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Abstract

Zirconium alloys are common fuel claddings in nuclear fission reactors and
are susceptible to the effects of hydrogen embrittlement. There is a need to be able
to detect and image hydrogen at the atomic scale to gain the experimental evidence
necessary to fully understand hydrogen embrittlement. Through the use of deuterium
tracers, Atom Probe Tomography (APT) is able to detect and spatially locate
hydrogen at the atomic scale. Previous works have highlighted issues with
guantifying deuterium concentrations using APT due to complex peak overlaps in the
mass-to-charge-state ratio spectrum between molecular hydrogen and deuterium (Hz
and D). In this work, we use new methods to analyse historic and simulated atom
probe data, by applying currently available data analysis tools, to optimise solving
peak overlaps to improve the quantification of deuterium. This method has been
applied to literature data to quantify the deuterium concentrations in a concentration

line profile across an a-Zr/ deuteride interface.
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1 Introduction

Zirconium alloys are used as the fuel cladding in water-cooled nuclear fission
reactors due to their corrosion resistance, adequate mechanical properties at

operating conditions and a low thermal neutron cross section (Banerjee, 2001). The



interaction of the coolant water with the alloy leads to the formation of an oxide layer
and the production of hydrogen, some of which is absorbed by the cladding (Motta et
al., 2015). Hydrogen absorption by these alloys is an issue due to the alloys’
susceptibility to hydrogen embrittiement by the formation of hydrides and crack
propagation via delayed hydride cracking, creating potential issues during the long-

term storage of spent fuel.

Two common sets of zirconium alloys are used: Zircaloy series, Zr-Sn alloys
and Zr-Nb alloys such as ZIRLO. Zircaloy-4 is used in structural components in light
water reactors. Zr-Nb alloys have been developed to have improved properties such
as corrosion resistance and hydrogen pick up (Motta et al., 2015). The improved
performance of Zr-Nb alloys has led to increased characterisation in these alloys.
However, in both sets of alloys, hydrogen embrittlement is a life-limiting factor for fuel
rods and understanding hydrogen pick up and trapping at the nanoscale has been
identified as a key route to enhancing fuel life (Couet et al., 2014; Motta et al., 2019;

Ensor et al., 2017)

Our understanding of hydrogen-related phenomena is limited due to the
difficulties of detecting and imaging hydrogen with conventional electron and X-ray
based techniques (Meyer et al., 2008). Methods used to detect and quantify
hydrogen include nanoscale secondary ion mass spectrometry (Jones et al., 2021; Li
et al., 2020), time-of-flight secondary ion mass spectrometry (Jiang et al., 2020)
optical emission spectroscopy techniques such as laser induced breakdown
spectroscopy (Kautz et al., 2021; Pardede et al., 2019) and LECO hydrogen hot
vacuum extraction (Ensor et al., 2017) but have not yielded all of the necessary
experimental data. Atom Probe Tomography (APT) has nanometre level spatial

resolution and high chemical sensitivity making it a viable tool for hydrogen analysis.



Environmental hydrogen, not originating from the material’'s microstructure, is
routinely observed in APT datasets and arises from hydrogen either adsorbed onto
the sample, or located within the analysis chamber and ionised during the
experiment (Sundell et al., 2013). During data analysis, it is normally not possible to
identify the origin of the hydrogen, constituent or environmental, thus ultimately
obscuring the positive detection of hydrogen originating from within the sample

(Kunimune et al., 2016; Sepehri-Amin et al., 2011; Breen et al., 2018).

To circumvent this issue, deuterium (°H, for which we will be using the symbol
‘D’ in this text) has been used as a tracer; the natural isotopic abundance is low
(0.015%), therefore any detected deuterium can be assumed to have originated from
the sample (Takahashi et al., 2010; Gemma et al., 2009; Chen et al., 2017). The
addition of deuterium can however lead to peak overlaps (peaks from differing
species overlap in mass-to-charge-state ratio) between deuterium (D*) molecular
protium (*Hz*) in the APT mass spectrum. In some cases, the APT analysis of
deuterated materials have been conducted using voltage pulsing to prevent these
unwanted mass-peak overlaps (D-Hz overlap); however, this limits the range of
samples that can be readily analysed. Importantly, zirconium alloy specimens are
less viable for successful APT analysis when subjected to the stresses induced by
voltage pulsing and thus this material is typically analysed in laser pulsing mode
(Wadman et al., 1988). Due to the lower electrostatic fields in laser-pulsing mode,
the evaporation of molecular ions is common, including Hz, ZrH and ZrH:z ions
(Tsong et al., 1983). These molecular ions are present in peak overlaps in the mass
spectrum, therefore to calculate accurate compositions, the relative contribution of

each species in each respective peak must be calculated. Thus, even with deuterium



tracing, to quantify deuterium concentrations these peak overlaps must be solved

accurately.

Peak overlaps in the mass spectrum occur when ions have similar atomic
masses; either when the peaks corresponding to more than one ion directly overlap
in the mass spectrum (direct peak overlap) or where a smaller peak overlaps with
the tail of the proceeding peak (tail overlap) (London et al., 2017). In situations where
peak overlaps occur, it is necessary to estimate the number of counts each ionic
species contributes to a peak, known as peak overlap solving. If there are at least as
many peaks as there are ionic species in each group of overlaps then we can use
the natural isotopic abundances of the ion and the other peaks in the overlap
problem to estimate the number of counts each ion contributes to each peak. Peak
overlaps occur in zirconium alloys occur between Zr and ZrHx type ions and, in Nb
containing alloys such as ZIRLO, Nb is also present in peak overlaps. Nb ions
overlap with ZrH ions (®3Nb and °2Zr*H), as shown in the overlap maps in the
supplementary information. All peak overlaps, not only those involving deuterium
containing ions, must be accurately solved to obtain robust compositional
information. Previous work analysed the growth front of a grain boundary deuteride,
the composition of which was found by solving overlaps using a least squares
approach (Breen et al., 2018; Mouton et al., 2019). The maximum likelihood
estimation (MLE) has been used to mathematically solve peak overlaps in APT data
(London et al., 2017), as MLE is advantageous to use when dealing with low counts
(Maus et al., 2001). In order to analyse trapped solute deuterium, we need to
accurately deal with low counts of deuterium. To this end, we examine the
effectiveness of different peak overlap solving tools, including the use of MLE based

methods, as applied to simulated and literature data.



2. Materials and Methods

This work re-analyses historical data and uses simulated data. The
experimental parameters from the earlier studies are given below for convenience. A
full list of the experimental datasets used in this work can be found in the
supplementary data and raw data is available on Oxford Research Archive (see Data
Statement for more information). APT reconstructions from these experimental
datasets were created using IVAS (Version 3.8.4, CAMECA), using the initial tip
radius as obtained from the specimen bias voltage curve. Compositional analyses
were performed using IVAS or AtomProbelLab (atomprobelab.sourceforge.net,
version 0.2.2, Revision 43547ccall44), with AtomProbelLab using MLE. A minimum
isotopic abundance of 0.02% was used to exclude naturally occurring deuterium

from composition calculations.

2.1 Nb composition verification between software packages

For the Nb composition analysis, below, this uses the data of Hudson re-
analysing with the MLE method (Hudson, 2011). In Hudson’s work, a ZIRLO needle
(nominal composition cannot be quoted for proprietary reasons) was prepared for
APT analysis by electropolishing using a 25%-perchloric acid (60%) in acetic acid
(100%) initially, and fine polished using 2%-perchloric acid (60%) in 98%-2-
butoxyethanol, using the method described in (Hudson, 2011). The needle was
further sharpened using a focused ion beam. Data was collected using a Local
Electrode Atom Probe (LEAP) 3000X HR at 60 K, using a laser pulse frequency of
200 kHz. The laser energy was varied between 0.2-0.6 nJ at intervals of 0.05 nJ.

1 million ions were collected at each laser energy (Figure 1).


https://sourceforge.net/projects/atomprobelab/

2.2 Peak count quantification

Figure 2 shows mass spectra produced for the entire mass spectrum of
composition in Table 1, modelled on the 0.6 nJ data from Figure 1, and a second set
for the Zr 2+ charge state only (Table 2). These datasets were produced containing 1
million masses events, but only the mass data was used in the subsequent analysis.
The masses were selected to produce both ‘real’ peak shapes and Gaussian shapes
in time-of-flight space. A dataset for the whole mass spectrum was produced using
‘real’ and Gaussian peak shapes with a full width half maximum of 0.06 Da. Datasets
for the 2+ charge state was produced using Gaussian peak shapes only. In mass-to-
charge space, the Gaussian shaped peaks have a full width half maximum of 0.06
Da and 0.28 Da. The corresponding ionic compositions for these datasets can be

found in the supplementary information.

2.3 Meta-analysis of deuterated Zircaloy-4

Existing deuterated Zircaloy-4 data was used in this analysis (Breen et al.,
2018), the preparation method from this work is paraphrased as follows: Zircaloy-4
(Zr-1.5Sn-0.2Fe-0.1Cr wt.%) was electrochemically charged using 1.5 wt.% D2SOa4in
D20 at 65°C for 24 hours. The sample was then annealed at 400°C for 5 hours to
redistribute the deuterium. Samples for APT analysis were prepared using a FEI
Helios dual-beam plasma focused ion beam using the lift-out procedure by
Thompson et al. (Thompson et al., 2007). A LEAP 5000 XR was used to perform
APT experiments with analysis conditions of 60 pJ laser energy, 250 kHz laser pulse

frequency and a temperature of 60 K.

To calculate the deuterium concentrations for the deuterated Zircaloy-4 APT

data, peak overlaps in the mass spectrum need to be solved. The introduction of



deuterium to the material leads to direct peak overlaps between H2 and D including
D-Hz overlap at 2 Da, and ZrH2 -ZrD overlaps in the 2+ charge state. These overlap
problems are rank deficient, i.e. there is insufficient information to constrain the
problem from the mass spectrum alone, and cannot be directly solved using
conventional methods. However to improve the accuracy of deuterium quantification,
it is nonetheless necessary to accurately solve the respective contribution to these

peak overlaps.

A key source of error is due to the unknown Hz:H ratio. Knowing this ratio
would allow us to solve the overlap at 2 Da more accurately and improve the
accuracy of the overall deuterium concentration, as it allows for the number of counts
in the peak at 2 Da that are Hz" to be calculated, meaning that any counts that are
unaccounted for are D*. To obtain this ratio, and thus provide sufficient information to
solve this overlap, the environmental hydrogen detected within a number of non-
deuterated APT datasets was analysed, as will be discussed in Section 3.3. These
datasets were a combination of Zircaloy-4, Zr-0.2Nb, Zr-0.8Nb and Zr-2.5Nb. All of
these samples were prepared using the lift out method described by Thompson et al.
(Thompson et al., 2007), using either a FEI Helios dual-beam plasma focused ion
beam (Zircaloy-4 samples), a Zeiss NVision dual-beam Ga focused ion beam
(Zircaloy-4 and Zr-Nb alloy samples) or Zeiss Crossbeam dual-beam Ga focused ion
beam (Zircaloy-4 samples). The APT experimental conditions used for these
samples used laser pulse energies between 40 and 100 nJ, laser pulse frequencies
of either 200 or 250 kHz and temperatures between 50 and 60 K. A full list of

experimental conditions can be found in the supplementary information.



2.4 The influence of electric field on molecular H formation and the H2:H ratio

The hydrogen and deuterium charged data used in this section is from
literature (Mouton et al., 2019), where Zircaloy-4 (Zr-1.5Sn-0.2Fe-0.1Cr wt.%) was
electrochemically charged with hydrogen or deuterium using 1.5 wt.% H/D2S04 in
H/D20 at 65°C for 24 hours. The sample was annealed at 400 °C for 5 hours to
redistribute the deuterium. Samples for APT analysis were prepared using a FEI
Helios dual-beam plasma focused ion beam using the lift-out procedure in
(Thompson et al., 2007). APT experimental conditions of 60 pJ laser energy,

250 kHz laser pulse frequency and a temperature of 60 K were used.

3 Results

Ourresults-willbe-presented-in-the-following-section—The results presented in

this section will be organised in the following manner; Ffirst, we will shall report the
verification of Nb composition between different software packages using historical
data. The results of peak count quantification on simulated data will then be
presented before our meta-analysis of deuterated Zircaloy-4 is shown. Finally, we
shall-show data on the influence of the electric field on molecular H formation and
the Hz:H ratio. The data from both the meta-analysis and the influence of the electric

field on hydrogen is from the literature.

3.1 Nb composition verification between software packages

Zr-Nb alloys are commonly used in structural components of nuclear fission

reactors so it is imperative we can calculate the compositions of any APT data from



these alloys correctly. The re-analysis of Hudson’s data, using AtomProbelLab, gave
similar results to that reported by Hudson, for all of the alloying elements except Nb.
Hudson states that there is ‘no clear trend in the data’ (Hudson, 2011). Specifically in
our preliminary analysis for Nb, an apparent increasing trend with laser energy was
found, as shown in Figure 1. From the examined data, Nb appears in the 1+, 2+ and
3+ charge states, however in the 1+ and 2+ charge states there are peak overlaps
with ZrH ions, as shown in Figure 2. As Nb is a key element in this alloy, finding the
correct solution for the overlap group is of primary interest. Furthermore, to analyse
deuterated zirconium alloys will also introduce ZrD ions into the mass spectra data,
which are present in this overlap group also, a graphical representation of this can
be found in the supplementary information. In his analysis, Hudson used IVAS 3.4.1,
so there exists a potential mismatch between the use of AtomProbelLab and IVAS to
calculate compositions as AtomProbelLab uses maximum likelihood estimation. For a
full discussion of the primary methods of solving these overlap problems, specifically
using a least-squares (or non-negative least-squares) or maximum likelihood
approach, the reader is referred to London et al, which provides in-depth
comparisons of these numerical approaches (London et al., 2017). To locate the
origin of the discrepancy between AtomProbelLab and the results of Hudson, the
same input masses and ranges were used for both the IVAS and AtomProbeLab

analyses, limiting the difference to subsequent processing within the software.

Figure 1 shows the difference in overlap analysis results due to the use of
different software packages. The confidence intervals (90%) of the MLE compaosition
calculation were estimated (London, 2019). IVAS and AtomProbeLab do not give the
same Nb concentrations at all experimental laser energies and the difference in

these values has led to a different trend seen in the data. The IVAS results give no

10



trend with laser energy whereas the AtomProbeLab ones show an increasing Nb
concentration with laser energy. The default local background subtraction
parameters were used in this version of AtomProbeLab, however the Nb
concentration showed some sensitivity to these settings. To further probe this
discrepancy IVAS-MLE data points in Figure 1 have been calculated using the peak
count information from IVAS, but the peak overlaps were instead solved using the
maximum likelihood estimation approach. These data points do not show a trend in
Nb concentration, indicating that the difference in trend is likely as a result of the
peak quantification (counts) which are inputted, not the subsequent peak overlap
solving. The mass spectrum in Figure 2 contains peak-tail overlaps between
adjacent peaks, which if not handled correctly can lead to incorrect count

guantification and therefore compositions.

3.2 Peak count quantification

To investigate the hypothesis that the difference in the respective handling of
peak-tails between the two packages are the origin of the different reported
compositions, simulated data was used. Realistic peak shapes that mimicked
experimentally observed peaks were generated for this data. The resulting peak-
overlap analysis results were cross-compared with the input simulation composition,
the Gaussian blurred composition, and the subsequent estimations from both IVAS

and ARL AtomProbelLab.

An entire ZIRLO mass spectrum was simulated with a realistic peak shape
and a Gaussian peak shape, respectively, to enable contrast between situations
where peak tail overlaps did and did not occur, respectively. Peak tail overlaps arise

when a smaller peak overlaps with the tail of the proceeding (lower mass-to-charge-
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state ratio) peak (London et al., 2017). There was some discrepancy between the
compositions of the simulated data (Table 3). However, from the cross-comparison
the Gaussian model maintains the expected composition, for both AtomProbeLab
and IVAS, which is not the case for the realistic peak model. In the realistic peak
data, neither AtomProbelLab nor IVAS effectively accounted for the peak tail
overlaps, leading to a difference between the simulated and the reported values. The
IVAS reported value is, however, closer to the simulated one than that of

AtomProbeLab.

The majority of the Zr, Nb and ZrH ions are present in the 2+ charge state so
a second set of data containing only these peaks were simulated using a Gaussian
peak shape. This enables further investigation of the peak counting and the effect of
peak tails on the peak quantification. The ionic composition of the peaks was
modelled on the experimental data in Figure 2 (a). Two different peak widths were
used, a narrow peak width with a FWHM of 0.063 Da to simulate no peak tail
overlaps as seen in Figure 3 (a) and a larger peak width (FWHM of 0.28 Da) to give
rise to large peak tail overlaps shown in Figure 3 (b). A Gaussian curve was fitted to
the peaks in both situations; a Gaussian curve was used as the simulated data was
produced with Gaussian peak shapes. Figure 3 presents the simulated mass spectra
for both peak tail situations described above, the Gaussian curve fitted to the data
and the bar charts show what fraction of the total quantified counts each software

calculates to be in each peak.

The bar charts in Figure 3 (c), show that when peak tails do not overlap,
counts for each peak can be calculated accurately, matching the simulated counts.
However, when examining the case where tail overlap occurs, the estimate deviates

from simulation for both the AtomProbelLab and IVAS reported values, Figure 3 (d).

12



In this instance, the deviation is marked, with the simulated composition of

85.51 at. % Zr, estimated to be 95.04 at. % and 91.31 at. % (after peak overlap
solving) for AtomProbeLab and IVAS respectively. The quantification of the counts in
the peaks by IVAS were closer to the simulated values than AtomProbeLab but the

most accurate were given by the fitted spectrum.
3.3 Meta-analysis of deuterated Zircaloy-4

Using MLE based methods, we have then investigated the calculation of
deuterium concentration within deuterated Zr alloy samples. As stated above, we
reanalysed an existing dataset, with the aim of improving the quantification of the

deuterium component of this dataset.

In deuterated samples, deuterium is present in the mass spectrum as D,
DH*, D2* and deuteride ions (including ZrD, ZrDH and ZrD2). The resulting peak
overlaps due to these complex ions make accurate interpretation of the mass
spectra challenging. Notably, there are direct peak overlaps between D* and H2" and
between ZrD and ZrHz (both in 2+ and 1+ charge states) that are not solvable using
conventional peak overlap solving techniques, as the problems are rank deficient. To
circumvent this limitation in the previous work (Breen et al., 2018), compositions
were calculated by assuming that the peak at 2 Da was entirely comprised of
deuterium (D). It was also assumed that, as there were negligible counts of ZrHzin
the uncharged data, all of the counts of ZrH2/ ZrD were all ZrD. By omitting the
contributions from these peaks from Hz containing ions, deuterium concentrations
are over estimated, as acknowledged in their analysis (Breen et al., 2018; Mouton et
al., 2019). In the uncharged Zircaloy-4 dataset, there is negligible ZrHz in the

uncharged data, and the assumption that there are no counts of ZrHz in the data has

13



little effect on the overall composition. This implies that, unless the ratio of Zr:ZrH:
(excluding ZrD) is changed by several orders of magnitude by the charging process,

then estimation of ZrD is largely unimpeded.

However, this is not the case at 2 Da, where the Hz:H ratio is non-negligible,
ranging between 0.24 and 0.69 when calculated for non-deuterated zirconium alloy
samples. Whilst the initial overlap problem is rank deficient, we can use the
assumption that the ratio of H2:H does not change as a result of the charging
process to constrain the final degree of freedom in this overlap problem. Thus we
can estimate the amount of deuterium in the peak at 2 Da, thereby improving the
accuracy of the final deuterium concentration. A final concern is that the Hz:H ratio
can vary from tip to tip, and in the absence of a paired experiment in the uncharged
and charged case, this must be accounted for. To quantify the variability in this ratio,
we examined historical Zr alloy datasets acquired using a LEAP 5000 XR. 24
zirconium alloy datasets were analysed to find the Hz:H ratio, which had a mean
ratio of 0.41 and a standard deviation of 0.15, the detailed experimental conditions

for which are shown in the supplementary information.

A peak overlap solved composition line profile across the interface was
produced in similar region of the dataset (Figure 4), finally generating a profile similar
to the prior work (Breen et al., 2018) which is shown in Figure 5. The upper and
lower bounds for the deuterium concentration were calculated using confidence
limits drawn from the H2:H ratios py + 20 (0.11 and 0.71), which effectively assumes
that the inter-sample variability dominates the profile error, and is Gaussian

distributed.
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3.4 The influence of electric field on molecular H formation and the H2:H ratio

As previously mentioned, the Hz:H ratio can vary significantly from tip-tip. It
can also vary within different regions of the same dataset and this can have
significant implications for deuterium quantification since D overlaps with Hz at 2 Da.
The electric field has previously been proposed as the major cause of variations in
this ratio (Breen et al., 2020), which seems logical given lower electric fields tend to
promote increased molecular ion formation (Mdller et al., 2011) but perhaps the
relationship is not so straight forward and may also change between different

material systems and analysis conditions.

To investigate this hypothesis, the amount of ions evaporating from the 1 Da
and 2 Da peaks and the local electric field were compared between representative
hydrogen charged and deuterium charged datasets of Zircaloy-4 collected under the
same experimental parameters (60 pJ laser pulse energy, 250 kHz laser pulse
frequency and 60 K). The relative charge states of a single element can be used to
measure electric field (Mdller et al., 2011; Kingham, 1982; Shariq et al., 2009) and as
electric field increases, the number of ions evaporating at a higher charge state
increases. Here the %°Zr3* /°0Zr2 * ratio was used to determine relative electric field
since each peak was free of any overlaps and an appreciable number of ions were
evaporating at each charge state (Mouton et al., 2019). Each dataset was voxelised
into 3 nm cubes and the local 1 Da and 2 Da counts and Zr3* /Zr?* ratio in each voxel

was mapped across the reconstructed volumes, as shown in Figure 6 (a) and (b).
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4 Discussion

4.1 Nb composition verification between software packages

Figure 1 shows that the IVAS-MLE data points do not show a trend in Nb
concentration with varying laser energy, indicating that the difference in trend
between the IVAS and AtomProbelLab results is likely as a result of the peak
guantification (counts) which are inputted, not the subsequent peak overlap solving.
Most notably, the data analysed here contains peak-tail overlaps between adjacent
peaks, as seen in Figure 1, which if not handled correctly can lead to incorrect count
guantification. NbH was not looked at in this analysis as negligible amounts of NbH
were calculated to be in the data and the addition of these ions had little effect on the

calculated composition.

4.2 Peak count quantification

There was a discrepancy between the simulated compositions and those
calculated using IVAS and AtomProbelLab. The composition IVAS calculates for the
simulated data is closer to the simulated value as a result of the number of counts in
the peaks being closer to the simulated value (Figure 3). In the situation where there
are no peak tail overlaps, both programs are able to calculate the correct
composition (Table 3), indicating that the peak overlaps are being solved accurately.
Where peak tail overlaps occur, neither software is handling these effectively, giving
rise to an incorrect composition. The analyses demonstrate that if it were possible to
improve the way the respective software packages handle the peak tail overlaps,

both should be able to provide a more accurate measurement of composition. This
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however requires quantitative improvements to the modelling of underlying peak

shapes, and these models are currently limited for general application.

There is good agreement between the simulated number counts and the fitted
counts in Figure 3. This demonstrates that if mass spectra were to be deconvoluted
and the shape of each peak known, peak fitting could be used to calculate the total
counts in the peak and a more accurate composition could be obtained. To this end,
methods such as the one developed by Johnson et al. or Meisenkothen et al. could

be implemented (Johnson et al., 2013; Meisenkothen et al., 2020).

The results in this section demonstrate that, without further software
modifications to include peak fitting, the most accurate deuterium compositions
would be obtained by using IVAS to obtain the count information. As the maximum
likelihood estimation is more suitable for solving peak overlaps at low counts, using
the AtomProbeLab MLE algorithm to solve peak count information derived from IVAS
is the most appropriate method to solve this overlap group accurately. This is the

reason this approach has been used to analyse data from (Breen et al., 2018).

4.3 Meta-analysis of deuterated Zircaloy-4

Figure 5 confirms that Sn is segregating to similar levels as found in the
previous work. By comparing the deuterium profile calculated using the same
assumptions as previous work to the upper and lower bounds, we can see that the
previous work is in good agreement with the upper bound of the deuterium
concentration. This demonstrates prior values (Breen et al., 2018) were reasonable,

but positively biased.

This method is able to produce upper and lower limits for the deuterium

concentrations in APT data acquired in laser mode. Whilst the assumptions in
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previous works mean that measurements of deuterium concentrations were
gualitative, here we demonstrate a quantitatively corrected profile for the deuterium
concentration for the first time. This is enabled by a customisable peak overlap
solver where it is possible to use altered isotopic abundances; in this instance
deuterium was added as an additional element with 100% isotopic abundance.
Future deuterium analyses and other instances where the isotopic ratios of elements
are altered from the natural abundance (i.e. transmutation of alloying elements in
irradiated data) require this. The ability to accurately quantify deuterium
concentration will allow for additional chemical information surrounding hydrides and
hydrogen distributions in materials to be analysed. This in turn would enable us to

further our current understanding of hydrogen embrittlement.

4.4 The influence of electric field on molecular H formation and the H2:H ratio

Interestingly, for the H charged case (red curve in Figure 6 (c)), the average
2 Da: 1 Da ratio (which represents H2:H in this case) stays almost constant at
approximately 0.4 - 0.5 for varying electric field, suggesting changes in electric field
did not strongly influence molecular H formation. For the D charged case however,
different behaviour is observed. The 2 Da: 1 Da ratio (which now represents
(D +H2):H) is higher for all electric fields as would be expected since the presence of
D in this case will work to increase the numerator. The ratio also increases as
electric field increases since the deuteride regions, which are significantly higher in
deuterium content, evaporate at higher electric fields. It follows that any additional
counts in the 2 Da peak that push the 2 Da: 1 Da ratio above 0.7-0.8, correspond to
deuterium and not molecular H — this observation provides a potential way for quickly

screening for the presence D in APT datasets. Further information to constrain the
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H2:H ratio, would enable further tightening of the bound on the deuterium

concentrations reported Figure 5, therefore improving the quantification of deuterium.
5 Summary

Data from a laser energy optimisation study were re-analysed using
AtomProbelLab and IVAS in which significantly different Nb concentrations were
calculated for each laser energy depending on analysis software choice. The
software choice also yielded contradictory trends in the data. By examining the
number of counts each software calculated, it was found that for peaks, where peak-
tail overlaps occur in the mass spectrum, such as the Zr?* charge state peaks,
neither IVAS nor AtomProbeLab estimated the number of counts accurately. This
demonstrates the importance in handling and modelling peak tail overlaps correctly;
peak fitting methods could be used to do this, which would require suitable peak
shape models. If analysis is limited to existing toolsets, we find that the most
accurate composition with respect to simulations is obtained when using peak count
estimation from within the IVAS software packages, and combining this with MLE
solving (AtomProbeLab). We further re-analysed existing Zircaloy-4 deuteride
profiles, as obtained from Breen et al., demonstrating that when using additional
historical Zr alloy data, we can provide accurate, quantitative bounds on Zr profiles.
We find that the assumptions of zero H2* present in prior works causes a slight over-
estimation of the D content of this profile, which our utilisation of historical data

solves, assuming similar response between non-deuterated Zr alloy datasets.
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Tables

Table 1: Composition of ZIRLO dataset of the whole mass spectrum. This data is modelled

on the 0.6 nJ section from the laser energy optimisation experiment.

Element Zr H Nb Sn Al Fe
Composition
(at.%) 82.53 16.34 0.34 0.77 0.01<0.01

Table 2: Composition of ZIRLO data for the Zr 2+ peaks only. This data is modelled

on the 0.6 nJ section from the laser energy optimisation experiment

Element

Zr

Nb

Composition (at.%)

85.5

14.26

0.24

Table 3: Compositions calculated by each software package for real and Gaussian

peak shapes

Composition (at.%)

Real Peak Shape Gaussian Peak Shape
Element Simulated AtomProbelab Deviation Deviation Deviation Deviation
(True) from from from from

simulated IVAS simulated AtomProbeLab simulated IVAS simulated
Zr 82.53 82.27 -0.26 82.54 +0.01 82.57 +0.04 82.56 +0.03
H 16.34 16.56 +0.22 16.28 -0.06 16.31 -0.03 16.31 -0.03
Nb 0.34 0.40 +0.06 0.39 +0.05 0.34 0.00 0.34 0.00
Fe 0.01 0.00 -0.01 0.02 +0.01 0.00 -0.01 0.00 -0.01
Al 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Sn 0.77 0.77 0.00 0.76 -0.01 0.77 0.00 0.76 -0.01
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Figure Legends

Figure 1: Variation in Nb concentration calculated using different methods. The error

bars correspond to 90% confidence intervals for the maximum likelihood calculation.

Figure 2: Labelled sections of Zirlo mass spectrum with the species with ions in each
peak marked. (a) Zr 2+ peaks from 45-50 Da. (b) Zr 1+ peaks. The height of the

small vertical bars corresponds to the isotopic abundance of each ion.

Figure 3: Simulated mass spectra with Gaussian shaped peaks of different widths.
The top row shows the mass spectra with Gaussian curves fitted. The bar charts
give the fraction of counts in each peak as calculated using the fitted spectra,

AtomProbelLab and IVAS.

Figure 4: Reconstruction showing location of metal and region over which the line
profile was calculated. The arrow indicated the direction in which the line profile was

taken.

Figure 5: Peak overlapped solved line profile across zirconium matrix- deuteride
interface. The upper and lower bounds were calculated using the upper and lower
limits of Hz:H ratio (u £ 20) of 0.11 and 0.71. The error bars are the confidence

intervals (90%) of the overlap solving calculation.

Figure 6: (a) and (b) 40 million atom sub-volume of representative H and D charged
Zircalloy-4 datasets respectively showing relative density of ions originating from the
peak at 1 Da, 2 Da and the relative electric field as measured from the charge state
ratio between Zr®* and Zr?* peaks. The small red cube in the bottom left hand corner
of the volumes represents the size of the voxels used in this calculation (3 nm x 3 nm

x 3 nm). (c) The average measured 2 Da/l1 Da vs. relative electric field measured for
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each voxel — shaded error regions correspond to = 2 standard deviations. The

relative fields are an indication only.
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