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Zirconium-based alloys used for fuel cladding in nuclear fission reactors are susceptible to hydrogen embrit-
tlement during operation, but we currently lack the necessary mechanistic understanding of how hydrogen
behaves in the materials during service to properly address this issue. Imaging the distribution of hydrogen
within material microstructures is key to creating or validating models that predict the behaviour and influence
of hydrogen on material properties, but is experimentally difficult. Studying hydrogen in zirconium-alloys is
further complicated by the fact that the most common routes for preparing specimens for Transmission Electron
Microscopy and Atom Probe Tomography (APT) analysis, electropolishing and focused ion beam (FIB) milling,
are known to induce hydride formation. This introduces uncertainty as to whether the hydrogen distribution in
the analysed specimen is actually representative of the entire sample a priori. Recent work has shown that this
effect can be mitigated by performing the final specimen thinning stages at cryogenic temperatures. In this paper
we use cryo-FIB to prepare APT specimens of neutron-irradiated low Sn ZIRLO, showing that hydrogen is trapped
within a p-Nb SPP and at Nb-rich nanoclusters formed by exposure to neutron irradiation. We then use density
functional theory calculations to explain these experimental observations. These results highlight the importance
of including niobium-rich features in models used to predict hydrogen pick-up in zirconium alloys during service
and delayed hydride cracking during storage.

1. Introduction during service can result in the formation of hydrides upon cooling, as

the solubility limit of hydrogen in a-Zr is exceeded [3,4]. Corrosion of

Zr-based alloys are used for fuel cladding in light water nuclear re-
actors, but are known to suffer from hydrogen pick-up and embrittle-
ment during service, and delayed hydride cracking (DHC) during
storage. The oxidation of Zr metal during exposure to water or steam
results in the production of free atomic hydrogen, which can then diffuse
into the metal [1]. As corrosion of the Zr continues during service, the
levels of hydrogen will also gradually increase, with, for instance,
hydrogen contents of ~100 wt. ppm measured in ZIRLO after 240 days
of exposure to corrosive environments [2]. This pick-up of hydrogen
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the cladding during service can also necessitate replacement of the fuel
assembly as the hydrogen content approaches critical levels. In order to
predict the safe service lifetime before critical hydrogen levels are
reached in the matrix, and DHC evolution during storage, it is necessary
to understand how the hydrogen content and hydride fraction evolves
over time and thermal history [5,6]. This evolution will be impacted by
both the hydrogen pickup rate and the trapping efficiency of micro-
structural features such as second phase particles (SPPs) or
irradiation-induced dislocation loops [7].
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Experimentally observing the location of hydrogen present in mi-
crostructures remains challenging, and predictions from computational
modelling are frequently relied upon to identify potential trapping sites.
Modelling studies in Zr have indicated that hydrogen is likely to show,
compared to the a-Zr matrix, increased thermodynamic stability at some
SPPs [8,9]. The strength of this effect is thought to be dependant upon
the chemical composition of the SPPs. For example, Tuli et al. found a
positive correlation between hydrogen trapping strength and the Zr
content in the $-(Zr,Nb) phase, suggesting that p-Zr may be a relatively
strong sinks for hydrogen while 3-Nb is predicted to have a similar af-
finity as the o-Zr matrix [9]. Increasing the Cr:Fe ratio of Zr(Cr,Fe),
SPPs, and the Nb:Fe ratio of Zr(Nb,Fe), SPPs is also expected to increase
the likelihood of hydrogen being trapped [8,10]. However, the majority
of these predictions are yet to be confirmed experimentally.

Jones et al. have observed increased levels of deuterium (*°H) around
SPPs using nanoscale secondary ion mass spectrometry (NanoSIMS)
after exposing Zr-based metal alloys to heavy water in an autoclave
environment [10]. The authors claim that the %M is trapped at the
interface between the a-Zr matrix and Fe and Cr-rich SPPs, although
some NanoSIMS maps indicate that 2H levels are also enriched within
specific SPPs.

Due to the small sizes of the potential hydrogen trapping sites in Zr
alloys, it is necessary to use characterisation techniques with high
spatial and chemical resolution. Atom probe tomography (APT) is such a
technique, and a potentially powerful route for investigating the trap-
ping behaviour of hydrogen [11-15], and the early stages of hydride
formation [16,17].

However, imaging either hydrides or trapped hydrogen in Zr alloys
with APT is complicated by the fact that both electropolishing and
focused ion beam (FIB) preparation of samples is known to induce hy-
dride formation in hexagonal close packed (HCP) materials [18-20].
Avoiding the introduction of hydrogen into samples during sample
preparation is crucial if a true understanding of the behaviour of
hydrogen in a complex microstructure is to be achieved. Hanlon et al.
have shown that the aforementioned effect can be mitigated in Zr alloys
by performing the final FIB preparation stages of transmission electron
microscopy (TEM) foils at cryogenic temperatures [21]. More recently,
Mouton et al. demonstrated that the use of cryo-FIB can prevent spurious
hydride formation whilst preparing APT specimens [5], and Mayweg
et al. have recently shown that cryo-FIB significantly reduces but does
not entirely remove hydrogen pick-up during FIB preparation [22].
Therefore, the use of cryo-FIB to prepare APT specimens from a
neutron-irradiated Zr alloy provides the opportunity to study the real
behaviour of hydrogen in the microstructure after in-reactor irradiation.

Here, we present APT data of a neutron-irradiated low Sn ZIRLO
alloy prepared using FIB at cryogenic temperatures. Our results show
that increased levels of hydrogen are associated with -Nb SPPs and at
Nb-rich nanoclusters. Density functional theory (DFT) modelling is used
to rationalise these observations and reveals that hydrogen is likely to be
trapped at these sites. The trapping of hydrogen at Nb features in Nb-
containing Zr alloys may impact the service lifetime at which the crit-
ical hydrogen content for hydride formation is reached in the matrix,
and should also be accounted for in models predicting DHC.

2. Materials and methods
2.1. Materials

The composition of the Nb-containing low Sn ZIRLO alloy used in
this study is shown in Table 1. The manufacturing route and heat

Table 1

Nominal composition (wt.%) of the low Sn ZIRLO alloy analysed in this study.
Alloy Nb Sn Fe Ni Cr )
Low Sn ZIRLO 0.95 0.66 0.12 0.0036 0.0073 0.12

Journal of Nuclear Materials 587 (2023) 154755

treatment applied to each alloy has been previously reported in [23,24].

The alloy was neutron-irradiated in the BOR-60 reactor at 320 +
10 °C up to a fluence of 2.1 x 10%° n/m? [24], which corresponds to a
damage level of around 3 dpa.

2.2. Experimental methods

Aside from the use of cryogenic temperatures, conventional FIB-
based APT sample preparation procedures were followed [25-27].
Specimens were prepared in two stages using FIB. Initial milling and
lift-outs were performed using FIB at ambient temperatures using a FEI
Helios NanoLab 600i Ga* ion FIB before undergoing final sample thin-
ning at —90 °C. A final FIB polishing stage was also performed at —90 °C
using an accelerating voltage of 2 kV and a beam current of 190 pA in an
attempt to limit any Ga+ damage.

APT analyses were conducted on a Cameca LEAP 5000-XR at the
University of Oxford’s Nuclear Materials Atom Probe (NuMAP) Facility;
the analysis conditions for individual datasets will be specified in figure
captions and in the text, where appropriate. Reconstructions and ana-
lyses were performed in IVAS 3.8.8. AtomProbeLab, which solves peak
overlaps and decomposes complex ions into their constituent atomic
species, was used for compositional calculations [28,29].

2.3. Density function theory modelling methodology

DFT modelling was carried out to increase our understanding of the
interaction of hydrogen with the Nb-rich nanoclusters that form under
irradiation. The nanoclusters were modelled as disordered hexagonally
close packed (HCP) solid solutions, with a composition similar to that
determined from the APT data, as discussed later. The simulations were
conducted using DFT with a 150-atom special quasi-random structure
(SQS), comprisinga5 x 5 x 3 supercell of the conventional HCP-Zr
unit cell. The SQS was generated using the MCSQS code [30] with
pair, triplet, and quadruplet correlations defined up to the sixth, fourth,
and second nearest neighbour shells, respectively. The atomic positions
in the resultant SQS were relaxed with the Vienna Ab-initio Simulation
Package VASP [31], where the lattice parameters of the SQS were
calculated using Vegard’s Law from the relaxed DFT lattice parameters
of the end members.

A single hydrogen atom was placed in each of the 300 tetrahedral
interstitial sites in the SQS, and the atomic positions were further
relaxed. The trapping energy was defined as the relative change in
hydrogen solution energy for hydrogen in an interstitial site (i) of the
cluster compared to a tetrahedral site in pure a-Zr. This was calculated
as

H DFT DFT _ DFT DFT
AE:UI.I' - (Ehcp—Zr + Eclusle»‘+H,> (Ehcp—ZH»H, + Eclusier)

where Eﬁfg_Zr and EDIT  are the DFT energies of pure HCP -Zr and the
HCP nanocluster respectively. A subscript +H; indicates the addition of a
hydrogen atom at a tetrahedral interstitial site. Our assumption that the
nanoclusters have a HCP structure is discussed below.

All DFT simulations used the Perdew-Burke-Ernzerhof (PBE) func-
tional [32] and a planewave cut-off energy of 350 eV. Brillouin zone
sampling was performed witha 3 x 3 x 3T-centred Monkhorst-Pack
mesh. Forces and energy differences were converged to 10-5 eV/A and
1076 eV, respectively, using a Blocked-Davidson algorithm. Bands were
smeared to a width of 0.1 eV using a first order Methfessel-Paxton
method.

3. Results & discussion
3.1. Beta-Nb second phase particle

Fig. 1 shows an APT dataset that contains both neutron irradiation-
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Fig. 1. (a) Atom maps of Zr, Nb, and H in low Sn ZIRLO sample irradiated to 3
dpa and prepared via cryo-FIB (bounding box dimensions 70 nm x 72 nm x
1460 nm). (c) Atom maps of H, Fe, and Nb from region of interest highlighted
by red box in (a) (bounding box dimensions 70 nm x 72 nm x 300 nm). (d)
One-dimensional concentration profile through the region of interest indicated
by the black box in (c). Analysis temperature = 60 K, laser pulse energy = 80
pJ. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

induced Nb nanoclusters and a Nb-rich SPP characteristic of the unir-
radiated microstructure [33,34]. In this Figure and subsequent atom
maps, H refers to both H" and H3 ions. The hydrogen concentration in
the entire dataset was measured to be 2.42 + 0.02 at.% and the
composition of the SPP away from the interface with the a-Zr matrix is
given in Table 2. Whilst cryo-FIB does reduce the amount of hydrogen
that is introduced to the sample during preparation [21] it is unlikely to
entirely remove it [22]. In addition there are other sources of spurious
hydrogen that arise during APT analyses and must be considered when
interpreting APT data [35]. Therefore, the reported concentrations of
hydrogen, as measured via APT, represent an upper limit to the true
content within the material. The composition within the SPP is consis-
tent with that expected of a §-Nb SPP after conventional alloy processing

Table 2

Composition of the Nb-rich SPP in Fig. 1.
Composition was determined away from the
interface with the o-Zr matrix. Error indicates
uncertainty due to peak overlap solving.

Element Atomic%

Zr 22.81 £ 0.14
Nb 72.81 £ 0.26
H 4.31 £0.26
(0] 0.02 £+ 0.02
Fe 0.03 + 0.01
Cr 0.01 + 0.01
Sn 0.01 +0.01
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[36].

A non-random distribution of hydrogen is clearly visible in the
dataset, with a higher density of hydrogen associated with the opposite
side of the specimen from the laser incidence, and also within the large
Nb-rich SPP on the laser-incident side of the sample. Fig. 2(a) and (b)
compare the mass spectra for the laser-incident and non-laser-incident
sides of the samples, respectively. Comparison of the charge-state-
ratios of Zr>*/Zr?" in these parts of the sample do show a small varia-
tion, increasing from 0.002 on the laser-incident side to 0.003 on the
non-laser-incident side; this indicates that ion evaporation occurs at a
lower field on the laser-incident side of the samples than from the non-
laser-incident side. Differences in the electrostatic field across the
emitting end of an APT specimen during laser-pulsing experiments have
previously been reported [37] and explained as a result of “shadowing”
leading to non-uniform illumination and heating of the tip from the laser
pulse. This difference in field can explain the observation of more
hydrogen in the 1 Da and 2 Da peaks on the non-laser-incident side of the
sample vs the laser-incident side, since a reduction in electric field would
mean that Hj ions are less likely to decompose into two H; ions during
the field evaporation process [38,39]. The variation in field across the
specimen surface also encourages species to migrate over the surface
towards regions of high field before undergoing field evaporation [40].
The combination of both these effects leads to the excess hydrogen
counts detected on the non-laser-incident side of the specimen in Fig. 1.

In this dataset, the hydrogen content was most concentrated within
the p-Nb SPP as is clearly visible in the atom map (Fig. 1(b)). The
hydrogen content in the SPP was 4.3 at.% compared to 2.4 at.% in the
rest of the analysed volume. A one-dimensional (1D) concentration
profile was taken through the SPP along the depth (z) direction, as
indicated by the black region of interest in Fig. 1(b), and (c) shows the
enrichment of both hydrogen and Nb in the SPP. In Fig. 1(c), Fe was also
observed to segregate to the interface between the SPP and Zr matrix as
has previously been reported [41,42]. This observation of increased
hydrogen in the SPP needs to be discussed in the light of previous
modelling work indicating that p-Nb should only act as a weak sink for
hydrogen in an o-Zr matrix [8,9].

First, we should consider the accuracy of hydrogen measurements
due to the artefacts associated with APT previously described [35,39,
43], and it is important to address each of these in turn to assess the
validity of our observation of hydrogen segregating to the SPP. The
following are possible reasons that may lead to an artificial increase in
hydrogen signal being detected during an APT experiment.

1) Hydrogen induced in sample during preparation

As has been demonstrated previously [21,22], holding the sample at
cryogenic temperatures while preparing specimens leads to a significant
reduction in the levels of hydrogen introduced into the analysed volume.
Even if some hydrogen was introduced into this sample during prepa-
ration, it does not explain why it is analysed at higher concentration in
the SPP than the matrix unless the p-Nb SPPs do act as favourable sinks.

2) Hydrogen in analysis chamber

The majority of APT analysis chambers are made from hydrogen-
permeable materials, such as stainless steel, and even using lower out-
gassing materials like titanium is unable to completely remove hydrogen
from the chamber during sample analysis [44]. This gaseous hydrogen is
able to adsorb and then dissociate on the sample surface before under-
going field evaporation and being detected in the mass spectrum. It is
likely that some of the hydrogen detected in the APT analyses in this
study is due to this phenomenon, especially on the non-laser-incident
side of the analysed volume in Fig. 1. However, on a theoretically per-
fect hemispherical apex with uniform field distribution, as above, the
only explanation for detecting a higher concentration of hydrogen is if
the p-Nb SPPs act as a favourable sink.
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Fig. 2. (a)-(d) Relative abundance of the 0-2.5 Da, 29.5-32.5 Da, and 44.5-49.5 Da regions of the APT mass spectrum for different sections of the sample. (e) Global
mass spectrum up to 100 Da and ranged ions that were present in the dataset from Fig. 1. Analysis temperature = 60 K, laser pulse energy = 80 pJ.
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Nevertheless, the tip is unlikely to remain perfectly hemispherical
during the experiment due to the differences in the evaporation fields of
Zr and Nb. It is therefore important to address what effect we would
expect this to have on detected levels of hydrogen.

3) Difference in evaporation rates due to evaporation fields of Zr and Nb

The evaporation field of pure Nb (37 vnm 1) is calculated to be
higher than that of Zr (28 Vnm’l) [45]. This should result in the Nb-rich
SPP evaporating only at a higher local field than the a-Zr matrix around
it, creating a protruding region of increased local curvature on the
evaporating surface [45]. Previous APT experiments have analysed
Nb-rich phases with a similar composition and have not reported any
increase in hydrogen levels in these features (Supplementary Figs. 1 and
2) [42]. This supports the hypothesis that the difference in evaporation
field between the Nb and Zr, and hence any differences in the evapo-
ration rate of the Zr matrix and Nb-rich SPPs, is unlikely to be respon-
sible for increased levels of detected hydrogen from this phase.

4) Surface migration during analysis of hydrogen originally present in
the material

The final source of artefactual hydrogen during the experiment
comes from the sample itself. Hydrogen that is present in the specimen
could diffuse over the sample surface and evaporate preferentially
during analysis. Whilst surface migration is likely to occur towards re-
gions of high field [40], the migrating species can be expected to
evaporate once a critical field is reached. The field in the SPP is higher
than the surrounding matrix, as can be seen by the much higher
Zr3*/Zr?" ratios in the mass spectra in Fig. 2(d) (Zr3*:Zr?* = 0.003 in
the matrix vs 0.021 in the SPP). If hydrogen was migrating to this feature
during analysis, it is highly likely that it would evaporate as the field
increased in the vicinity of the SPP, leading to an enrichment of detected
hydrogen around the SPP. However, the hydrogen content shows a sharp
increase in the SPP in the x-y plane, Fig. 3(b), which remains consis-
tently high across the SPP.

After consideration of these factors, we believe that the increased
hydrogen levels from the $-Nb SPP is unlikely to be the result of
experimental artefacts that arise during sample preparation or APT
analysis. This is the first experimental observation showing preferential
segregation of hydrogen to a §-Nb SPP. If Nb-rich SPPs act as sinks then it
is reasonable to assume that levels of hydrogen in solution in the matrix
will be lower than would be expected from the stage of the corrosion
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Fig. 3. (c) Atom map of H from region of interest highlighted by red box in
Fig. 1(a) (bounding box dimensions 70 nm x 72 nm x 300 nm). (b) One-
dimensional concentration profile through the region of interest indicated by
the yellow box in (a). Analysis temperature = 60 K, laser pulse energy = 80 pJ.

(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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process the sample has experienced, and the formation of hydrides may
be postponed. Unfortunately, due to their low number density and small
size making them difficult to specifically target during sample prepa-
ration, no other SPP types were analysed during this study and so we
cannot comment on the nature of the interaction of hydrogen with these
other SPP types.

3.2. Nb-rich nanoclusters

In addition to the large Nb-rich SPP in Fig. 1, a series of Nb-rich
nanoclusters were also observed to have formed in the a-Zr grains
after irradiation to 3 dpa. These are highlighted in the segment of the
dataset that is displayed in Fig. 4(a) and are commonly observed in
irradiated Nb-containing Zr alloys [46,47]. Fig. 4(b) shows that
hydrogen also appears to be spatially correlated with some of the
Nb-rich nanoclusters. To extract these features from the rest of the
dataset so that their local composition could be investigated, 12 at.% Nb
isosurfaces were generated to ensure that only the cores of the Nb
nanoclusters were isolated for analysis. Within these Nb nanoclusters,
the composition was determined to be enriched in Nb, Sn and hydrogen
compared to the rest of the matrix, Table 3. Whilst the increase in Nb and
Sn is far above the uncertainty in the compositional measurement, the
increase in the hydrogen signal is less pronounced than it was in the
B-Nb SPP. Therefore, in order to determine if this measured increase can
be identified as evidence of hydrogen segregation to Nb-rich nano-
clusters with compositions of approximately ZrsNb, very far from the
equilibrium composition of the p-Nb phase [34], DFT modelling was
performed.

Based on the APT measurements of nanocluster composition, the
DFT model assumed a composition of Zr-28Nb-4Sn (at.%). The other
solutes might have a significant effect on the modelled trapping
behaviour of hydrogen, but they are present in such low concentrations
in the nanoclusters that it is unlikely that their effect would dominate
over that of the main solutes Nb and Sn and they were excluded to avoid
computational complexity. Special care was taken to ensure that the
supercell retained a HCP structure upon relaxation. It was noticed that in
the absence of Sn, the binary Zr-Nb solid solution with Nb > 16 at.%
would undergo a displacive barrierless transformation, resulting in
either a fully bce structure or in a supercell with a twinned region.
However, the presence of Sn stabilised the a-Zr and suppressed this
phenomenon, enabling simulation of a HCP structure with a chemical
composition close to that observed by APT. These simulations of Nb-rich
HCP clusters complement previous DFT simulations of Nb-rich bcc
phases [9] carried out using an equivalent methodology, thus enabling
direct comparison.

The authors note that the DFT simulations do not account for the
presence of interfaces or radiation-induced defects such as vacancies,
interstitials and dislocations. Whilst irradiation will lead to an increased
density of defects within the microstructure, it is currently not possible
to experimentally measure their concentrations in discrete regions of the
microstructure, which is required to guide the modelling. Thus, we make
the assumption that radiation-induced defects are present in the a-Zr,
the p-Nb SPPs, and the Nb-nanoclusters, but that their effect on H

/ Nanoch}sters (b)

o | BT

30 nm Nb

Fig. 4. (a) Atom map showing the distribution of Nb in a region of the sample
from Fig. 1. Material is low Sn ZIRLO irradiated to 3 dpa and prepared via cryo-
FIB (bounding box dimensions 63 nm x 65 nm x 300 nm). (b) Enlarged view
showing spatial distribution of H and Nb within one Nb-rich nanocluster
(bounding box dimensions 10 nm x 10 nm x 10 nm) Analysis temperature = 60
K, laser pulse energy = 80 pJ.
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Table 3

Composition of the Nb-rich nanoclusters present
throughout the dataset in Fig. 1. For clarity, minor
elements, such as Cr and Si present in concentra-
tions of less than 0.1 at.% are not included in the

table.

Element Atomic%

Zr 62.86 + 1.76
Nb 28.67 +£1.32
H 3.47 £ 0.89
(0] 0.56 + 0.14
Fe 0.21 £ 0.08
Sn 4.07 £ 0.45
Al 0.11 £+ 0.08

trapping is likely to be similar in each case. This view is supported by our
observation that the experimentally measured hydrogen concentration
in the f-Nb and Nb-nanoclusters are reasonably similar, which is in
agreement with the DFT results that show there is limited difference in
the trapping energies between the two regions. Indeed, the secondary
effects from vacancies, interstitials, dislocations, and interfaces are
either of limited importance to the results, or their effects are strong but
somehow cancelling out, and coincidentally leading to the same result.

The results of the DFT simulations are presented in Fig. 5. Fig. 5(a)

shows a large variance of AEY ; values within the Nb-rich nanoclusters,

SOl
but that the median and upper and lower quartiles are all negative,
indicating that hydrogen prefers to reside in interstitial sites in the Nb-
nanoclusters than in interstitial sites in the a-Zr matrix. Fig. 5(b) shows
the distribution in calculated solution energies as a histogram; there are
some positive relative solution energies and hydrogen is unlikely to
reside in these sites and will move to other, more favourable, interstitial
locations. It is worth noting that interfacial strain effects might affect the
bulk values calculated here.

The large variance in AEE,; values is likely due to the many local

environments in which the interstitial hydrogen atoms can find them-

selves in the HCP structure. The variation of AEgLi

nearest neighbour identity and count is presented in Fig. 5(c). It can be
seen that it is highly unfavourable for the hydrogen atoms to be
accommodated near Sn atoms. The presence of even one nearest
neighbour of Sn increased AEX ; to 0.3 eV above that of HCP-Zr, and in
several simulations an hydrogen atom placed near Sn was found to
spontaneously relax to a site further away from Sn. Nb nearest neigh-

H . increasing the number of Nb nearest

as a function of

bours also have an effect on AE, ;;
neighbours reduces the stability of hydrogen atoms in the interstitial
sites. As a result, the most favourable interstitial sites are those sur-
rounded only by Zr nearest neighbours. This appears counter-intuitive,
as the interstitial sites surrounded only by Zr nearest neighbours in
the simulated nanocluster have lower energy than the same sites in pure
HCP-Zr, suggesting that Nb and Sn have an effect on the solution energy,
but this effect is strongest when neither solute is nearest neighbour to
hydrogen. One possible mechanism is lattice distortion caused by the
solutes, leading to a wider range of accommodation site geometries,
however no strong correlation was observed between solution energy
and interstice volume or tetrahedral deformation. An alternative po-
tential mechanism is that the increase in valence electrons donated by
Nb solutes leads to a global reduction in hydrogen solution energy,
countered locally by the distortion of smaller Nb atoms (radius 147 pm
vs 161 pm of Zr).

The confidence with which hydrogen content can be measured at Nb-
rich nanoclusters with APT is limited due to the small number of atoms
in these features reducing the statistical counting power, as well as the
various uncertainties surrounding accurate quantification of hydrogen
when using APT. However, DFT modelling supports the APT observa-
tions of increased hydrogen levels at these Nb and Sn-enriched clusters.
The local environment of the hydrogen interstitial was found to have a
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Fig. 5. DFT modelling results showing: (a) the distribution of H trapping en-
ergies in various microstructural regions (with comparison to results from [9]).
(b) A histogram of trapping energies in Nb nanoclusters and (c) the variation of
H trapping energy compared to the a-Zr matrix, as a function of the number of
nearest neighbours (NN) of Sn and Nb.
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big impact on its stability in the DFT simulations, with Sn and Nb nearest

neighbours increasing the AEZ . This indicates that in neutron-

soli*
irradiated Nb-containing Zr alloys, there may be new hydrogen traps
being generated by the irradiation-induced nucleation of Nb-rich clus-
ters. This is likely to affect the behaviour of hydrogen in these alloys

both during and after service.

3.3. Summary and conclusions

The behaviour of hydrogen atoms within Zr alloys at the scale of the
microstructure is of considerable interest to the nuclear materials
community, but has previously been difficult to study by APT because of
excess hydrogen from experimental artefacts. FIB preparation at cryo-
genic temperatures substantially reduces the analysed hydrogen content
in Zr specimens [21], and has enabled investigation of the spatial dis-
tribution of hydrogen in a neutron-irradiated low Sn ZIRLO alloy. The
APT data presented here provides evidence that a p-Nb SPP can act as a
significant sink for hydrogen, and also suggests that hydrogen is present
in higher concentrations in radiation-induced Nb-rich nanoclusters than
in the o-Zr matrix. These results are supported by DFT modelling, which
suggests that the Nb-rich nanoclusters should act as slightly stronger
hydrogen sinks than bulk $-Nb SPPs. Future APT work that uses deute-
rium charging may permit more accurate quantification of hydrogen
levels at specific features in neutron-irradiated Zr alloys.

These observations enhance our understanding of the behaviour of
hydrogen in Nb-containing Zr alloys during and after service in nuclear
power plants. Readers should note that since experimental observations
were obtained at low temperature, caution should be exercised when
extrapolating the results from this study to describe or predict the
behaviour of hydrogen under operating conditions. However, how
hydrogen interacts with the microstructure in zirconium at lower tem-
peratures is also of engineering relevance, for example during extended
storage of the fuel rods after service. The observation of hydrogen
trapping at Nb-rich features could now be accounted for in the models
used to predict hydrogen behaviour in zirconium-based alloys.
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