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Abstract

Hydrogen diffusion through the oxide grown on Zr alloys by aqueous corrosion processes plays
a critical role in determining the rate of hydrogen pickup (HPU) which can result in embrittlement of
fuel cladding and limit the burnup of the nuclear fuel it encapsulates. Mapping the hydrogen/deuterium
distributions in these oxide layers, especially in the barrier layer close to the metal/oxide interface, is a
powerful way to understand the mechanism of both oxidation and hydrogen pickup. Here we have
characterised by high-resolution SIMS analysis the deuterium distribution in oxide layers on a series of
Zr alloys, including autoclave-oxidised Zircaloy-4, Zr-1Nb and Zr-2.5Nb alloys, and in-flux and out-
of-flux corroded Zr-2.5Nb samples. Pre-transition Zircaloy-4 samples show a high deuterium trapping
ratio in the oxide and a higher diffusion coefficient than in oxides on the Nb-containing samples.
Neutron irradiation increases the deuterium diffusion coefficient, the deuterium concentration in the
oxide and the pickup fraction in Zr-2.5 Nb samples. Comparative NanoSIMS and EDX/SEM analysis
demonstrates that the deuterium is not preferentially trapped at second phase particles in the oxides on
any of the alloys studied, but there is direct evidence for trapping at the surfaces of small oxide cracks
especially in Zircaloy-4 samples. The high resolution mapping of these hot-spots in 3D can provide
unique information on the mechanisms of hydrogen uptake, and suggests that the development of
interconnected porosity in the oxide may be the critical rate-determining mechanism that controls HPU
in the aqueous corrosion of zirconium alloys in water-cooled reactors.
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1. Introduction

For many years zirconium alloys have been used as fuel cladding materials in the nuclear
industry due to their low neutron capture cross-section, acceptable mechanical properties and adequate
corrosion resistance in contact with high-temperature water. However, hydrogen pickup (HPU) during
the corrosion of these Zr alloys is still a major limiting factor for achieving high fuel burnup. Water
dissociation by both the cathodic reaction and radiolysis results in the creation of free hydrogen that
can either recombine to form hydrogen gas released to the cooling water or diffuses through the oxide
layer into the Zr matrix and contributes to HPU [1]. If the hydrogen concentration exceeds the bulk
solubility, hydrides are formed in the metal during cooling cycles, resulting in a serious reduction in
cladding strength [2].

Despite considerable research efforts, the mechanisms by which this hydrogen migrates through
oxide layers formed by aqueous corrosion are not well understood. It is reported that the combination
of an oxygen vacancy and a hydrogen atom (Vor) is the most stable form of hydrogen in ZrO,, and can
promote hydrogen transport via solid-state diffusion [3, 4]. Previous reports also suggest that hydrogen
diffuses through the oxide as protons [5, 6], and Sato et al. [7] have demonstrated a proton migration
mechanism on the surface of ZrO, in contact with water involving water molecules as proton acceptors
and donors. In both mechanisms, proton migration needs to overcome a significant energy barrier and
also requires a high concentration of oxygen vacancies since the solubility of hydrogen in stoichiometric
ZrO; is extremely low [8]. Cox and Wong [6] pointed out that the likely path of hydrogen pickup was
via ‘structural flaws’ in the oxide film, and mechanisms involving the hopping of H* between —OH
groups or the migration of —OH groups along grain boundaries or through cracks are possible diffusion
mechanisms [9]. However, defining a specific mechanism is difficult due to the lack of direct
observations on hydrogen distributions and preferred transport paths in the oxide, partly because of the
small number of experimental techniques that can be used to analyse hydrogen distributions with high
spatial resolution.

Secondary lon Mass Spectrometry (SIMS) is one of the few techniques that can offer this
capability and has been used by several groups to study corroded zirconium alloys [10]. The inner,
protective region of the oxide is reported to have high electrical resistance, to be impermeable by the
electrolyte and to contain almost no trapped hydrogen [11, 12]. Direct measurements of hydrogen
distributions in oxide layers [13] have led to suggestions that compressive stresses generated by the
volume expansion when the oxide is formed suppress the diffusion of hydrogen in this protective layer
near the metal/oxide interface [14]. There have also been several suggestions for the critical pathways
for hydrogen penetration through the oxide based on SIMS analysis. Second Phase Particles (SPPs)
have been proposed as preferential diffusion pathways [15-17], although the interparticle spacing is
usually not small enough to offer a continuous permeation path. Cracks and pores [6], interconnected
porosity [18, 19] and oxide grain boundaries [20, 21] have all been suggested as preferential pathways
for hydrogenic, as well as oxidising, species to reach the metal surface. Recent studies have shown that
the oxide film has a complicated microstructure containing several different types of nano-porosity [22,
23], and in addition to the bulk ZrO, oxide (mostly monoclinic and some tetragonal [24] ), a metastable
ZrO suboxide may form at the metal-oxide interface [25-28]. Thus there may be several possible
pathways for hydrogen ingress, and different specific nanostructures through which the hydrogenic
species must pass to reach the underlying Zr metal. It is also interesting to note that the electrical
conductivity of the oxide layer has a negative correlation to the HPU fraction (HPUF) in both modelling
[29] and Electrochemical Impedance Spectroscopy (EIS) results [30] because a ready supply of
electrons reduces the requirement for proton transfer to complete the electrochemical circuit during
corrosion. Thus the dominant influence on HPUF depends on the environmental conditions and the
stage of the oxidation process, and despite previous experimental and modelling studies the key
processes are not yet clearly identified.



In this paper, we focus on the high-resolution SIMS analysis of hydrogen distributions in oxide
layers formed on corroded Zr alloys to overcome the experimental problems associated with mapping
hydrogen isotopes in thin polycrystalline oxide scales with a high enough spatial resolution to identify
diffusion paths. Atom probe tomography (APT) allows the analysis of trace element distributions at
nanoscale spatial resolution and with a higher sensitivity than can be achieved by Transmission Electron
Microscopy (TEM) analysis [31, 32], but it is limited by complicated sample preparation, and the
relatively low mass resolution [33, 34] can also make it challenging to resolve interferences between
different hydrogen-containing molecular ions. SIMS has been used to characterise elemental
distributions in a wide variety of samples [35-38], and combines excellent depth resolution with high
sensitivity for light elements and so is a powerful technique for mapping the interaction of hydrogenic
species with the oxide layers formed on zirconium alloys. We have already shown that high-resolution
SIMS analysis of oxidised zirconium alloys using a CAMECA NanoSIMS 50 instrument enables the
mapping of hydrogen distributions at a sub-micrometre scale with no elaborate sample preparation [12].
However, the interpretation of hydrogen distributions in NanoSIMS analysis is challenging because the
signal can originate from hydrogen both from the vacuum system and from surface contamination. More
recently, we have demonstrated using deuterium spiking as a surrogate for hydrogen that an analytical
methodology can be designed that gives reliable data on the location of deuterium in three dimensions,
and allows us to study the critical mechanisms of hydrogen penetration through thin oxide layers formed
on zirconium alloys [39]. Here we report the application of this experimental methodology to compare
the characteristic deuterium distributions in oxides formed on zirconium alloys with different starting
microstructures and trace alloying additions, corroded in different water chemistries, and also to study
samples corroded in-reactor that will more precisely mimic the conditions experienced by the fuel
cladding tubes in service. We will show that these parameters can strongly influence the details of the
pathways for deuterium penetration through the oxide layers at different stages of the oxidation process,
and hence how alloy microstructure and chemistry can control the critical transport mechanisms
controlling HPU.

2. Materials and Methods

2.1. Sample Description

Three types of Zr alloys with different starting microstructures were provided by the
Westinghouse Electric Company and by Canadian Nuclear Laboratories (CNL); recrystallised Zircaloy-
4, annealed Zr-1Nb and stress-relieved Zr-2.5Nb. As a result of the different thermo-mechanical
treatments involved in the fabrication processes of the Westinghouse and CNL alloys, different grain
morphologies and distributions of second phases were developed in these materials. The Westinghouse
recrystallised Zircaloy-4 had a final recrystallisation step at 560°C which leads to equiaxed a-Zr grains
with small second phase particles homogeneously distributed inside the grains, Figure 1 (a). After
recrystallisation, the Zr-1Nb material was held at 720°C for 24 hours resulting in larger second phase
particles, but these were Nb-enriched B-Zr (~20 at% Nb) rather than the small B-Nb (~80 at% NDb)
precipitates found in the recrystallised alloy, Figure 1 (b). The CNL Zr-2.5Nb alloys were extruded at
815°C and then stress-relieved at 400°C for 24 hours. The microstructures of both matrix and second
phases are strongly influenced by the extrusion process so that these Zr-2.5Nb alloys show a-Zr grains
elongated in both transverse and longitudinal directions with thin layers of partly decomposed B-Zr
lying between the a-Zr grains, Figure 1 (c).

All samples have been exposed to deuterated water for at least part of the corrosion period, and
so contain a significant concentration of deuterium that can be mapped with confidence in 3D using the



protocols developed previously [39]. The sample alloys and oxidation conditions are shown in Table 1.
Z4-1, Z4-2 and 1Nb-1 were oxidised in an autoclave under the conditions described in Table 1 before
being transferred to an autoclave containing pure DO for 31 days. Two Zr-2.5Nb samples (2.5Nb-1
and 2.5Nb-2) were exposed in an autoclave filled with D,O (LiOH, pHzs-c =10.5) for 150 and 700 days
respectively. Z4-pH-1 and Z4-pH-2 were Zircaloy-4 samples provided by Westinghouse as corrosion
coupons exposed in a static autoclave by Jacobs. to 50% DO containing two wt ppm Li, 95 wt ppm
wt. K and 1050 wt ppm B at 350 °C (pHssoec = 8.8) for 61 and 147 days respectively [40]. Zr-2.5Nb
samples 2.5Nb-3 and 2.5Nb-4 are described as ‘in-flux’ and ‘out-of-flux’, respectively. ‘In-flux’ means
that the sample was exposed to neutron irradiation in the Halden test reactor and the ‘out-of-flux’ sample
was corroded in the same water chemistry but without exposure to the neutron flux. Dissolved
deuterium (5-7 Nml/kg D,O) was added to the water chemistry to suppress radiolysis. More details
about the water chemistry of Zr-2.5Nb in-flux and out-of-flux tests can be found Table S1 in the
supplementary information. The deuterium concentrations in the metal matrices after the corrosion
processes were measured for samples 2.5Nb-1~4, and are also listed in Table 1.

Figure 2 shows the weight gain and deuterium concentration measurements for samples 2.5Nb-
1~4 on the full sets of samples from which we have selected our specimens. Z4-1 and Z4-2 have, after
the second corrosion step in D,0, are halfway to and close to the first transition in oxide growth kinetics
[29]. The 1Nb-1 sample has a similar 2-stage corrosion history and is at a similar stage on the weight
gain curve to Z4-1. The two Zircaloy-4 samples corroded throughout in D-spiked water (Z4-pH-1 and
Z4-pH-2) are respectively halfway to and after the first transition, but in the water of a higher pH. The
two Zr-2.5Nb samples exposed to a water chemistry characteristic of the CANDU reactors with pH
10.5 are well before (2.5Nb-1) and after the transition point (2.5Nb-2). A rather restricted number of
in-flux samples was available, and so we have concentrated on the 2.5Nb-3 and 2.5Nb-4 samples (in
and out of flux at 325°C), both with an oxide thickness of ~2.5 um which for out of flux sample 2.5Nb-
4 should place it near the first transition [41]. The vertical grey lines in Figure 2 mark the approximate
positions of the first kinetic transition points for each set of alloys corroded under different conditions.

For NanoSIMS analysis, bulk samples of size 7 x 7 mm? were cut from the materials corroded
in autoclaves using a slow speed diamond saw. An FEI Helios Nanolab 600i at Materials Research
Facility (MRF) at the Culham Center for Fusion Energy (CCFE) was used to extract smaller samples
from the radioactive materials (2.5Nb-3 and 2.5Nb-4). A step-by-step protocol for the preparation of
these small, low activity samples is given in [42]. Before insertion into the NanoSIMS, all samples were
coated with 5 nm of platinum to avoid charging from the insulating oxide layer.

2.2.NanoSIMS analysis

SIMS measurements were performed with a Cameca NanoSIMS 50 ion probe instrument. This
type of double-focusing secondary ion mass spectrometer is characterised by a high lateral resolution,
down to 50 nm for the Cs* primary ion source. Primary ions are accelerated by a potential of +8 kV in
the Cs source, and the sample is held at - 8 kV, thus giving primary beam energy of 16 keV. Before
hitting the sample surface, the primary beam diameter is defined by an aperture (D1) of variable size,
and is then focused by an immersion lens to its final spot size on the sample surface. The 300 pm D1
aperture (D1-2) is selected for almost all the analyses described below, resulting in a primary beam
current of 1.5-3.6 pA and a beam diameter of about 150-200 nm. The detailed NanoSIMS measurement
parameters and tuning for specific elements can be seen in supplementary information Table S2.

The protocols developed to achieve 3D NanoSIMS analysis of the deuterium in oxides grown
on zirconium alloys have been described in detail elsewhere [39], so here we provide only a brief
introduction to the methodology used. During NanoSIMS experiments the primary ion beam is scanned
over a selected area of the oxide surface, Figure 3, and the signals of up to 5 secondary ions with



different masses sputtered from the surface can be detected simultaneously. With typical analytical
settings, a raster size of 5 x 5 um? or 10 x 10 um? and dwell time per pixel of 1-5 ms, a single scan of
the primary beam will remove ~ 1.3 nm of the sample surface [39], and record a 2-dimensional map of
the distribution of the selected ion signals from this small volume of the sample surface. This scanning
process was then repeated through the depth of the oxide on each sample, resulting in a data cube with
the measured values for the counts from each secondary ion signal in each pixel/voxel (Figure 3).

We have previously shown that the H,™ signal intensity at 2 Daltons is ~7 times lower than the
2D~ signal on zirconium alloys without deuteriation [39], thus the unwanted contributions to a 2D~ signal
from Hz~ can be ignored when analysing deuterated samples under similar experimental conditions. To
collect as many 2D counts as possible, we opened entrance slits (ES) and aperture slits (AS), which will
sacrifice some mass resolution (<500) but will not affect the selection of 2D". We have previously used
the 10" or 180 signals to locate the metal/oxide interface, but the %0 ion yield from zirconium oxides
can exceed 5 x 10° counts per second and may degrade the electron multipliers [39]. The secondary
electron (SE) signals show very similar contrast of the oxide and the metal matrix to O (see
supplementary information Figure S1), and so for convenience only the SE maps are shown here to
define the position of the M/O interface.

When multiple passes of the NanoSIMS primary ion beam are used to generate a 3D profile, a
sputter crater is produced on the sample surface. The topography of the edges of this crater can introduce
artefacts into the secondary ion signals [43], so only data from the central regions of the craters were
analysed (pixels more than 0.4 pm and 0.8 um away from the edge of the image for 5x5 um?and 10x10
um? raster areas respectively). ImageJ with the OpenMIMS plugin (Harvard) [44] was used to read the
raw NanoSIMS data and to create deuterium depth profiles and cross-sectional views. Mercury Avizo
9.2 [45] was used for 3D data reconstruction. The methods used to present data as depth profiles, cross-
section views in y-z, or x-z planes (Figure 3) and 3D reconstructions are detailed in [39].

2.3.SEM/EDX and TEM measurements

In order to allow direct correlation of the deuterium distributions measured by the NanoSIMS
with the locations of small SPPs rich in alloying elements, energy dispersive X-ray (EDX) analysis was
carried out at the bottom of NanoSIMS craters in a Zeiss Crossbeam 540 instrument using a 5 kV
accelerating voltage to reduce beam spreading and degradation of spatial resolution. Elemental maps
were generated by collecting X-ray signals for Fe (0.671 keV- 0.735 keV) and Nb (2.160 keV-
2.265keV). The scan was repeated from the same region for several frames to provide high signal-to-
noise ratio (SNR) maps with a total of dwell time of 2 ms/pixel for the Fe map in Figure 10 and 2.8
ms/pixel for the Nb map in Figure 11.

SEM images were also used to characterise the NanoSIMS crater surface to look for cracks. Cross-
sectional TEM foils from autoclave-corroded samples containing both the oxide layer and the metal
matrix were prepared using the in-situ lift-out method [46] using a Zeiss Crossbeam 540 instrument,
with an initial focused ion beam milling current of 7000 pA, gradually decreasing to 300 pA at 30 kV,
and further thinned to a uniform thickness of ~50 nm using a low energy beam at 2 kV and 200 pA.
TEM foils from in-flux and out-of-flux samples were prepared following similar methodologies using
a shielded FEI Helios Nanolab 600i FIB/SEM instrument at MRF CCFE. The oxide microstructures,
and especially the nanoscale porosity, were then characterised by Fresnel contrast imaging [47] using a
Jeol 2100 TEM operated at 200 kV. High-angle annular dark-field (HAADF) images were acquired
using a JEOL JEM-ARMZ200F scanning transmission electron microscopy (STEM) operated at 200 kV.



3. Results and discussion

3.1. The microstructure of the oxide layers

The differences in the initial microstructures of the alloys described above results in different
oxide microstructures generated by aqueous corrosion. Figure 4 shows typical cross-sectional TEM
micrographs from all these oxides. The oxide layer thickness varies from 1.7 um to 2.2 um in the region
of observation on the 61-day Zircaloy-4 sample Z4-1, Figure 4 (a). Even at this relatively early stage of
aqueous corrosion, before the first kinetic transition, many lateral cracks 0.5-1 um in length and 50-200
nm in width can be seen throughout the oxide. The microstructure of the oxide on Z4-2 was very similar
to that on Z4-1, and is thus not shown here. The oxide layer thickness is ~1.6 um on the Z4-pH-1 sample
in the region of observation, Figure 4 (e), slightly lower than the average thickness from weight gain
measurements, and 2.9 um on the Z4-pH-2 sample, slightly higher than the average from the weight
gain. The layer of large cracks on the Z4-pH-2 sample indicate that this thicker-than-average region of
the oxide has gone through the kinetic transition. The oxide on the annealed Zr-1Nb sample, 1Nb-1,
shows fewer and smaller cracks than Z4-1, although the oxide layer is thicker, Figure 4 (b). It is
interesting to emphasize the effect of the B-Zr second phase on the interface roughness. The region with
the large B—Zr running at an angle to the interface on 1Nb-1 was seen to be preferentially corroded and
to result in local oxide thickness up to 4.2 um, Figure 4 (b). Similar observations on crack distributions
in oxides on commercial fuel cladding alloys have been reported in previous work [48]. High-
magnification Fresnel contrast TEM images showing the distribution of oxide porosity in samples Z4-
1 and 2.5Nb-4 are shown in supplementary information Figure S2. Both samples show the existence of
high density of interconnected micro-cracks and nano-porosity in the outer oxide layer, while the inner
oxide layer is free of porosity (or contains only a few interconnected nanopores). It is important to note
that the oxide regions below these oxidised B-Zr layers in Zr-2.5Nb alloys are rather free of nanoscale
porosity, see the supplementary information Figure S2 (b and d).

3.2. Deuterium distributions in oxide layers

We have divided this section into a discussion of deuterium analysis in samples of different
alloy types; autoclave corroded Zircaloy-4, Zr-1Nb and Zr-2.5Nb alloys, and Zr-2.5Nb samples exposed
to the in-reactor environment. Several locations were measured in each sample, and the detailed
measurement parameters are given in Table S2 and all the depth profile data in supplementary Figures
S3to S7. Representative examples of these results are shown below.

Figure 5 compares the typical deuterium depth profiles and cross-sectional images selected
from 3D datasets from each of the four Zircaloy-4 samples, including samples corroded in water of
normal pHsgeec = 6.15 (pH2sc = 7) and high pHaseec = 8.8. Because of the dramatic change in SE
intensity when the primary ion beam reaches the underlying metal matrix, the SE signal can be used to
define accurately the location of the M/O interface. The vertical solid black lines and white dashed lines
show the M/O interface in the depth profiles and the cross-sectional images, respectively. All these
datasets show very similar distributions of the 2D- signal in both the depth profiles and cross-sectional
images; a gradually decreasing background from the oxide surface down towards the M/O interfaces
and clear evidence of local deuterium trapping shown as well defined localised hot spots in the cross-
sectional images and sharp peaks in the depth profiles.

Samples Z4-1 and Z4-pH-1 have the same corrosion time (61 days), a very similar corrosion
temperature (360°C and 350°C) and are both at a pre-transition stage (Figure 2), and so differ only in
the water pH. It is thus perhaps not surprising that the distribution of deuterium is similar in these
samples. In order to define as precisely as possible how much deuterium is concentrated in the hot spots



in Figure 5, we have calculated the ratio of the summed 2D counts in the hot spots (or sharp peaks in
the depth profiles) divided by the total 2D- counts from the analysed volume, Table 1. In the samples
corroded in the water of pHassoec = 6.15 these trapped deuterium ratios are 13% and 18% for samples
Z4-1 and Z4-2 respectively, and in the high pH samples are 14% and 2% for pre-transition Z4-pH-1
and post-transition Z4-pH-2. Thus in the 3 samples before and at transition, Z4-1, Z4-2 and Z4-pH-1,
the trapping ratio is similar and does not seem to depend strongly on the water pH. However, the value
of trapped deuterium fraction is significantly lower in the later Z4-pH-2 sample, possibly because the
corroding water has penetrated fully through cracks and porosity in the outer oxide layer, and the local
deuterium hot spots are much less obvious in Figure 5 (d_1 and d_3).

In two of the datasets, Z4-2 and Z4-pH-2, there are indications of trapping of deuterium just
below the M/O interface, Figure 5 (b_1 and d_1), with a significant peak also showing in the depth
profile data from post-transition sample Z4-pH-2. The pre-transition samples, Z4-1 and Z4-pH-1, do
not show any similar peaks below the M/O interface. This kind of peak in D signal from the underlying
metal matrix has previously been attributed to the analysis of volumes of metal containing hydrides
[13], and an example of the hydride distribution and morphology in the Z4-2 sample is shown in the
supplementary information Figure S8. It is not surprising that we are more likely to detect hydrides
near the M/O interface region in samples after longer corrosion times where the D concentration in the
metallic matrix will be much higher [49, 50].

Figure 6 and 7 show a similar set of typical NanoSIMS results for the Nb-containing alloys.
Figure 6 compares the depth profile and cross-sectional profiles extracted from the 3D data of deuterium
distributions from autoclave-corroded alloys, while Figure 7 shows the results from Zr-2.5Nb samples
2.5Nb-3 (in-flux) and 2.5Nb-4 (out-of-flux) after in-reactor exposure at 325°C. Depth profiles at
different locations are given in supplementary information Figures S5-S7 to show the reproducibility
of this data. The noticeable differences to the Zircaloy-4 data shown in Figure 5 are that the number of
deuterium hot spots detected in oxide layers on these materials is much lower, and in Table 1 the ratios
of deuterium in the hot-spots to the total deuterium signal are also much lower than in the Zircaloy-4
samples, the highest being 2% for the out-of-flux sample 2.5Nb-4. Some evidence for weak deuterium
hot spots can be seen in the data from 2.5Nb-4 in the small peaks on the plateau region of the depth
profile and also close to the M/O interface. The general shape of the ?D- signals from all these samples
are very similar, with broad peaks in the depth profiles. The peak of the 2D profile is much closer to
the oxide surface (W/O interface) in the in-flux sample, 2.5Nb-3, than the much broader peak observed
in the out-of-flux sample, 2.5Nb-4. Another noticeable difference between Zircaloy-4 data and Zr-
2.5Nb data is the existence of bright contrast features in the SE images of Zr-2.5Nb samples, Figures 6
and 7, and these features are co-located with dark contrast in the deuterium maps. EDX results (see
Figure 11 in section 3.3) show these bright features in SE images are oxidised regions of original Nb-
rich B-Zr, as will be discussed below.

Deuterium diffusion coefficients were calculated for all of these samples from the background
profile (ignoring any localised spikes in D signal) and Fick’s 2™ law as described previously [51]. The
depth profiles of the three Zircaloy-4 samples before or close to the transition, Z4-1, Z4-2 and Z4-pH-
1, all show a single smooth concentration profile through the whole oxide thickness under the peaks
marking the hot spots, making it easy to define a region over which to calculate the diffusion coefficient
values. The depth profiles from the post-transition, high pH sample, Z4-pH-2, shows two steps in the
2D signal through the oxide thickness, Figure 5 (d_1). In the outer 0.5 um, the signal decreases quickly,
followed by a flatter region to a depth of ~1.75 um, after which the deuterium signal decreases again
down to the M/O interface. This profile is very similar to previous results reported on a post-transition
Zircaloy-4 sample [52]. We interpret this kind of deuterium profile as evidence for the post-transition
oxide containing an outer layer of very high porosity/cracking (the so-called fossil oxide [48])
containing many sites for trapping of the deuterium, while below 1.75 pm the oxide becomes relatively
dense (the protective layer) in which hydrogen/deuterium diffusion becomes the rate-limiting



mechanism for the pickup process. As a result the diffusion coefficient was measured only in this inner
part of the oxide, and a similar process was also used to define where to measure the diffusion profiles
from most of the Nb alloy samples.

Averaged values of all the calculated diffusion coefficients are shown in Table 1, with the
quoted error calculated from the standard deviations. Because of the complex structure of these oxide
layers, with very fine grains, a high density of grain boundaries and numerous pores and different
geometries of fine cracks, we do not link these calculated diffusion coefficients to a single activated
transport process. More properly they are a measure of the permeability of deuterium through a highly
defective nanostructure. It is also not clear which hydrogenic species preferentially diffuses/permeates
through the growing oxide (D*, OD" or permeation by heavy water molecules [3, 7, 8, 18, 53], but the
lower [D*] in the high pH water [40] might be a factor in controlling the diffusion coefficients. However,
since our samples have been corroded at different temperatures, we can also use these calculated
diffusion coefficients to estimate average activation energies for permeation of deuterium, Figure 8.
Although there are not very many data points for Zircaloy-4 samples, and they lie over a narrow
temperature range, it seems unlikely that all of these values can be considered to lie on a single line and
so be treated as if there is the same activated process for diffusion in all these samples. If we consider
the rather high 1Nb-1 value as an outlier (as will be discussed below), the estimated activation energy
for D diffusion (permeation) through the oxide scale for the six Nb-containing samples is 42 + 25 kJ/mol,
but for the four Zircaloy-4 samples is the remarkably higher value of 310 + 141 kJ/mol. The range of
activation energy values in zirconium oxides (monoclinic and tetragonal ZrO,) estimated by modelling
[54] is 120-200 kJ/mol. Reported experimental activation energies from different zirconium alloys lie
in the range 17-150 kJ/mol as reviewed in [55]. It needs to be noticed that this wide range in
experimentally measured energies can also be a result of different analytical methods used. However,
if compare the values measured by the same method (e.g. the nuclear reaction analysis) on different
materials, it can be seen that Zr-2.5Nb shows a much lower value (53.7 kJ/mol) than pure zirconium
(100.1 kJ/mol) and Zircaloy-2 alloys (114.5 kJ/mol) [56, 57]. The data in Figure 8 also suggests that
temperature dominates any variations in estimated diffusion coefficients, rather than the different water
pH in which they were corroded since there is no systematic trend for the high pH samples to lie to one
side of the line fitted through the data points.

Other factors that could influence the measured deuterium diffusion coefficients include the
precise stage of oxidation each sample has reached, and the different starting microstructures. Previous
work reports that the HPUF is not constant during oxidation, and decreases immediately before the
transition in the oxidation kinetics [58, 59]. In our results we have 3 pairs of samples of the same
material corroded at the same temperature, one pre- and the other at or post the kinetic transition; Z4-1
and Z4-2, Z4-pH-1 and Z4-pH-2, and 2.5Nb-1 and 2.5Nb-2. In each case the pre-transition sample
shows a higher diffusion (permeation) coefficient than the sample from later in the corrosion process
which correlates well with the observed decrease in HPUF.

The Zr-1Nb (1Nb-1) sample shows the highest measured D diffusion coefficient through the
oxide of all the Zr-Nb samples, and even allowing for the higher corrosion temperature of 360 °C it lies
well above the fitted line for the Zircaloy-4 and Zr-2.5Nb samples, Figure 8. The pH of the corroding
water is lower than used for the 2.5Nb samples, but this factor has little effect on the diffusion
coefficient measured in the oxides on the Zircaloy4 samples. The most obvious difference between the
Zr-1Nb and Zr-2.5Nb alloys is in the starting microstructures illustrated in Figure 1 (b and c), and
specifically the different grain shape and the morphology of the B-Zr second phase. As noted above,
the B-Zr forms almost continuous layers normal to the direction of oxidation in the CNL Zr-2.5Nb alloys,
but large and isolated precipitates along grain boundaries in the equiaxed grain structure of the a-Zr
matrix in the Zr-1Nb alloy heat treated at 720°C. These B-Zr plates then lie at random orientations to
the progressing oxide growth front, Figure 4 (b). These differences in microstructure will be discussed
further below.



3.3. Correlating second phases and deuterium distributions

Locations in the growing oxide layers that have been proposed for the trapping of hydrogen
(deuterium) during the corrosion of zirconium alloys include SPPs [15, 17], small cracks or porosity
[60, 61] and the characteristic larger cracks [62]. To address the possibility of trapping by SPPs, we
stopped a NanoSIMS measurement when bright deuterium hot spots were identified in the middle of an
oxide layer (about 1 um below the surface) on sample Z4-2, and then reset the detectors to >2Cr*¢0r,
Fel80r, BNi®0O- and 12°Sn ions to determine the locations of SPPs. This experiment also required us
to increase the lateral resolution and decrease the sputtering volume by selecting a smaller D1 aperture
(D1-3) that also reduces the primary current from 3.6 pA to 1.5 pA. We collected data on the ion signals
characteristic of the SPPs while removing about 20 nm of the sample surface and then reset the detectors
back to 2D~ to map the deuterium distribution again. Figure 9 (b, ¢, d and e) shows the location of SPPs
compared to the deuterium distributions both before (a) and after (f) the SPP mapping. This data is
summarised in Figure 9 (g), where solid green circles and blue dashed circles show the deuterium hot
spots measured before (above) and after (below) SPP analysis respectively, and solid red circles are the
locations of the SPPs. There is little correlation between the positions of the small SPPs and the
deuterium hot spots.

The mapping of small SPPs with a Cs* primary beam means that the 52Cr'®O-, Fe'®O- and
Ni%O signal intensities are all rather low, so to be confident that we are locating the SPPs correctly
we have repeated the analysis by stopping a NanoSIMS measurement when bright deuterium hot spots
were identified in the middle of the oxide layer on sample Z4-1, and then analysed the exposed oxide
surface by SEM/EDX mapping to determine the locations of SPPs and cracks. The SEM image in Figure
10 (a) shows an overview of the sputtering crater, and the EDX analysis in Figure 10 (b) shows the
location of SPPs on the crater bottom obtained by mapping the Fe L peak (using 5 kV incident electron
beam energy to achieve ~10 nm lateral and ~80 nm depth resolution [63]). Small cracks in the image
are identified by white arrows, and a single larger crack marked by a white dashed circle. The secondary
ion image in Figure 10 (c) is the summed 2D counts from the sputtering in the NanoSIMS of a layer of
oxide ~20 nm thick just before the EDX analysis, and the regions of enhanced deuterium counts are
marked with solid white circles in Figure 10 (b and c). By comparing the locations of the SPPs in the
EDX Fe map and the solid white circles of enhanced D" yield, it is again clear that there is no correlation
in the x-y plane. Nor was any deuterium signal found associated with a large crack, the dashed circle in
Figure 10 (b) which connects up towards the sample surface as shown at the left crater edge. It is
possible that any deuterium trapped in these larger defects can more easily escape to the environment
during storage or in the NanoSIMS vacuum. Figure 10 (d and e) are cross-sectional (x-z) images through
the whole 3D NanoSIMS dataset taken along lines 1 and 2 in Figure 10 (b and c). A similar lack of
correlation between the location of deuterium hotspots and SPPs was found in this vertical direction.

These results show that we cannot see any co-location of the NanoSIMS 2D signal and the
second phase particles in these Zircaloy-4 samples, and that it is more likely that deuterium is trapped
preferentially at the surface of small cracks. This observation does not agree with several previous
reports. Hatano et al. [17] suggested that hydrogen transport through oxide layers was via SPPs, which
presumably requires preferential segregation to these features. However, the relatively poor lateral
resolution of 600 um in their experiments made it difficult to show that the much smaller intermetallic
precipitates were the locations of trapped deuterium. Bossis et al. [15] interpreted SIMS measurements
as showing that hydrogen was transported to the metal through large SPPs, but their 3D mapping in a
CAMECA IMS-5F instrument was carried out using a 1 um primary beam, and again it is challenging
to confirm that the weak deuterium signals correspond to the position of Fe-rich precipitates that are
much smaller than the beam size. The higher resolution data in Figures 9 and 10 shows that when
deuterium hot spots and SPPs can be precisely positioned that there is little sign of co-location.



It is known that HPU can be profoundly affected by the choice of alloying elements in
zirconium alloys, and can be especially low in Nb-containing materials [58]. In the cross-sectional
images from the two autoclave-corroded Zr-2.5Nb samples in Figure 6, we detected significantly
reduced 2D counts from the regions of the SE images showing brighter contrast in Figure 6 (b_2 and
c_2). A similar anti-correlation of the bright contrast and the 2D signal can be seen in Figure 7 (b_2
and b_3). In order to be sure of the nature of these bright regions in the NanoSIMS SE images, we have
carried out EDX analysis of the same area to show that these bright, D-poor regions in Figure 11 (a_1
and a_2) are rich in Nb, Figure 11 (a_3). A cross-sectional comparison of the secondary electron image
and deuterium distribution in the same sample, Figure 11 (b_1 and b_2), also shows that deuterium
signal is high in the region between two layers of bright linear features. From their characteristic shape,
and the EDX analysis of enhanced Nb concentration, it seems consistent to identify these features as
the Nb-rich residues of the B-Zr at grain boundaries in the starting microstructure of the Zr-2.5Nb
samples (Figure 1). These results indicate that the Nb-rich B-Zr platess in Zr-2.5Nb alloy are probably
acting as as permeation barriers for deuterium across the oxide layers.

3.4. Quantitative comparison of the trapping of deuterium in oxides

As well as the qualitative observations of the deuterium distributions, there are dramatic and
systematic differences in the amount of deuterium detected in different regions of the oxides formed on
these zirconium alloys. For instance, the ?D- signal intensity in hot-spots is more than three times higher
than the sample average in Z4-1 and Z4-2 (Figures 5 and S3 in the supplementary information), but can
rarely be detected in the Zr-2.5Nb samples, Figures 6, 7 and S5 and S6 in the supplementary information.
The percentage of the total 2D" counts in each analysis that is detected in high-intensity regions (hot
spots) is listed for all the samples studied in the final column in Table 1. It is evident that three of the
Zircaloy-4 samples (Z4-1, Z4-2, Z4-pH-1) show much higher values than any of the Nb-containing
samples, with more than 10 % of all the deuterium counts located in hot spots. The Zircaloy-4 sample
after a longer corrosion time, Z4-2 (106 days), shows an even higher value than Z4-1 (61 days) which
is before the transition in oxidation rate. By contrast, the post-transition high pH sample, Z4-pH-2, has
a much lower hot spot trapping fraction than the pre-transition sample, Z4-pH-1. However, if we focus
on the newly formed oxide near the metal/oxide interface in the Z4-pH-2 sample, the percentage of
counts in the hot-spots increases to >6%. None of the Nb alloy samples shows more than 2.5% trapping,
and the in-flux sample 2.5Nb-3 shows the lowest ratio (0.1 %), with almost no sign of any local trapping
of deuterium in the oxide.

We also note that for the same primary beam conditions, the maximum 2D- secondary ion count
from sample 2.5Nb-3 is more than ten times higher than that measured from 2.5Nb-4. The combination
of higher 2D~ counts (a higher concentration of deuterium in the oxide) and the higher diffusion
(permeation) coefficient of deuterium through the oxide on 2.5Nb-3 correlates well with both the higher
overall deuterium concentration in the metal matrix of 2.5Nb-3 (10.7 wt ppm compared with 6.4 wt
ppm in 2.5Nb-4) and the deuterium pickup fractions of 4.6 % and 2.9 % respectively. This correlation,
and the fact that the deuterium distributions are not uniform throughout the oxide layers, strengthens
the concept that it is local permeation and trapping processes through a complex oxide microstructure
that controls the overall pickup of hydrogenic species into the underlying metal matrix.

3.5. Discussion of mechanisms of deuterium permeation through the oxide layer

As has been classified by previous researchers [52], the structure of oxides grown by the
aqueous corrosion of zirconium alloys can be divided into an outer, porous or fossil oxide and a
relatively dense, inner protective layer. This can be seen clearly from the Fresnel contrast TEM images
shown in supplementary information Figure S2. The 3D cross-sectional deuterium images in Figure 5,
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6 and 7 show that in the top ~0.5 pum of the oxides on most of the samples studied here that the analysed
deuterium distribution is rather uniform, presumably as a result of a high density of cracks and porosity
that create preferential trap sites for deuterium. Below this the background signal is much lower, and
we begin to be able to detect only local regions of intense deuterium trapping. Previous SIMS
measurements show rather similar results [52, 64], but with poorer lateral and depth resolution, and
were not able to resolve the smaller deuterium hot spots. If we assume that transport through the upper,
porous part of the oxide is rapid, the rate-limiting step in HPU will be the penetration of hydrogen
through a lower, denser layer, and the results presented above suggest that the oxides on our Zircaloy-
4 samples also contain numerous local preferential trapping sites that are mostly absent in the oxides in
Nb-containing alloys.

There have been several studies focused on determining the nature and distribution of small
cracks and pores in oxides created by the aqueous corrosion of a wide range of zirconium alloys. TEM
studies showed a variety of small crack shapes in different locations in these oxides [15, 65, 66], and
the use of Fresnel imaging was introduced as a powerful technique for detecting nanoscale porosity
[22]. More recently, the emphasis has shifted to the analysis of systematic differences in pore density
and distribution as a function of stage of the oxidation process [38], alloy chemistry [19] and irradiation
[67, 68]. This work has shown that the porosity depends on all of these parameters, and can vary
significantly with the location in the oxide, but the general conclusion that can be drawn from these
observations is that porosity is formed preferentially at oxide grain boundaries in most samples, and
that interconnected chains of pores may be an easy path for the penetration of hydrogenic species
through the growing oxide layer.

A recent study [19] reported a clear correlation between the measured increase in HPUF and
the observed increase in interconnected porosity, showing that when the measured pore density at the
oxide/metal interface region increased by a factor of 2, the pick-up fraction increased by a factor of 5.
A detailed ab-initio molecular dynamics study [18] has also shown that the reaction of water molecules
with nano-pores and nano-pipes in the oxides can play a key role in the hydrogen pickup mechanism.
Figure 12 shows high-resolution 3D data on deuterium distributions from samples Z4-1 and Z4-2.
Figure 12 (a and d) are magnified images of a cross-section view of the 2D ion distribution, and the
schematics in Figure 12 (b and e) shows our hypothesis for the deuterium diffusion (permeation)
pathways through these oxide layers. The locations of the strong deuterium signals are marked in green,
taking account of the distortion created by the SIMS analysis conditions discussed in [39], and the black
bars represent potential trapping sites (small horizontal cracks) and transport paths (interconnected
porosity) down towards the oxide/metal interface.

We can now discuss how the differences in oxide nano/microstructure in our set of samples can
influence this permeation process. Figure 13 shows a schematic representation of the microstructure of
the oxides formed on the 3 types of zirconium alloy discussed above. The substantial initial differences
in the structure of the metallic matrix, especially in the distribution and nature of the Nb-rich second
phase, leads to major differences in the oxide structure as well. In particular, the flat plates of the original
B-Zr phase along the grain boundaries in the Zr-2.5Nb alloys are retained in the growing oxide, Figure
6 (b_2andc_2) and Figure 7 (a_2 and b_2), and offer effective barriers to the in-diffusion of deuterium.
The deuterium maps show that neither of the other two alloy microstructures (small spherical SPPs in
Zircaloy-4 and larger but unaligned B-Zr plates in 1Nb-1) can offer the same almost continuous
permeation barrier between the corroding medium and the metal matrix, Figures 10 and 11.

These Nb-rich regions in the 1% and 2.5% Nb alloys are no longer the high temperature 3-Zr
phase after prolonged treatments at temperatures well below the monotectoid, but are decomposing to
the equilibrium phases, a-Zr, o-Zr and p-Nb [69]. The complex mixture of phases formed by this
decomposition reaction is illustrated by the STEM image in Figure 13 (d). It is this complex
microstructure in the Zr- 2.5Nb alloys through which the deuterium generated by the corrosion process

11



must penetrate to reach the underlying metal matrix. From the deuterium maps in Figures 6 and 7 it is
clear that these regions are not acting as traps since the deuterium concentrations in these features are
always lower than in the surrounding oxide, but as permeation barriers. We can speculate that the local
electric fields generated by the excess of Nb®* ions as these regions are oxidised [29], or more slowly
oxidising B-Nb nanoparticles on the oxide grain boundaries may play a part in providing this barrier
effect.

Another factor we must consider is the dominant transport mechanisms for deuterium through
these oxide layers. The very low measured activation energy for the diffusion (permeation) of deuterium
through the oxides on the Zr-2.5Nb alloys is difficult to correlate with the observed low HPUF values
in Table 1. This apparent conflict can be reconciled if we combine the observed blocking effect of the
residual B-Zr layers and their detailed microstructure shown in Figure 12. The dense local porosity
created during the decomposition/oxidation process offers low activation transport pathways but the
limited area of these pores in an otherwise impermeable layer reduces the overall flux of hydrogenic
species, in a manner analogous to the well-known phenomenon of grain boundary diffusion in
polycrystalline microstructures [70]. The oxide regions between these Nb-rich layers are rather free of
nanoscale porosity (supplementary Figure S2), and contain rather high concentrations of deuterium
(Figure 7), but are not the rate-limiting regions for the permeation process. The oxides on Zircaloy-4
samples contain porosity throughout the inner protective layer that offers the primary pathways for
deuterium in-diffusion, but although these pores are present on essentially every grain boundary
(leading to a high flux) they are not as well connected as in the Nb-rich regions of the Zr-2.5Nb alloys,
and so the overall activation barrier measured is higher.

4. Conclusions

3D deuterium distributions have been measured in the oxides formed on different zirconium
alloys, Zircaloy-4 in pure water and a high pH environment, and Zr-1Nb and Zr-2.5Nb alloys under
autoclave and in-reactor conditions. The main conclusions are:

1. For pre-transition Zircaloy-4 samples, the deuterium is highly concentrated in the fossil
oxide near the water/oxide interface, and there is a gradual decrease in trapped
deuterium in the denser oxide towards the M/O interface with abrupt peaks in the 2D
signal that is evidence for strong local trapping sites.

2. The high temperature annealed Zr-1Nb sample shows a similar deuterium diffusion
profile as the pre-transition Zircaloy samples, but the Zr-2.5Nb samples with a different
initial microstructure, show deuterium distributions with little sign of strong local
trapping.

3. Combining NanoSIMS and SEM/EDX analysis on the same surface, we can
demonstrate that deuterium is not preferentially trapped at SPPs consumed by the oxide,
but there is direct evidence for trapping at the surfaces of small cracks.

4. The fraction of the total deuterium in the oxide trapped in local hot spots has been
calculated for the different materials. Zircaloy-4 samples show a much higher trapped
fraction than either Zr-1Nb or Zr-2.5Nb samples. This local trapping offers a way to
increase the concentration of deuterium in the oxide, and offers an explanation for the
higher deuterium (hydrogen) pick-up fractions measured in Zircaloy-4 samples.

5. The diffusion (permeation) coefficients of deuterium in all the oxides were calculated,
and show activation energy values that are much higher in oxides on Zircaloy-4 than
the Zr-2.5Nb alloys. We have suggested an explanation for this based on the different
oxide microstructures formed on these alloys.

6. Both the deuterium concentration and the deuterium diffusion coefficients in the oxide
on the in-flux Zr-2.5Nb sample is higher than for the out-of-flux sample in water of the
same chemistry. This is direct evidence that irradiation can increase the rate of key
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mechanisms controlling transport of deuterium through the oxide, and influence both
the concentration of deuterium in the metal matrix and the deuterium pick-up fractions.

7. 3D mapping of deuterium hot-spots at high resolution provides unique mechanistic
information on the mechanisms of hydrogen uptake during the corrosion of zirconium.
We suggest the shape of the deuterium paths mapped in the oxide show that the
development of interconnected porosity along oxide grain boundaries (as shown in
previous TEM analysis) is the critical rate-determining mechanism that controls HPU
in the aqueous corrosion of zirconium alloys.

8. We have shown by deuterium mapping that the characteristic microstructure of the Zr-
2.5Nb alloys with B-Zr plates at the grain boundaries lying perpendicular to the
direction of oxide growth and deuterium penetration leads to a blocking effect on the
deuterium flux, and may be an important factor determining the improved resistance to
HPU in these alloys.
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Tables

Table 1. Sample alloys and oxidation conditions. T is the corrosion temperature; Crorp is the hydrogen/deuterium concentration in each alloy; D¢ is the
hydrogen/deuterium diffusion coefficient in the oxide, the error is the standard deviation.

I Oxide b) H/D pickup 2D-ion
T Oxidation (days) thickness Corrosion Co De fraction Hot-spots/Total
ID Alloy pH? conditions
o 100% 100% 50% 2 o o
(°C) H.0 DO D0 pm wt ppm m?/s % %
Z4-1 Zircaloy-4 360 30 31 - 7 1.9 Autoclave 2.5+1.0 x10%° 33 13.0+0.2
Z4-2 Zircaloy-4 360 75 31 - 7 2.2 Autoclave 1.440.6 x102° 10.9 18.0+0.3
Z4-pH-1 Zircaloy-4 350 - - 61 8.8 15 Autoclave 1.0£0.6 x102° - 14.0
. 2.0+0.7
_-nH- - _ _ 21 _
Z4-pH-2 Zircaloy-4 350 147 8.8 29 Autoclave 5.3+2.9 x10 (6.6+3.0)0
INb-19 Annealed Zr-1Nb 360 15 31 - 7 24 Autoclave 4.6+2.1 x10%0 4.2 1.4+1.3
2.5Nb-1 Zr-2.5Nb 300 - 150 - 105 19 Autoclave 1.2 2.4+3.2 x102 16 0.7£0.1
2.5Nb-2 Zr-2.5Nb 300 - 700 - 10.5 3.7 Autoclave 4.4 5.9+4.1 x10% 3.1 15
2.5Nb-3 Zr-2.5Nb 325 - 192 - 10.5 25 In-flux 10.7 5.2+3.0 x10% 4.6 0.1
2.5Nb-4 Zr-2.5Nb 325 - 185 -- 105 24 Out-of-flux 6.4 1.240.2 102 2.9 2.0

3 pH values of Z4-1, Z4-2 and 1Nb-1 samples were measured at 360°C, Z4-pH-1 and Z4-pH-2 at 350°C, and 2.5Nb-1-4 at 25°C.
b) Deuterium contents of 2.5Nb 1-4 samples were measured by the Hydrogen Hot-Gas Extraction (HHEG) at CNL.

% Only consider the deuterium in the newly formed oxide layer (within 1um from the metal/oxide interface) in the Z4-pH-2 sample.

9 Zr-1%Nb (1Nb-1) annealed at 720 °C for 24 hours to form the Nb-rich B-Zr phase.
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Figures

Figure 1. TEM images showing starting microstructures of the different alloys studied, (a) Zircaloy-4 containing
small SPPs, (b) annealed Zr-1Nb containing large B-Zr precipitates, and (c) CNL Zr-2.5Nb. The arrows highlight the
different morphologies of second phases in these three materials.
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Figure 2. Weight gain and deuterium concentration (CNL_Zr-2.5Nb samples) as a function of corrosion time for the
sample sets from which the specimens were chosen for this study. The vertical black lines show the approximate
position of the acceleration of oxidation rate at the transition point. In (a) and (b), the green squares indicate samples
after a second corrosion stage of 31 days in D20 shown by the green arrows.
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Figure 3. The geometry of NanoSIMS measurements for depth-profile through an oxide layer.
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Figure 4. TEM cross-sectional images of the oxide microstructure in the samples studied by NanoSIMS analysis. (a)
Z4-1, (b) INb-1, (c) 2.5Nb-1, (d) 2.5Nb-2, (e) Z4-pH-1, (f) Z4-pH-2, (g) 2.5Nb-3 and (h) 2.5Nb-4 samples. White
dashed lines mark the position of the metal/oxide interface. The Z4-2 oxide looked very similar to that on Z4-1 in (a),
and so is not shown here.
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Figure 5. Depth profile and a cross-sectional view of 3D data from samples Z4-1, Z4-2, Z4-pH-1 and Z4-pH-2 in
panels a_x, b_x, ¢_x and d_x, respectively. 1, 2 and 3 represent the depth profile plot, cross-section view of secondary
ion image and the cross-sectional view of the secondary ion 2D"signal respectively, all extracted from the 3D data. The

intensities of 2D~ and secondary electron signals were normalised by the intensity at the surface (at 0 pm), and the
vertical black lines on the depth profile and white dashed lines on the cross-sectional images mark the position of the

metal/oxide interface. Fitting the diffusion coefficients of deuterium through the oxide was carried out using Fick’s

2" Jaw on the sections of the depth profiles marked with dots. The depth profile data in images (a_1) and (b_1) are
reprinted from Figure 5 in [39], Copyright (2019), with permission from Elsevier.

21



T T T T T T T T T T T T
2 127 (a 1) —— ----SE .
2 4o0ls T ——Fit = « Data for fit]
£ 0.8 Svaa-
?
g 06 1
T 044
£ ]
s
S 02
z |
0.0
0.0
1A6.| T T T T > T T T T
2 14 (b_1) — D ----SE n
2 5] ——Fit = = Data for fit]
S 1
2 ] ]
£ 10 e b
B o8 ]
N 1
T 0.6—_ 1
E 04 i .
2 021D =49:0.1x10%ms ]
0.0 ]
T T T T T
0.0 05 1.0 15 2.0 25
T T T T T T T T T T T
%. 1.2—~ — D) --_--SE
c 1.0 ——Fit = < Data for fit
9 j
c J
5 08 M) 50
O 06 ) AR Ay,
A \ .
S 04
g 044 26
S 02 D, =6.4:0.2x10% m%/s
zZ J R A B — — — — —
0.0 5
T T T T T T ¥
0.0 0.5 1.0 15 20 25 30 35 1um

Distance (um)

Figure 6. Depth profile and cross-sectional views of 3D data from samples 1Nb-1, 2.5Nb-1 and 2.5Nb-2 samples in
panels a_x, b_x and c_x, respectively. 1, 2 and 3 represent the depth profile plot, cross-section view of secondary ion
image and the cross-sectional view of the secondary ion D" signal respectively, all extracted from the 3D data. The
intensities of 2D~ and secondary electron signals were normalised by the intensity at the surface (at 0 pm), and the
vertical black lines on the depth profile and white dashed lines on the cross-sectional images mark the position of the
metal/oxide interface. Fitting the diffusion coefficients of deuterium through the oxide was carried out using Fick’s
2" Jaw on the sections of the depth profiles marked with dots. The white arrows in the SE and 2D- maps mark the
original locations of the Nb-rich B-Zr phase.
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Figure 7. Depth profile and cross-sectional views of 3D data from samples 2.5Nb-3 and 2.5Nb-4 in panels a_x and
b_x, respectively. 1, 2 and 3 represent the depth profile plot, cross-section view of secondary ion image and the cross-
sectional view of the secondary ion 2D- signal respectively, all extracted from the 3D data. The intensities of 2D~ and
secondary electron signals were normalised by the intensity at the surface (at 0 pm), and the vertical black lines on
the depth profile and white dashed lines on the cross-sectional images mark the position of the metal/oxide interface.
Fitting the diffusion coefficients of deuterium through the oxide was carried out using Fick’s 2" law on the sections
of the depth profiles marked with dots. The white arrows in the SE and 2D~ maps mark the original locations of the
Nb-rich B-Zr phase.
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Figure 8. Arrhenius plot of deuterium diffusion in zirconium oxides on different alloys and estimated activation
energies (Ea).
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(b) s2crieo- 30|(c) sereteo-

Figure 9. Results of experiments to correlate the locations of deuterium hot spots and SPPs in a Z4-2 sample. (a) and
(f) are NanoSIMS maps identifying the locations of deuterium hot spots measured before and after retuning to locate
SPPs. Images (b), (c), (d) and (e) are NanoSIMS maps of the 52Cr160-, 6Fel60O-, 8Ni6O- and '°Sn- secondary ion
signals, respectively. Image (g) shows schematically the relative positions of deuterium hot spots and SPPs in this
imaged area. Green solid circles and blue dashed circles are the deuterium hot spots measured respectively before
and after SPP analysis. Red solid circles mark the locations of SPPs.

Figure 10. Results of experiments to correlate the locations of deuterium hot spots, cracks and iron-containing SPPs.
Image (a) is the SEM image of a crater bottom in the middle of the oxide on sample Z4-1. Image (b) shows EDX maps
of the positions of iron-containing SPPs (magenta spots) on the crater bottom. Small cracks are identified by white
arrows and a large crack marked by a dashed circle. Image (c) is an accumulated 2D- ion image from the final 40
planes (~ 20 nm analysed thickness) before the EDX analysis. Image (d) and (e) are cross-section views (x-z) along
lines 1 and 2 in image (b) showing the locations of both the 2D- hotspots and the iron-containing SPPs.
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Figure 11. Correlating NanoSIMS secondary electron (SE) and 2D- signals from 2.5Nb-3 sample with the location of
Nb-rich regions from the same surface. Image a_1 and a_2 are the NanoSIMS secondary electron (SE) image and the
distribution of 2D, respectively, and a_3 the EDX Nb map. Images b_1 and b_2 are cross-sectional views of the 3D
NanoSIMS data showing the SE image and the distribution of 2D~ and b-3 shows the line scans for these signals along
the line marked in b-2. White arrows in (a_1) and (a_3) mark the origianl locations of the Nb-rich B-Zr phase.
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Figure 12. The hypothesis for the nature of the deuterium diffusion pathways. Image (a) and (d) are cross-section
deuterium secondary ion image from sample Z4-1 and Z4-2, respectively. Image (b) and (e) are schematic shows the
deuterium trapped regions in green and potential cracks or interconnected porosity in the oxide in black. Image (c)

and (f) are the 3D views. Images (c) and (f) are 3D views reprinted from Figure 9 of [39], Copyright (2019), with

permission from Elsevier.
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Figure 13. Schematic representations of the microstructures of the oxides and metal matrix of 3 types of
corroded zirconium alloys in (a), (b) and (c), (d) is STEM HAADF images showing the complex mixture of phases
formed by oxidation of the decomposed B-Zr phase in a Zr-2.5Nb alloy.
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