferred over the formation of Al—T or Si—T bonds. Along with previous
theoretical results, this suggests that in the absence of Fe in the material phase, Cr is the next
competitive species to help trap tritium by forming bonds.
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Figure 4: Calculated defect formation energy as a function of tritium loading in metal vacancies.

In order to investigate the effect of temperature and tritium partial pressure (p(T,)) on the
relative thermodynamic stability of singly-tritiated and non-tritiated metal vacancies, ab initio
thermodynamic calculations have been performed. This allows the calculation of the Gibbs free
energy of defects at conditions relevant to in-reactor operation, which are a temperature of ~700
K and tritium partial pressures ranging from 10 to 10> mbar.*®

An overview of the thermodynamics for the 1° tritiation of metal vacancies in the four
interfacial phases is shown in Figure 5. In Figure 5, the purple area highlights the tritium partial
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pressure of relevance to TPBAR. Focusing on the range of p(T,) relevant to in-reactor conditions,
Figure 5 shows that none of the tritiated vacancies become more energetically favorable than
their respective non-tritiated vacancies. This indicates that regardless of the T,-partial pressure,
the addition of tritium in a vacancy will always be thermodynamically unfavorable. However,
these results should also be put in correlation with the energy cost of having an interstitial tritium
species in the lattice.
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Figure 5: Gibbs free energy of non-tritiated and singly-tritiated metal vacancies as function of
tritium partial pressure (p(T,)) at a temperature of 700 K. The purple area highlights the range
of tritium partial pressure of interest.

3.4 Trapping potential of metal vacancies

We estimate the trapping efficiency of metal vacancies by comparing the energy of a singly-
tritiated vacancy with the energy of an interstitial tritium (T;) and a non-tritiated vacancy, non-
interacting with each other. The trapping enthalpy is calculated using the following relation:

AHyap = Evony+1r — (Bvowy + 1E7)  (4)

With this formulation, a positive enthalpy value indicates that tritium is more favorable as
an interstitial species, while a negative energy value suggests that tritium prefers to bind with a
metal vacancy. As shown in Figure 6a, for all the vacancies and all four material phases, the

10
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energy of tritium trapping is negative, indicating that in all cases tritium prefers to bind to a metal
vacancy rather than remain as an interstitial tritium in the lattice. While it is not
thermodynamically favorable to tritiate a vacancy, relative to non-tritiated vacancy, it is still
thermodynamically more favorable than having an interstitial tritium.

While many factors can play a role in trapping efficiency, we find that the trapping trend is
mostly affected by the formation energy of interstitial tritium, which is shown in Figure 6b, rather
than the formation energy of the metal vacancy. More the energy of having an interstitial tritium
is high and more metal vacancy trapping would be preferred.
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Figure 6: Comparison of tritium trapping potential for the four interfacial Cr-based phases. (a)
Energy of trapping tritium in a metal vacancy. (b) Formation energy of interstitial tritium.

3.5 Comparison of tritium trapping efficiency for various phases in Al coating

Based on the STEM imaging conducted by Olszta et al.,'® multiple regions can be
distinguished in the aluminide coating: (i) surface, (ii) outer-iron aluminide, (iii) inner-iron
aluminide, and (iv) interface with 316 SS, with each region having a different set of Fe-Al phases.
In previous projects, numerical simulations have investigated both the kinetics of interstitial
tritium?%2! and its thermodynamic behavior®=® in Fe-Al phases found in the outer- and inner-iron
aluminide coating, and the interface. Key results are that interstitial tritium would diffuse
similarly in all the Fe-Al phases identified and that some phases can more effectively trap tritium
while others are not efficient for trapping. It was also found that there could be a correlation
between interstitial tritium solubility and the efficiency for trapping by metal vacancies (Figure
1A and 1B), that is, if the insertion of an interstitial tritium in a phase costs more than 0.3 eV
(empirically determined), then trapping by metal vacancies should be preferred.

11
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The theoretical results currently available informing about the thermodynamic of tritium in
the various phases of the Al coating have been combined and compiled in Figure 7. As shown
Figure 7, the strongest vacancy traps are obtained for Fe;Alx and CrsSi phases. However, the
overall average (white diamond symbols right panel) for the trapping efficiency for each material
phases indicates that the phases at the interface would be more likely to trap tritium species,
followed by those present at the inner-aluminide region, then at the outer aluminide region.

The bottom panel in Figure 7 shows the trapping efficiency of each metal vacancy species
averaged across the different material phases. The trend is clear; Si vacancies and Al channel
(non-lattice Al site of Fe,Alx phases) vacancies are the most efficient tritium traps. Then lattice
site Al vacancies and Cr vacancies are the second most efficient tritium traps, followed by the Fe
and Ni vacancies, which are the weakest trap for tritium.

Trapping enthalpy AHMyap = Evim + 17 = (Evim + 1E7)
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Figure 7: (a) Trapping enthalpy heatmap for six vacancy types across twelve phases, ordered from
the outer-aluminide through the inner-aluminide to the interface of the aluminide coating.
Positive (red) values indicate a preference for interstitial tritium. Negative (green) values indicate
a preference for trapping by metal vacancies. Right panel shows the deepest trap of each phase
along with the row average shown by white diamonds symbols. Bottom panel shows the average
AH per vacancy type over the phases in which it exists. (b) STEM image of the aluminide coating
and 316 SS highlighting the four regions, adapted from [19].
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Conclusion

Density functional theory simulations have been carried out to evaluate the efficiency for
tritium trapping by metal vacancies in several phases found in the Al coating. The combined
thermodynamic (at 0 K) analysis of 14 phases indicated that Si and Al vacancies, followed Cr, then
Fe and Ni vacancies were the most efficient traps for tritium species. A good mechanism for
tritium trapping is by the formation of strong Fe—T bonds or Cr—T bonds if Fe is absent from the
material composition which are energetically preferable to Ni—T or Al—T bonds. This trend has
been theoretically obtained across the range of phases investigated. Altogether, while tritium
interacts differently with each phase, the study shows that tritium trapping and retention could
be more efficient if metal defects, in particular Al vacancies, are present and if the solubility of
interstitial tritium in the different phases is low, thereby, providing a thermodynamic driving
force for tritium being bound to metal vacancies.

13
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