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Specimen preparation is a key step in the characterisation of materials systems. For high-resolution character-
isation techniques such as transmission electron microscopy (TEM) and atom probe tomography (APT), it is
necessary to have a sample preparation method that creates the nano-scale samples required for analysis but does
not significantly modify the initial microstructure.

The preparation of hexagonal close-packed materials by focussed ion beam milling (FIB) and electropolishing
has previously been shown to be complicated by hydride formation. The formation of hydrides can be reduced by
the application of cryogenic temperatures during the final stages of Ga™ ion FIB milling, which are often con-
ducted at low accelerating voltages in order to minimise irradiation-induced damage.

Xe" ion plasma FIBs are now commonly used in the preparation of samples due to their higher milling rates.
However, the severity of the hydride formation in hexagonal close-packed materials during Xe" ion milling is
unclear. In this paper, we compare Xe' and Ga' FIB milling to prepare Zr samples at ambient and cryogenic
temperatures. By studying TEM and APT samples, we are able to compare the levels of hydride formation after
FIB preparation caused by the different preparation techniques. APT is used to estimate the levels of hydrogen in
the samples. These results represent an important contribution to researchers who use FIB preparation to create

TEM and APT specimens from hexagonal close-packed metals such as zirconium.

1. Introduction

Zirconium (Zr) alloys are widely utilised as structural materials in
nuclear reactors. Light Water Reactor (LWR) fuel assemblies are sub-
jected to extremely challenging conditions, including constant neutron
flux and elevated temperatures, whilst also operating within a corrosive
water environment. These harsh conditions cause damage to the Zr al-
loys’ microstructure, degrading the properties of the alloy and restrict-
ing the service lifetime of Zr-based components inside the reactor [1].

Irradiation-induced changes in the microstructure, which are
strongly correlated with the formation of dislocation loops, directly
affect the mechanical properties by decreasing the ductility and also
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leading to irradiation-induced growth (IIG) [2,3]. IIG occurs due to the
preferential formation of dislocation loops on various crystallographic
planes, resulting from the anisotropy of the hexagonal closed-packed
(HCP) structure [4,5], as well as the common split basal texture intro-
duced by the manufacturing process [4]. This texture is a desired feature
designed mainly to prevent radial crack propagation along hydrides that
could align in this direction and can lead to failure [6]. However, hy-
dride precipitation in zirconium claddings during nuclear reactor
operation under irradiation is a significant cause of embrittlement,
leading to the degradation of the mechanical properties of zirconium
fuel cladding. Additionally, delayed hydride cracking (DHC) during
storage is an important phenomenon related to the hydrogen pick up of
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zirconium which requires attention [6,7]. The irradiation-induced
dimensional instability observed in Zr fuel rods is also a limiting fac-
tor for reactor efficiency and safety. To generate a thorough under-
standing of the underlying mechanisms responsible for property changes
during both service and long-term storage, it is essential to accurately
characterise the evolution of microstructure, and particularly hydride
nucleation and growth. This understanding will inform the design of
better and safer fuel assemblies, which is expected to increase the
reactor efficiency and safety and reduce the volume of radioactive
waste.

Applying high-resolution characterisation techniques, such as
transmission electron microscopy (TEM) and atom probe tomography
(APT), to the study of radiation-induced microstructural changes is now
a routine experimental process in many materials research facilities
across the world. Both TEM and APT require specimens that have a
thickness on the order of 100 nm or less and are produced via electro-
polishing and focused ion beam (FIB) milling. For some materials these
preparation routes are known to cause changes in the materials,
compromising our ability to observe the changes in materials’ structures
that arise during exposure to irradiation [8-10].

One specific challenge arises in the formation of hydrides in hexag-
onal close-packed (HCP) materials during their preparation for TEM and
APT analysis. The formation of hydrides during sample preparation is
especially unwanted since it not only changes the physical structure of
the material, but it also severely limits our understanding of hydrogen-
related phenomena, such as hydrogen embrittlement. Moreover,
continuous irradiation can alter the morphology of hydrides, and
potentially reduce their visibility due to interactions with irradiation
introduced point defects which might trap hydrogen atoms reducing the
size of the hydrides. Work by Hanlon et al. [8] and Mouton et al. [11]
have shown that the use of cryogenic temperatures can mitigate this
effect when preparing TEM and APT specimens from Zr samples with
Ga' FIB. Mayweg et al. [12] observed similar behaviour, with a signif-
icant hydrogen content reduction after cryogenic temperature milling,
although they report some level of hydrogen still exists in their APT
specimens. Studies have demonstrated the same reduction in hydride
formation and hydrogen introduction in Ti alloys prepared using
cryo-FIB [13].

It should be noted that some level of hydrogen contamination is
inevitable in APT due to the presence of hydrogen in the analysis
chamber combined with the fact that the cold sample acts as a cryopump
within the chamber. Nevertheless, APT is the only technique that is
capable of providing local spatial hydrogen information on the scale of
irradiation damage but distinguishing between real H in the sample and
adventitious H from the experimental environment and from sample
preparation routes is very challenging. The uncertainty in the source of
the analysed hydrogen inhibits the ability of APT to confidently char-
acterise hydrogen behaviour in Zr, which has therefore often necessi-
tated the use of deuterium tracers [11,14]; one limitation of deuterium
tracers is that they are often not present in-service specimens within
nuclear power plants.

In addition to introducing hydrogen into specimens, another notable
microstructural effect that is sometimes evident after FIB sample prep-
aration is the introduction of point defects and dislocation loops due to
ion beam damage. This effect is particularly significant when FIB milling
is conducted at high accelerating voltages. There is, therefore, a need to
perform the final FIB milling at low accelerating voltages, but this is
known to induce undesired hydride formation in HCP materials if per-
formed at ambient temperatures [15,16].

The recent development of Xe" plasma FIBs offer the potential to
prepare samples much more efficiently owing to the faster milling rates
of such instruments. However, the impact of plasma FIBs on hydride
formation in HCP materials has not been fully explored. Chang et al.
[13] investigated the effectiveness of cryo-temperature milling on tita-
nium alloys using a Xe" plasma FIB, and reported significantly less hy-
dride formation compared to ambient temperature milling. Another
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study by Xiangli et al. [16] compares Ga™ and Xe™ FIB milling on FCC
aluminium alloys, highlighting the superior sample preparation quality
achieved by Xe™ ion beam. This superiority is evidenced by thinner
amorphous layers and reduced redeposition. However, it’s important to
note that this study does not delve into the investigation of hydrogen
ingress and hydride formation.

In this article, we prepared two types of Zr alloys for TEM and APT
analysis. Each material was prepared using both Ga™ and Xe™ FIBs at
ambient and cryogenic temperatures. This enables us to study the frac-
tion of hydrides that form under each condition and enables the use of
APT to estimate hydrogen levels in the Zr matrix after FIB preparation.
We also investigate how the APT analysis conditions affect the apparent
hydrogen concentrations in the data. Our results show that, as well as
reducing the volume fraction of hydrides that form in TEM samples, use
of cryogenic FIB (Ga™ and Xe™) greatly reduces the level of hydrogen
that is detected in the o-Zr matrix by APT.

2. Materials and methods
2.1. Materials

This study focussed on two Zr-based alloys: Nb-containing low-Sn
ZIRLO and Nb-free Zircaloy-2. The nominal compositions of these alloys
are detailed in Table 1. The manufacturing processes and heat treat-
ments applied to each alloy have been previously documented in [17].

Both alloys were neutron-irradiated at 320 & 10 °C up to a fluence of
16.2 x 10%° n/m? in the BOR-60 reactor [2]. Samples irradiated to
damage levels of 3 dpa and 27 dpa were investigated. In addition to
these neutron-irradiated samples, Low-Sn ZIRLO and Zircaloy-2 samples
proton-irradiated at the University of Manchester’s Dalton Cumbrian
Facility (DCF) at 320 + 10 °C to 0.15 dpa (1.38 x 10?2 p/m?) nominal
dose at 60 % Bragg peak depth (calculated by SRIM [18]) were also
investigated.

2.2. Experimental methods

Conventional metallographic, APT and, TEM sample preparation
procedures [19-22] were used throughout this work apart from the use
of cryogenic temperatures for the milling of some samples. APT and TEM
specimens were prepared from the BOR-60 neutron-irradiated samples
in two stages using FIB milling. Initial milling and lift-outs were per-
formed using Ga™ FIB at ambient temperatures and 30 kV accelerating
voltages using an FEI Helios NanoLab 600i Ga' ion FIB at the UKAEA
Materials Research Facility (MRF). Half of these samples were then
transferred to National Nuclear Laboratory Central Laboratory, where
final sample thinning was conducted at cryogenic temperatures (—90 °C)
on a similar FEI Helios NanoLab 600i. A final FIB cleaning/polishing
stage, also performed at —90 °C and an accelerating voltage of 2 kV and
beam current of 190 pA, was applied to the APT specimens. The control
APT samples underwent the same FIB milling procedures at ambient
temperatures at the MRF. TEM samples were prepared using a final
accelerating voltage of 5 kV to thin the samples because thinning at 2 kV
was previously observed to introduce more hydrides at ambient tem-
perature [8]. One set of TEM samples was prepared at cryogenic tem-
peratures and one set at ambient temperatures.

For the proton irradiated samples, an FEI Helios Xe™ plasma FIB
(pFIB) microscope with a Leica VCT 500 Cryo Stage using liquid nitro-
gen (—130 °C) was utilised for APT and TEM specimen preparation
while initial lift out procedures were done at ambient temperature. Both

Table 1

Nominal composition (wt. %) of the Zr alloys analysed in this study.
Alloy Nb Sn Fe Ni Cr 0] Zr
Zircaloy-2 0.00 1.35 0.17 0.07 0.104 0.12 Balance

Low Sn ZIRLO 0.95 0.66 0.12 0.004 0.01 0.12 Balance
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TEM foils and APT lift outs were prepared from the plateau (15-20 um)
depth of the samples at which SRIM predicted dpa is ~0.15 dpa. This is
to prevent large dpa variations throughout the analysis volumes and to
maintain microstructural consistency. Most of the thinning process for
TEM specimen preparation was conducted at 30 kV accelerating voltage
with Xe' ions using beam currents of 0.23 nA and 74 pA. After achieving
transparency at 10 kV electron beam imaging, a final cleaning step was
conducted at 2 kV using 19 pA until transparency was achieved under 5
kV electron beam imaging. APT tip shaping was initially performed
using a current of 0.23 nA at 30 kV with Xe™ ions. Subsequently, final tip
sharpening was achieved by employing a current of 74 pA at 30 kV with

e". Upon reaching an approximate tip diameter of 100 nm, a final
cleaning/polishing step was undertaken utilising 19 pA at 2 kV with
Xe™.

APT analyses were conducted on a reflectron-fitted Cameca LEAP
5000-XR at the University of Oxford Nuclear Materials Atom Probe
(NuMAP) Facility. To investigate the effect of analysis conditions on
detected hydrogen levels, samples were analysed at a variety of tem-
peratures and in both laser and voltage mode; the analysis conditions for
individual datasets will be specified in figure captions and in the text,
where appropriate. Reconstructions and analyses were performed in
IVAS 3.8.8 and AtomProbeLab v0.2.4 was used for compositional cal-
culations [23,24].

A combination of TEM and STEM were used to examine the TEM foils
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using a @JEOL ARM200F operating at 200 kV with a cold field emission
source for the BOR-60 samples, whilst the proton-irradiated samples
were imaged using a Thermo Scientific Talos F200X field-emission TEM
operating at 200 kV with a field emission electron source (X-FEG). In
STEM mode, samples were usually examined on the <2110> zone axis
to reveal the distribution of hydrides and irradiation damage-induced
dislocation loops.

3. Results
3.1. Ga' FIB - TEM results

Use of the cryogenic FIB preparation led to a large reduction in the
volume fraction of hydrides present in the TEM foils when compared to
those produced at ambient temperatures (Fig. 1). This reduction sup-
ports the observations made be Hanlon et al. [8] and facilitated the
characterization of irradiation-induced defects. Fig. 1 presents a typical
post-irradiation microstructure, highlighting features such as
<a>-dislocation loops and chemical segregation of alloying elements
(Fe/Sn/Cr) together with native second-phase particles (SPPs).

Fig. 1c shows a typical micrograph of the <a>-component disloca-
tion loops in Zircaloy-2 neutron-irradiated to 3.5 dpa. The loops are
observed to align in rows, oriented normal to the <c>-direction,
commonly referred to as “corduroy contrast” [25,26]. EDX and APT

¥ "%"Mqﬂwwu brodt

TR A ..lf\l’ - ‘

:Q&}\

A o‘ ’- “ﬁ-

A

;' W'.- ..;'

Fig. 1. A comparison of the microstructures of TEM foils of Zircaloy-2 neutron-irradiated to 3.5 dpa, prepared by FIB at ambient temperature (a) and - 90 °C (b). The
imaging condition in a) and b) is a kinematical two-beam condition with g = 0002, close to a < 2110> zone axis. Hydrides are indicated by small arrows. Other
contrast in the images includes; (A, B) contrast from the chemical segregation around <a>-type loops (this is not visible in low-Sn ZIRLO); (C) spps; and (D) <c>-type
dislocations. A typical STEM micrograph (c) depicting the microstructure captured with sample orientation close to the <2110> zone axis.
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analysis conducted previously has shown that similar rows of <a>-loops
correlate strongly with the location of high Fe concentrations, and that
the regions between the rows contain enhanced levels of Sn [17,27,28].

3.2. Xe' FIB — TEM results

Similar microstructure observations were made on the samples pre-
pared with the use of cryogenic Xe™ FIB. By cooling down the specimens
to —130 °C during final FIB milling the prevention of almost any hydride
formation in the TEM foils was achieved. This greatly enhances the ease
and reliability of the analysis of irradiation damage when compared to
samples prepared using ambient temperature FIB milling. Fig. 2 com-
pares the FIB foils prepared at ambient temperature (a) and at —130 °C
(b). Although Fig. 2(b) depicts a very clean region of the sample free
from any hydrides, there were still some areas with hydrides present in
very low volume fractions (Fig. 2(c)).

3.3. Ga' FIB - APT results

APT analyses were conducted to determine how much hydrogen was
detected in both the cryo- and ambient-FIB samples after preparation.
Analyses in both laser and voltage-pulsing modes were used to investi-
gate whether analysis conditions affected the levels and distribution of

hydrides A
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hydrogen detected. The following hydrogen-containing ions were
included in the peak overlap solving process: H", Hi, OH', H,0",
ZrOH3*, ZrH**, ZrH3", ZrH" and ZrHj. Fig. 3 demonstrates that per-
forming the final APT sample shaping at cryogenic temperatures greatly
reduces the levels of hydrogen detected in the analysed volume. A
general observation was made that more hydrogen was detected in the
ambient temperature FIB-prepared samples under analysis conditions
which result in higher electrostatic fields (indicated by higher ratios of
Zr3*/Zr?"), i.e. experiments conducted with lower laser energies or in
voltage mode. Since some of the samples that were evaporated at the
highest electrostatic fields contained large amounts of hydrogen (>40
at. %), we propose that these are likely to correspond to the hydride
regions observed in TEM foils. This observation may indicate that ZrHiy,
requires a higher electrostatic field for field evaporation than metallic Zr
[29].

The use of cryo-FIB reduced the measured values of apparent matrix
hydrogen levels to around 3 at. % in the atom probe samples, which is
similar to levels reported in Ti alloys [13] and values reported by
Mayweg et al. [12]. However, it is not possible to directly determine
how representative this is of the true hydrogen levels in the original bulk
material as opposed to how much arises from adventitious H introduced
during analysis. This makes the quantification of the true hydrogen
levels in a-Zr matrix difficult, although ways to estimate this have been
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Fig. 2. A comparison of the microstructures of TEM foils of proton-irradiated Low-Sn ZIRLO irradiated to 0.15 dpa, prepared via FIB at ambient temperature (a)) and
-130 °C (b, ¢)). The imaging condition is a kinematical two-beam condition with g = 0002, close to a < 2110> zone axis for a), b) and on zone axis <2110> for c).
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Fig. 3. Results comparing the levels of detected hydrogen in APT analysis in
both of the Zr alloys prepared using FIB at ambient or cryogenic temperatures.
The effect of field is also shown (as indicated by 7r3*/7r?* ratio). A variety of
laser energies (20 pJ - 80 pJ) were used as well as voltage-pulsing. Laser-pulsing
was performed at 60 K and voltage-pulsing was performed at 70 K with a pulse
fraction of 20 %.

recently proposed by Meier et al. [30]. They proposed that, under fixed
analysis conditions, it can be expected for H present in the APT chamber
to attach to the specimen at an approximately constant rate. Therefore,
reducing the time between evaporation events of ions from the specimen
will reduce the amount of time for H to absorb onto the surface and, as a
result, less H will be detected during the experiment. Measuring H levels
at several detection rates can be used to extrapolate to an effectively
infinite evaporation rate (i.e. zero time for H from the chamber to absorb
onto the sample), thus allowing an estimation of the true H content of
the specimen. Applying this method to one dataset from Zircaloy-2
neutron-irradiated to 3 dpa, allows us to estimate the matrix hydrogen
content in this sample to be 1.1 at. % (Fig. 4). This suggests that the
samples do contain a non-zero level of bulk hydrogen after cryo-FIB
preparation with Ga™ FIB, but it is not possible to give an accurate

Ga FIB - Cryogenic Temperatures
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Fig. 4. Extrapolation of hydrogen fraction to zero time between evaporation
events for a neutron-irradiated Zircaloy-2 to 3.5 dpa specimen prepared using
Ga' FIB at cryogenic temperatures. Laser pulse energy was 80 pJ, detection rate
was 1 %, and specimen temperature was 60 K.
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quantitative value as to how much of this was present in the materials
immediately after irradiation and how much was introduced during the
cryo-FIB milling process. Since typical levels of hydrogen in
neutron-irradiated Zr alloys are at least an order of magnitude lower [2,
30,311, it is highly probable that a large fraction of hydrogen detected
within the specimens is introduced during sample preparation, even at
cryogenic temperatures, or during sample transfer.

The reduction of hydrogen introduced into the samples prepared at
cryogenic temperatures compared to those prepared at ambient tem-
peratures is advantageous since it will enhance the signal-to-noise ratio,
where “signal” is defined as the hydrogenic species that arise from
hydrogen that was present in the initial samples prior to FIB preparation
and “noise” is any detected hydrogenic species from other sources. The
datasets from samples prepared at cryogenic temperatures and analysed
using voltage-pulsing or lower laser energies (20 pJ) had a random
distribution of hydrogen ions (Fig. 5), as determined by comparing
nearest neighbour distributions of hydrogen atoms with those in a mass-
shuffled dataset [32]. This suggests that any hydrogen that is present in
the o-Zr after irradiation or FIB milling is either homogeneously
distributed or does not segregate strongly enough to microstructural
features within the APT volumes to distinguish it from the background
hydrogen that arises from the chamber during analysis.

Distribution

= Observed
= Randomised

0.0 1.0 15 20

0.5
Distance (nm

Fig. 5. Atom maps from cryo-FIBed sample showing (a) Zr and (b) hydrogen
distributions in a low Sn ZIRLO sample irradiated to 27 dpa. (c) Shows the
observed and mass-shuffled nearest neighbour distributions for H—H. This
dataset contained 2.27 + 0.09 at. % H. Analysis temperature = 60 K, laser pulse
energy = 20 pJ. The bounding box for (a) and (b) is 45 nm x 46 nm x 55 nm.
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However, using higher laser energies (80 pJ) did lead to a non-
random distribution of hydrogen, with a higher concentration of
hydrogen present on the side of the specimen opposite to the laser-
incidence (Fig. 6). The non-randomness of the hydrogen distribution is
clearly visible in the nearest neighbour distribution in Fig. 6(c).

The non-random distribution of hydrogen observed in Fig. 6 is likely
an artefact due to the migration of H across the sample surface towards
regions of high field [33]. At laser energies greater than 40 pJ, the
hydrogen was consistently observed to be more concentrated on the
non-laser-incident side of the atom probe samples, which is likely to
complicate analyses of the spatial distribution of hydrogen in APT
datasets.

3.4. Xe' FIB — APT results

A Zircaloy-2 specimen proton irradiated to 0.15 dpa at the Bragg
peak was prepared with the same pFIB microscope used for TEM sample
preparation utilising a Xe plasma beam with the sample at ambient and
cryogenic (—130 °C) temperatures. The APT data analysis procedure for
estimating hydrogen content was conducted following the same meth-
odology as employed for Ga™ FIB prepared samples, including solving of
overlapping peaks. When an extrapolation line is fitted to these data, as
described by Meier et al. [30], the matrix hydrogen concentration is
estimated to be 0.12 at. % in the proton irradiated Zircaloy-2 specimen
(Fig. 7).

To compare the measured hydrogen content after Ga™ FIB and Xe™"
FIB sample preparation, Fig. 8 presents the values obtained through APT
analysis of samples prepared at both ambient and cryogenic tempera-
tures. Both techniques yield comparable results, with much higher
hydrogen content in samples prepared at ambient temperature; 50-55
at. % H and 3 - 5 at. % H respectively. This clearly shows the effec-
tiveness of cryogenic sample preparation using both FIB ion beams. It
can also be seen in Fig. 8 that there is one ambient temperature dataset
containing very low hydrogen content from the Xe™ FIB samples. The
apparent deviation from the expected trend could be attributed to the
possibility that this APT analysis examined a region free from
preparation-induced hydrides. This observation is Fig. 2a, which illus-
trate that there are significant volumes of matrix material between the
FIB-induced hydrides. This localized variation may account for the
observed variance in the hydrogen content measurements in the samples
prepared at ambient temperature.

4. Discussion

Care must be taken during FIB sample preparation if one wishes to

Zr
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Fig. 7. Extrapolation of hydrogen fraction to zero time between evaporation
events for Zircaloy-2 proton irradiated to 0.15 dpa. Laser pulse energy was 80
pJ, detection rate 0.3 %, and specimen temperature was 60 K.

quantitatively analyse an irradiated microstructure, especially in Zr-
based alloys, due to the point defects and artefacts in the form of hy-
drides that are potentially introduced by the ion beams themselves.
These features can obscure or complicate subsequent analyses of the
original irradiation damage. Whilst it is assumed that the hydrogen
content within the high vacuum environment of the FIB chamber, which
can reach as low as 107> to 107° Pa depending on the equipment, is very
low, this may not always be the case. For example, it has been repeatedly
observed that even in APT systems, where the vacuum is much better
(typically around 10719 Pa), that the residual gas is mostly hydrogen [29,
34], and this can readily adsorb onto the surface of specimens. Per-
forming the final FIB milling stages at cryogenic temperatures has been
shown to greatly reduce the hydrogen introduced into both the TEM foils
and APT samples of the Zr specimens studied here; this is beneficial as it
allows quantitative analysis to be performed more easily on the original
irradiated microstructure.

4.1. Cryogenic temperature prepared TEM foils
Cryogenic temperature thin foil preparation for TEM investigation

proves advantageous for the analysis of irradiation-induced defects in
HCP materials. This approach is particularly beneficial as it helps

(c)

80001

Distribution

= Observed
= Randomised

60007

40001

Count

20001

1 2
Distance (nm)

Fig. 6. Atom maps from cryo-FIBed sample showing (a) Zr and (b) hydrogen in low Sn ZIRLO sample irradiated to 27 dpa. (c) Shows the observed and mass-shuffled
nearest neighbour distributions for H—H. Dataset contained 3.21 + 0.02 at. % H. Analysis temperature = 60 K, laser pulse energy = 80 pJ. The bounding box in (a)

and (b) is 96 nm x 100 nm x 323 nm.
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Fig. 8. APT measured hydrogen content (at. %) from Ga* FIB and Xe* FIB prepared samples at ambient and cryogenic temperatures. Specimens were analysed in
both voltage and laser mode and using a variety of evaporation rates, which may explain some of the variance in the measured H level.

mitigate the risk of small hydrides being mistaken for dislocation loops,
thereby improving the precision of quantifying defect concentrations.
Furthermore, ambient-temperature prepared foils often show <c>-type
dislocations near hydrides, thus posing the question as to whether the
hydride nucleated at a < c>-dislocation, or the dislocation was formed
due to the strain around the hydride when it nucleated [35]. The hy-
drides exert a large strain on the surrounding matrix due to the large
lattice parameter mismatch [36], so there is a concern that significant
FIB-induced hydriding could be causing unwanted changes to the
microstructure. This includes potential changes in the nature of hydride
formed in-service during subsequent ion beam milling at ambient tem-
perature [2,11,12]. Thus, being able to minimise FIB-induced hydriding
gives greater confidence in the microstructural characterisation.

Although both Ga™ and Xe™ plasma FIB milling methods induced
hydride formation at ambient temperature, the extent was more pro-
nounced after Xe™ FIB milling (compare Figs. 1 and Fig. 2). The hydrides
formed were longer (>~350 nm) for Xe™ FIB versus (~200 nm) for Ga™
FIB. This discrepancy could be caused by differences in the milling
voltages employed for Ga™ (5 kV) and Xe™ (2 kV) milling at ambient
temperature, as Hanlon et al. [8] showed that hydride formation is more
pronounced at lower accelerating voltages. The observed differences in
this study may also be influenced by factors such as the condition of the
microscope, the runtime of the ion source (particularly if it is nearing
servicing), residual chamber vacuum levels, and the milling current,
which has been shown to affect hydride formation during milling [17].
Also, variations in time between sample preparation and analysis, dur-
ing which the samples were left at ambient temperature, may impact the
hydrogen levels in the samples. Additionally, the irradiation dose
received by the samples prior to FIB preparation can impact the density
of point defects and dislocations, thereby influencing hydride formation
during sample preparation. Given the limited number of available TEM
foils to enable an accurate and representative comparison between the
two techniques, it is important to exercise caution in drawing definitive
conclusions.

Additionally, it is worth noting that FIB milling itself might introduce
radiation damage, which can influence hydrogen diffusivity, leading to
its pickup and subsequent hydride formation [37,38]. However, this
effect was found to be minimized by cryogenic temperature milling,
which is believed to suppress point defect mobility, as demonstrated in a
study by Li et al. [15] after their Ga* FIB milling experiments.

4.2. Cryogenic temperature prepared APT tips

After FIB milling at cryogenic temperatures, there were only small
variations in the total levels of hydrogen detected during the APT ex-
periments; this is likely because these experiments were all performed in
laser mode with fairly similar times between evaporation events. In
samples prepared at ambient temperatures, voltage-pulsing may lead to
higher levels of hydrogen being detected during analysis when
compared to samples analysed using high laser pulse energies. This
observation aligns with [39], although Mayweg et al. [12] propose that
voltage pulsing yields more consistent hydrogen content data compared
to laser pulsing mode, based on their APT analysis of Zircaloy-2 speci-
mens. However, Meier et al. [30] and this study have shown that the
time between evaporation events is strongly correlated with measured
hydrogen during APT experiments. Since the majority of articles in the
literature fail to report this key parameter, it may be that some of the
variations in measured hydrogen levels between laser and voltage mode
is explained by the lower detection rates typically employed in
voltage-pulsing experiments, which leads to an increase in time between
evaporation events.

4.3. Comparisons between Ga™ vs Xe" FIB

When comparing Ga™ and Xe" FIB milled samples, a similar reduc-
tion in hydrogen content was observed after cryogenic temperature
milling (Fig. 8) which might be aided by the low diffusivity of hydrogen
at this temperature [13,15]. Extrapolation to higher evaporation rates
allows us to estimate the initial bulk hydrogen content of the samples
prior to APT analysis [30], which might also be affected by the irradi-
ation dose and hence the dislocation density of the starting material.

Fig. 9 depicts the hydrogen content measured after employing
varying pulse frequencies on both Ga* FIB and Xe" FIB prepared sam-
ples. As expected, both samples have decreasing measured hydrogen
content as the time between evaporation events decreases. Extrapolation
to zero time between evaporation events indicates that the cryogenic
Xe™ FIB sample appears to have a slightly lower hydrogen content (0.1
+5.4at. % vs 1.1 + 3.7 at. % for the Ga* FIB sample), although the 95 %
confidence intervals for the two fits overlap. It is therefore not possible
to definitively determine if there is a difference in the level of hydrogen
introduced by Xe' and Ga™ ion beams. Potential differences might be
attributed to the difference in ion weight resulting in a higher sputtering
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Fig. 9. The hydrogen analysis results obtained from APT for tips prepared using
both Ga' FIB (Zircaloy-2 to 3.5 dpa) and Xe" FIB (Zircaloy-2 to 0.15 dpa)
methods were overlaid in the same plot, revealing similar trends. Both exper-
iments were performed at 60 K using a laser pulse energy of 80 pJ.

rate for the Xe™ FIB [16], implying that Xe™ ions induce less damage to
the material below the surface [40,41] and potentially less implantation
of hydrogen into the bulk of the material. This could lead to hydrogen
being confined mostly at the near surface of the material and might
account for the observed lower bulk hydrogen content after Xe' FIB
preparation (Fig. 7). Another possible source of the difference is that the
Xe' cryo-FIB preparation was performed at a slightly lower temperature
(130 °C) than the Ga™ cryo-FIB (=90 °C), which may impact the
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diffusion rate of hydrogen into the samples during FIB milling. However,
caution should be exercised in attributing this difference solely to the
different temperatures since there are other potential explanatory var-
iables, such as the residual hydrogen content of the chambers of the
different FIB instruments, that are unknown and may vary appreciably.
As a result, we suggest that the different intercepts at 0.1 at. % and 1.1
at. % in the cryo-FIB experiments do not yet give us confidence that use
of the Xe" ion FIB is introducing less H into the samples than the Ga™ ion
FIB.

The APT-estimated level of 0.1 at % H content in proton-irradiated
Zircaloy-2 after FIB preparation is consistent with the SRIM calcula-
tions, see Fig. 10. The value calculated by SRIM is below 0.1 at % H at
the plateau depth of proton irradiation where the APT investigations
were performed. This finding shows that the SRIM hydrogen implanta-
tion calculation matches the measured values fairly well.

5. Summary and conclusions

The interaction of hydrogen atoms with zirconium alloys is of high
interest to the nuclear materials community. However, experimentally
imaging hydrogen is difficult and further complicated by the fact the
standard sample preparation methods can induce hydride formation in
specimens. This also impacts the ease and reliability with which
irradiation-induced damage in zirconium alloys can be characterised.

In this article both cryogenic Ga* and Xe' ion beam-prepared
specimens demonstrated a notable decrease in hydride formation and
a reduced introduction of hydrogen compared to the same methods
performed at ambient temperatures. The bulk hydrogen content per
sample before APT analysis was found to be lower in cryo Xe " prepared
samples compared to cryo Ga' prepared ones. This difference may be
attributed to the lower implantation depth of Xe™ ions, differences in the
FIB instruments (e.g. stage temperature, hydrogen content of the FIB
chamber) that were used, or it may be because of pick-up during sample
preparation and different irradiation exposure conditions of the samples
that were analysed leading to differing levels of hydrogen within the
specimens prior to FIB preparation. Indeed, the limited number of
samples analysed in this study underscores the need for further inves-
tigation into the topic, but it appears that zirconium specimens prepared
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Fig. 10. SRIM calculated damage and hydrogen implantation profile of a 0.15 dpa (60 % Bragg peak) proton irradiated Zr.
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using Xe ™" ions at cryogenic temperatures are comparable to those pre-
pared using Ga' ions under the same conditions.

The consistent maintenance of cryogenic temperatures by the cryo-
stage during the final sharpening/thinning procedure is crucial for
minimising any hydrogen uptake by the Zr alloys. Therefore, cryo-FIB
should be used whenever possible to enhance the reliability of TEM
and APT data. Future work should investigate the role of transferring
samples under vacuum and cryogenic temperatures between the FIB and
TEM/APT to study the influence that this may have on measured
hydrogen levels. Once these issues are addressed, it may be possible to
organise systematic studies that investigate the relationship between
irradiation damage, hydrogen trapping, and hydride formation.
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