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We report results from atom probe tomography (APT) experiments capturing Zr(Fe,Cr), second phase particles
(SPPs) in Zircaloy-2-type fuel cladding after reactor operation. In light of recent reports of H trapping around
SPPs, we assess the feasibility of H analysis in modern commercial atom probe instruments on this system. To this
end we employed voltage and laser pulsing APT on specimens prepared by focused ion beam (FIB) at room and
cryogenic temperature. Room temperature FIB caused transformation of the a-Zr matrix into 8-hydride, but left
SPPs mostly unaffected. This indicates that o-Zr has a higher affinity for H than SPPs. However, even under

optimized conditions, we were not able to find evidence for H trapping near SPPs located within the a-Zr matrix
in cryogenically FIB sharpened specimens, where no hydride transformation occurs.

1. Introduction

Hydrogen pick-up (HPU) and associated hydride formation is one of
the most relevant degradation mechanisms in Zr-based nuclear fuel
claddings [1], which are standard in water-cooled and -moderated nu-
clear power reactors. Zr is used because of its small capture cross section
for thermal neutrons and good corrosion resistance and these alloys
contain typically > 98 wt% Zr. While most newly developed Zr-based

* Corresponding author.

claddings contain Nb (which are used in pressurized water reactors
(PWRs)), the present work deals with Zircaloy-2-type cladding material —
the main alloying elements are Sn, Fe, Cr, and Ni - as these alloys are still
used in boiling water reactors (BWRs), and general insights regarding
HPU and hydride formation would be relevant for all Zr-based materials.
In Zircaloy-2, Sn is (at least initially) in solid solution while Fe, Cr, and Ni
with a solubility of <10 ppm [2] form intermetallic precipitates Zr(Fe,
Cr)y and Zrp(Fe,Ni) [3] that are often referred to as second phase

E-mail addresses: david.mayweg@chalmers.se, david.mayweg@gmail.com (D. Mayweg).

https://doi.org/10.1016/j.jnucmat.2024.155343

Received 15 May 2024; Received in revised form 6 August 2024; Accepted 9 August 2024

Available online 11 August 2024

0022-3115/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:david.mayweg@chalmers.se
mailto:david.mayweg@gmail.com
www.sciencedirect.com/science/journal/00223115
https://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2024.155343
https://doi.org/10.1016/j.jnucmat.2024.155343
https://doi.org/10.1016/j.jnucmat.2024.155343
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2024.155343&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D. Mayweg et al.

precipitates/particles (SPPs). In order to understand the processes of HPU
and hydride precipitation it is of interest to find out which microstruc-
tural features are H sinks. Simulations have proposed that the a-Zr
matrix in direct vicinity Zr(Fe,Cr), precipitates are low-energy sites for
H [4,5], a claim recently backed up by secondary ion mass spectrometry
(SIMS) experiments on autoclave-corroded Zircaloy-2 and Zircaloy-4
spiked with deuterium (elemental symbol D or 2H) [5].

However, virtually all experiments attempting to detect and espe-
cially quantify H are challenging tasks. Such is all the more true when it
is attempted with the spatial resolution that is necessary to target SPPs
that have diameters in the range of some ten to a few hundred nm prior
to irradiation [6]. During irradiation, Zr(Fe,Cr), SPPs are amorphized
and dissolved, releasing Fe and Cr into the matrix [7-10]. This disso-
lution is promoted through irradiation damage from fast neutrons that
create characteristic defects in hexagonal metals such as Zr. Such are
a-loops on near-prismatic planes that align in layers parallel to basal
planes and form early during irradiation as well as — much larger —
c-loops that lie on basal planes and only emerge at higher fluence [11,
12]. When Fe and Cr are redistributed during irradiation, they segregate
to irradiation-induced defects (mostly at a-loops) [8,9].

Atom probe tomography (APT) is a technique that is capable of
characterizing chemical compositions with a spatial resolution below 1
nm in 3D [13], while it can detect any element including - in principle —
H. At the same time is has been pointed out by many authors that H
quantification in APT is not straightforward, neither in general [14-16]
nor for Zr [17,18]. The key challenge is to distinguish between H (spe-
cies) originating from within the sample and contaminant H that ap-
pears to be nearly always present inside stainless-steel analysis
chambers of commercial atom probe instruments [19] and is also picked
up during specimen preparation [20]. Furthermore, the parameters used
for specimen preparation, especially focused ion beam (FIB) milling and
the APT experiment itself, play a significant role in the measured
amount and distribution of detected H. One key challenge is that
FIB-based preparation of thin specimens for APT and transmission
electron microscopy (TEM) at ambient temperatures almost always
leads to H ingress that causes transformation of a-Zr to &-hydride
[21-23] (sometimes also y-hydride [21]). This H uptake and the sub-
sequent transformation can be suppressed by performing the FIB prep-
aration at cryogenic temperatures [21,24]. In the present work we
report APT results of H measurements of specimens from irradiated fuel
cladding that captured SPPs and discuss the influence of experimental
set-ups and the limits of insights that can be gained from such
experiments.

2. Materials and methods

We received segments of fuel cladding tubes from two from two al-
loys (further results have been published in [2,23,25]). The fuel rods
with these tubes were located directly next to each other in a fuel as-
sembly produced by Westinghouse Electric Sweden AB (Vésteras, Sweden)
and were removed after 2082 days of operation at 286 °C coolant
temperature in the BWR Oskarshamn 3, operated by OKG AB, in 2008
and stored in a spent fuel pool (water temperature < 60 °C). They were
then transported to Studsvik Nuclear AB (Nykoping, Sweden) in 2018
and, after de-fueling and cutting, delivered to Chalmers University of
Technology (Gothenburg, Sweden) in 2019. The compositions in the
as-produced condition are provided in Table 1. From each alloy, samples
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with damage levels of 9 and 19 dpa were investigated (in [2,23] we
reported 8.6 and 38 dpa; we have since received the new value for the
higher fluence samples after a reassessment from the manufacturer).
There was no discernable difference between samples of equal damage
level from the two alloys that could be observed by APT (e.g., the
average matrix contents of Fe, Cr and Ni that we reported in [2] are only
minutely different). In the following we do only identify the specimens
with respect to their parent sample, but do not discuss alloys and
damage levels separately. The bulk H concentration after operation
(measured by hot vacuum extraction) was 200 + 29 wt ppm (~ 1.8 at%)
in the Zircaloy-2 tube and 134 + 9 wt ppm (~ 1.2 at%) in the Zircaloy-2
Fe+ tube, respectively, most of which was present in hydrides. The
model alloy Zircaloy-2 Fe+ is similar to HiFi [26] with only a minor
difference in Cr content.

Standard procedures for APT specimen preparation [27] were per-
formed as follows: lift-out and mounting on Si coupons for APT and grids
for correlative TEM and APT was carried out using an FEI Versa 3D,
which was also used for annular milling at room temperature (RT).
Annular FIB milling at RT in our materials virtually always leads to a
transformation from a-Zr — &-hydride [23]. It should be noted that
Ziracloy-4 and Nb-containing Zr alloys might be slightly less prone to
this effect than the here investigated Zircaloy-2-type alloys. We addi-
tionally performed annular milling under cryogenic conditions on some
specimens in a Tescan GAIA3 equipped with a Leica VCT-500 cryo-stage
cooled with liquid N, (stage temperature below — 150 °C, cold trap
below — 180 °C) to prevent H uptake [21,23,28]. This suppressed the
transformation but resulted in a very low success rate in voltage pulsing
mode and most specimens fractured after only a few hundred thousand
ions had been detected. Specimen preparation for TEM was also per-
formed under cryogenic conditions to suppress hydridation. After initial
TEM imaging we attempted the removal of surface damage to improve
the image quality in a Fischione 1010 ion mill at — 96 °C. This, however,
led to formation of hydrides on the foil’s surface that prevented us from
obtaining images of dislocation loops with better quality. These induced
surface hydrides were different from FIB-induced hydrides, which
penetrate through the bulk of the lamellae.

APT experiments were performed in a LEAP 3000X HR and a LEAP
6000 XR in voltage and laser pulsing mode; some experimental param-
eters are listed in Table 2. More detailed information and mass spectra of
all datasets presented here can be found in the supplementary material.
Field ion microscopy (FIM) was carried out in the LEAP 3000X HR at 17
K (minimum temperature, stage heater turned off) using Ne as imaging
gas after evaporation of approximately 200,000 ions to clean the sur-
face. This experiment was carried out using the software packages LCC
and DAVis, and images were created from screenshots of eFIM videos.
eFIM means that the multi-channel plate detector is used for recording
FIM images as opposed to the classically employed fluorescent screen.
Reconstructions (voxel size 1x1x1 nm, delocalization 1.5x3x3 nm)
were created in AP Suite 6.3 using the positions of crystallographic poles
and interplanar spacings for calibration in the case of voltage pulsing
APT experiments [29,30], whereas laser pulsing measurements were
reconstructed with default parameters. Field evaporation images (FEIs)
used for obtaining information about the crystallographic orientation of
the specimens were created using MATLAB scripts from Breen et al. [31]
and Heller et al. [32]. The field strengths were calculated using charge
state ratios (CSRs) based on Kingham’s theory [33] using the equation
and parameters given by Tegg et al. [34]. The supplementary material

Table 1
Composition of cladding tubes in as-produced condition.
Alloy Fe Cr Ni Sn o C Si N Al
Zircaloy-2 Fe+ (at%/at ppm) 0.58 0.31 0.097 1.00 0.68 / 900 290 250 <100
4 (wt%/at ppm) 0.36 0.18 0.063 1.31 0.12 / 120 90 38 <30
Zircaloy-2 (at%/at ppm) 0.29 0.23 0.094 1.14 0.68 / 1100 290 260 <100
4 (wt%/at ppm) 0.18 0.13 0.061 1.49 0.12 / 143 91 40 <30
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Table 2
Overview of experimental parameters used in the APT measurements.
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Data set Pulsing Temperature Pulse fraction Laser pulse energy Pulse frequency Detection rate LEAP Annular milling
shown in mode X (%) (LPE) (pJ) (kHz) (%) model temperature ( °C)
Figs. 2, 3 Voltage 92 20 - 250 0.2 3000XHR < -150

Fig. 4 Voltage 84 20 - 250 0.2 3000X HR < -150

Fig. 5 Voltage 70 20 - 200 0.2 6000 XR ambient

Fig. 6 Laser 60 - 50 200 0.5 6000 XR <-150

Fig. 7 Laser 50 - 50 100, 200 0.5 6000 XR ambient

includes the mass-to-charge spectra of the datasets presented in this
paper as well as a spreadsheet containing more information about the
experimental parameters used in the APT experiments. TEM was per-
formed using an FEI Titan 80-300 at 300 kV.

3. Results
3.1. TEM

Fig. 1(a) is a bright field image of a Zr(Fe,Cr),-SPP with near two-
beam imaging conditions highlighting a-loops. The lamella is rela-
tively thick so individual a-loops cannot be distinguished. The linear
features near the SPP are therefore most likely arrays of a-loops poten-
tially with significant segregation of Cr (as shown in many instances in
the literature [7-10,23,35] and in the APT results in the following sec-
tions). Fig. 1(b) is a centered dark field image of the same SPP, the
amorphous nature of which is demonstrated by the diffraction pattern
shown in Fig. 1(c). This amorphous nature might extend to the Cr-rich
clusters (or precipitates) that form when Cr released from SPPs segre-
gates to a-loops. The damage level is such that most likely Fe has largely
moved to the matrix, where it is located in clusters at a-loops, while most
Cr is retained in the SPPs [36].

3.2. Voltage pulsing APT and FIM

Fig. 2 shows a reconstruction from a specimen sharpened under
cryogenic conditions (Zircaloy-2 Fe+, 19 dpa). The measurement was
performed in voltage pulsing mode with 20% pulse fraction (PF) at ~ 92
K, a pulse frequency of 250 kHz and a detection rate of 0.2%. We used

this uncommonly high base temperature after approximately 20 mea-
surements on specimens at 70 K had not resulted in a single dataset with
more than a few 100,000 ions. While this is a comparatively high tem-
perature where surface migration is expected [37,38], the field was still
sufficiently high to avoid the presence of H3 and H{ [14,39,40], which
makes interpretation of mass spectra relatively straightforward. Our
measurement captured a part of a Zr(Fe,Cr)2-SPP and Cr-rich clusters
that are arranged in layers parallel to basal planes, thus resembling
a-loop distributions found in irradiated Zr-alloys (see Fig. 2(a)). The FEI
in Fig. 2(b) reveals the positions of several poles, which are labelled in
the stereographic projection below. The fraction of H detected in a-Zr,
including clusters and away from the main pole, is ~ 0.4 at%, while the
SPP volume contains ~ 1.5 at% H. Here, H was detected mostly as H',
but also some ZrH™ [41].

In addition to the Cr, Fe, and H profiles, the proximity histogram
([42], also called ‘proxigram’) in Fig. 2(c) shows the Zr CSR (defined as
the ratio of Zr'** and Zr'" ions), which gives an indication of the
electric field strength [33]. Simply put, higher field strengths lead to
higher post-ionization of a field-evaporated ion and the detected charge
states can in turn be used to estimate the field. This can be done globally
for an entire mass spectrum to be used as an input for the reconstruction
algorithm and it can be used to map field variations across a specimen
(compare, e.g., [28]). The H-profile in Fig. 2(c) qualitatively follows the
inverse of the CSR, i.e., H is low in the high-field region (~ 31.3 V/nm)
and high in the low-field region (~ 29.8 V/nm).

Fig. 3 comprises additional information about the H distribution
obtained from the last 400,000 ions of the a-Zr dataset seen in Fig. 2.
Fig. 3(a) displays the single hit ions and highlight density variations. The
position of the (0002) pole in the upper left is visible and the inset shows

Fig. 1. TEM of an amorphized Zr(Fe,Cr),-SPP in Zircaloy-2 Fe+ (19 dpa): (a) Bright field image, zone axis close to [1216], (b) centered dark field image, zone axis
close to [0110], and (c) convergent beam diffraction pattern from the center of the SPP.
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Fig. 2. Voltage pulsing APT measurement of a cryo-FIBed specimen capturing a dissolving Zr(Fe,Cr),-SPP and FeCr clusters in Zircaloy-2 Fe+. (a) Reconstruction
displaying Fe, Cr, and (very few) Ni ions and a 30 at% Fe+Cr isoconcentration surface (ICS). (b) FEI and stereographic projection with identified poles. (c) Proximity

histogram (‘proxigram’) of the 30 at% Cr ICS of the SPP. Experimental parameters: base temperature 92 K, 20% PF, 250 kHz pulse frequency, 0.2% target detec-
tion rate.

(@)  Singles (b) H (c) Cr

Fig. 3. Distribution of ionic and atomic species in the last 400,000 ions of the reconstruction in Fig. 2. (a) Single events showing high density in the SPP (lower right)
and density variations in the a-Zr matrix, especially around the (0002) pole (see inset). (b) H map with increased H inside the SPP and around the (0002) pole. (c) is a

Cr map. The three maps in (d)—(f) illustrate the changes in the evaporation field in terms of Zr: maps of (d) Zr" "™, (e) Zr* *and (f) the evaporation field calculated
from the CSR according to [34].
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the positions of further poles from the a-Zr matrix (similar to Fig. 2(b)).
This pole is the position of highest fraction of H as shown in the map in
Fig. 3(b). The SPP region, marked by the high Cr fraction in Fig. 3(c),
shows a slightly increased H fraction in comparison to the a-Zr that is
also reflected in the proxigram in Fig. 2(c), while it is slightly lower than
at the (0002) pole. Fig. 3(c)-(f) provide information about the spatial
distribution of the evaporation field. They show that there is a difference
between the o-Zr matrix, the SPP, and the (0002) pole that is inversely
correlated with the local H fractions. This is most evident from the maps
showing the distribution of the Zr*™ ions in (f) and the field strength in
(e), which shows that the field is lowest at the (0002) pole (< 29 V/nm),
highest in the a-Zr away from the main pole (up to 32 V/nm) and close to
30 V/nm inside the SPP. The apparent homogeneity of field and H dis-
tribution within the SPP might be related to the amorphous nature of the
SPP, i.e., the absence of crystallographic planes.

Fig. 4(a) is a map of the atomic density of H (H" and ZrH" *ions) from
a small APT data set (180,000 ions reconstructed, total 0.8 at% H)
collected prior to the FIM experiment and a FIM image acquired at ~
4944 V using Ne as imaging gas at a base temperature of 17 K. Black and
white circles in Fig. 4(b) mark ideal pole positions inferred from a ste-
reographic projection. We were not able to achieve stable imaging
conditions, i.e., field ionization of Ne without evaporation from the
specimen, which we cannot satisfactorily explain. It could be related to
alloying elements of different evaporation fields present in the specimen
— especially Sn with approximately 1.3 at%, which has a significantly
lower evaporation field [33]. We calculated the global field based on the
Zr ion charge states present in the mass to charge spectrum of the entire
APT dataset. Since three charge states are found (Zr'", Zr*** and
Zrt*") we did the calculations for Zr*™t/Zr"t and Zr* Ttz
which results in fields of ~ 30 and ~ 38 V/nm, respectively. The latter
value has a rather high relative uncertainty of >20% due to the low
number of quadruply charged ions [34] and was not considered for the
following calculation. Using the value of ~ 30 V/nm for the field, we
then estimated the apex radius at the end of the APT measurement, i.e.,
at the start of the FIM experiment (Vg = 4073 V, image compression
factor = 1.36 from positions of crystallographic poles, k = 6.47 from
adjustment of the interplanar spacings) to be r ~ 21 nm. This value
appears to be reasonable since we have observed apex radii of
FIB-sharpened specimens slightly larger than 10 nm by TEM (see
Fig. S6). Using these values and the voltage at which we saw the best
FIM image (~ 4944 V) we calculate a best imaging field (BIF) of ~ 36.4
V/nm, which is in good agreement with the value of 37 V/nm reported
in [43]. It appears to be challenging to image Zr by FIM [44] and we did
not find any report of imaging (0002) poles of hexagonal transition

H atoms/nm3
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metals by FIM for comparison. It is however, not entirely clear why we
did not observe formation of a stable FIM image, since it has been re-
ported that even imaging of Al with He is possible at 20 K [45] and the
evaporation field for Al is lower than that of Zr and the ionization field of
He is higher than that of Ne. A potential but finally unsatisfactory
explanation could be the presence of H, which is known to reduce the
field necessary for ionization [46,47]. This however, is only expected at
higher partial pressures of Hy [47] and the global field we estimated is
the typical one reported for Ne without addition of Hy, which also would
have significantly altered the spectrum obtained in the APT experiment
[41] prior to FIM. What can be more confidently explained is that ter-
rasses away from the largely unidentifiable (0002) pole are clearer. This
is likely caused by anisotropic evaporation resulting from the anisotropy
of the work function [48,49], which is highest for (0002) planes [50].
The probability of an evaporation event is therefore highest around this
pole leading to preferred removal of atoms, which then leads to a lower
number of field ionization events per atom. In addition, the field is also
lower due to the lower local curvature further reducing the number of
field ionized Ne atoms.

The relevant difference of the specimen depicted in Fig. 5(a) (Zir-
caloy-2, 19 dpa) in comparison to the one from Figs. 2 and 3 is that
annular milling was performed at RT, which caused significant H uptake
leading to the expected transformation of the a-Zr matrix into §-hydride
[21-23]. This is demonstrated by the indexed FEI in (b) and also
confirmed by the H profile in the proxigram in Fig. 5(c), which shows the
large H fraction of the matrix. Like in the previously depicted case the H
fraction shows an inverse relationship with the CSR: from the §-hydride
volume (measured H approximately 45 at%) the H fraction drops to
below 10 at% (potentially even significantly lower, but the SPP volume
is relatively small and at the edge of the dataset) while the CSR is low in
the matrix and high inside the SPP. It is noteworthy that the field (~ 30
V/nm) inside the SPP is comparable to that found within the one in
Fig. 2, while the field in the &-hydride (former a-Zr) matrix (~ 28.5
V/nm) is much lower than in the a-Zr (~ 31.5 V/nm), which might be
caused by the fact that the presence of H reduces the evaporation field of
metals [46,51] or that the hydride has a lower density and the atoms are
less strongly bonded. Note that the SPP volume captured is compara-
tively small but was the only voltage pulsing dataset of its kind that we
obtained. H distributions in matrix and SPP as described above were also
qualitatively observed in large Cr- and Fe-rich clusters, which resemble
SPPs with respect to their composition but are more prone to APT
related artifacts due to their smaller volumes.

(0002)

Fig. 4. Hydrogen distribution in a-Zr (Zircaloy-2 Fe+) around the (0002) pole. (a) 2D-map of the density of hydrogen (atoms/nm®) from the APT dataset (around
180,000 ions) recorded before FIM imaging. (b) is an eFIM image taken at 17 K with pole positions from a stereographic projection overlay (white circles).
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Fig. 5. Reconstruction from a voltage pulsing APT measurement of an RT-FIBed Zircaloy-2 (19 dpa) specimen containing Cr-rich clusters including a small volume of
a Zr(Fe,Cr)»-SPP in Zircaloy-2. (a) Reconstruction displaying Fe and Cr ions and a 20 at% Fe+Cr ICS. (b) Proximity histogram of the 25 at% Cr ICS. Experimental
parameters: base temperature 70 K, 20% PF, 200 kHz pulse frequency, 0.2% target detection rate.

3.3. Laser pulsing APT

Fig. 6 provides information from a laser pulsing measurement (LPE
60 pJ, 50 K, Zircaloy-2, 19 dpa) of a specimen sharpened under cryo-
genic conditions that captured a small fraction of a Zr(Fe,Cr),-SPP.
Unfortunately, insights regarding the H distribution are very limited.
The SPP is located at the apex of the specimen (see Fig. 6(a)) and has
been partially oxidized during the transfer from the FIB instrument to
the LEAP as can be seen in the ZrO ion map and the STEM image in (b).
In other specimens that are not shown here we observed that in regions
with significant O fractions, H was reduced and FIB-induced trans-
formation into hydride was suppressed. We believe therefore that the
measured H distribution in high O regions is not representative. In
addition, the distribution of H-containing ionic species is strongly (anti)
correlated with the laser incident side. This is illustrated in Fig. 6(c): the
fractions of H" and H3 are virtually zero on the side illuminated by the
laser and unrealistically high on the opposite side. The ZrH™ " fraction is
close to zero at a similar position as well as at a crystallographic pole.
Fig. 6(d) highlights a noteworthy observation, namely that the ZrH*™"
fraction — and not the H™ and H3 fractions — is reduced in Cr-clusters
(dashed ellipses) compared to the matrix. Since they are located close
to the center of the tip, these clusters are not oxidized and might indicate
a lower affinity for hydrogen compared to the surrounding matrix. In
this instance it is notable that the CSR is not changing significantly be-
tween the matrix and the clusters, which is depicted in the proxigram of
one cluster in Fig. 6(e). To avoid incorporation of O-rich volumes in the
calculation of the proxigram, a cylindrical volume with a 10 nm diam-
eter near the center line of the specimen, i.e., away from the oxidized
volume (see shaded area in (b)) was exported and the proxigram was
then obtained from this sub-volume.

Fig. 7 is showcasing a section from a reconstruction of a dataset from
a specimen FIB-milled at RT (LPE 50 pJ, 50 K, Zircaloy-2, 9 dpa) that
contains a Zr(Fe,Cr),-SPP. Fig. 7(a) highlights the SPP and the Cr-rich
clusters as well as Fe clusters, which are aligned parallel to a set of
(111)-planes (8-hydride). The maps in Fig. 7(b) show the atomic frac-
tions of H, Cr and Fe from a 10 nm thick slice perpendicular to the
specimen axis; the measured H fraction is inhomogeneously distributed
and reaches unrealistically high values of up to 90 at%. In the SPP
volume (high Cr and Fe) H is measured to be near 30 at%. The fraction of
ZrH" " ions is close to zero inside the SPP (comparable to Fig. 6(d) and
(e)) while H"and Hj are both detected there.

4. Discussion
4.1. FIB-based specimen preparation for H analysis by APT

It is well known that in order to perform meaningful H APT analyses
of Zr and other metals that have high affinity to H, like Ti and Hf,
annular milling by (both Ga and Xe-plasma) FIB [24] has to be per-
formed at low temperatures that prevent the ingress of H into the ma-
terial [23,24,52]. While investigating the ‘real’ H distribution therefore
does not allow for RT-FIB preparation, samples prepared in that manner
can still contain useful information. For example, they can be used as a
simple way to experimentally assess the H affinity of a microstructure
qualitatively (here SPPs, clusters, matrix). Furthermore, all other ele-
ments are not noticeably affected and analyses can be conducted irre-
spective of the H signal [23].

4.2. Pulsing mode and H detection

As a general statement, our results confirm what has been demon-
strated in previous work on bulk Ti 8-hydride (TiDy) [28] and
FIB-induced Zr §-hydride [23], namely that voltage pulsing is to be
preferred when attempting H (or D) analysis. The main advantages are
that overall, much less H is detected, fewer H-containing species (mo-
lecular ions) are found and the ionic density is more homogenous [28], i.
e., there is for example no asymmetric distribution of H-containing
species due to the laser illumination from one side as seen in Fig. 6 (see
also [53]). Furthermore, laser pulsing of hydride specimens sometimes
leads to very inhomogeneous H distributions, that do not resemble any
known phases or microstructural features [28]; see Fig. 7 as a prime
example where the H fraction varies between approximately 30 and 90
at% due to surface diffusion facilitated by heating through the laser
[28]. However, in certain cases conclusions about H distributions can be
obtained from laser pulsing APT, e.g., in cases where the H distribution
cannot be explained by APT artefacts or acts in a manner opposed to the
expected trend [53].

4.3. H distribution in SPPs and matrix

Table 3 provides a qualitative comparison of the APT measurements
from different experimental work-flows: FIB-milling at ambient and
cryogenic temperatures resulting either in transforming the specimen



D. Mayweg et al.

(a)

Journal of Nuclear Materials 601 (2024) 155343

Fe Cr Wi
LPE 60 pJ " -
60 K <c> S5
SPP
20 nm
Laser
incidence
(b) inci
: . (c)
25 nm H* o
e ionic %
H? ionic %

(d) ionic %

(e)

L

k)

C

o

2 Pole
[eX

g

(&) Laser

0 . . . T 0 incidence
-3 -2 -1 0 1 2

Distance (nm)

Fig. 6. Laser pulsing dataset of a cryo-FIBed specimen from Zircaloy-2 cladding tube with a Zr(Fe,Cr),-SPP at the apex: (a) Fe clusters and some FeCr clusters
arranged in layers on basal planes. (b) 10 nm slice with ZrO ions, and O and Cr ICSs, and a STEM micrograph. (c) H", H3 and ZrH'" maps from a 5 nm slice. (d)
ZrH"" map of the apex from a 5 nm slice with and without the Cr ions in the volume. (e) Proxigram of a Cr-rich cluster, including the Zr™**/Zr"" CSR curve.
Experimental parameters: base temperature 60 K, 50 pJ LPE, 200 kHz pulse frequency, 0.5% target detection rate.
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Fig. 7. Laser pulsing dataset of an RT-FIBed specimen from Zircaloy-2 cladding
tube (9 dpa). (a) highlights the SPP and the Cr- and Fe-rich clusters with the
layers edge-on. (b) Composition maps of H, Cr and Fe. (c) Maps showing the
ionic fractions of H", H3 and ZrH'" and the CSR. Experimental parameters:
base temperature 50 K, 50 pJ LPE, 100 and 200 kHz pulse frequency, 0.5%
target detection rate.

Table 3
Qualitative overview of H fractions in different APT experiments.
Phase Pulsing Relative CSR/ field in H fraction in SPP Figure
mode the SPP with respect to compared to
matrix matrix
o-Zr Voltage low (~ 30 V/nm similar ~ high 2-4
to SPP in &-hydride)
Laser high low, clusterusedas 6
proxy
8-hydride  Voltage high (~ 30 V/nm low 5
similar to SPP in a-Zr)
Laser high low 7
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into 8-hydride or in preserving a-Zr followed by APT in voltage and laser
pulsing modes. The table lists the relative field strengths (‘high’ and
‘low’) inside the SPPs with respect to the surrounding phase, a-Zr or
8-hydride, and the locations of relatively higher measured H fraction.

The bulk H concentration of the parent sample of our specimen most
suitable for H analysis (cryo-FIB and voltage pulsing, see Figs. 2 and 3)
from the Zircaloy-2 Fe+ tube was ~ 1.2 at%. The vast majority of this H
is bound in (8) hydrides and the solubility of H in a-Zr is not higher than
some ppm at RT [54]. The significantly larger fraction of detected H
during the APT experiment inside the a-Zr matrix therefore needs to be
explained. We attribute this to contaminant Hy as main source that is
adsorbed onto the specimen surface [47] or may be field ionized [55],
likely to a smaller extent [20]. As the amount of contaminant H in APT
under otherwise unaltered conditions depends approximately linearly
on the time between pulses [56-58], we varied the pulse frequency in
measuring d-hydrides to assess the fraction of H from this source. From
this measurement it could be concluded that in voltage pulsing mea-
surements at a pulse frequency of 200 kHz the contaminant H fraction
should be somewhat below 1 at% [23]. Assuming that the effect is
similar for a-Zr and the total detected H fractions in the datasets shown
in Figs. 2 and 3 are ~ 0.8 at% and ~ 1.0 at%, respectively, these are
hence most likely to a large extent contaminant H and in addition the
low detection rate of 0.2% is likely to increase the amount of adsorbed H
[56]. The measured local H fractions are related to differences in surface
field magnitude. We found that the measured detection of ‘H enrich-
ment’ in the Zr(Fe,Cr)»-SPP in Fig. 2 is correlated with a lower field (see
Fig. 3). The correlation of local field magnitude and H fraction is also
shown in a-Zr away from SPPs as seen in Figs. 3 and 4. At first glance a
simple inverse relationship of field strength and H fraction as seen in
Fig. 3(d)-(f) appears to be an intriguing explanation, but it is likely too
simplistic, as the opposite trend would expected from reports in the
literature [60,61].

One can readily assume that H is highly mobile on the specimen
surface, especially in rather high temperature conditions that our ex-
periments were conducted at [59] (to put this into perspective, solute C
and N are mobile across many tens of nm at 40 K [38]). Such surface
migration along zone lines explains the manner in how it reaches pref-
erential evaporation sites. This also means that the initial location of
most H atoms will be obscured no matter if originating from contami-
nant Hy or from within the specimen.

The magnitude of the local field is related to the local curvature, the
crystallographic direction and the chemical identity of the atoms present
there. The adsorption and the magnitude of coverage are DC field-
dependent (i.e., the pulse fraction plays a role) and there appears to
be a DC field range in which there is a local maximum in adsorption and
hence detected H around 35 V/nm [60,61]. Adsorption is also taking
place differently on different crystallographic planes [58,59]. In addi-
tion, desorption of H/H; is field dependent, with ‘low’ fields leading to
Hj formation and ‘high’ fields leading to H'.

Based on what has been reported in the literature, one would expect
that H migration takes place leading to evaporation at high-field poles.
What is observed (see Figs. 3 and 4) instead, is that, while H is prefer-
entially found at the (0002) pole this is a low- rather than a high-field
region. We can attribute this lower field at the (0002) pole to the
lower evaporation field (due to the larger work function, see 3.2), that
results in a ‘flattening’ of the tip around this pole and hence lower
curvature that causes a lower field enhancement. An explanation for the
preferred evaporation from this pole (and to a lesser extent the SPP re-
gion) could be a potential increase in coverage of these surfaces as
binding energies of H/Hy vary widely [20]. In conclusion we have to
state that we were not able to produce reliable evidence for the trapping
of H close to or at SPPs.

The results from the voltage pulsing measurement shown in Fig. 5
provide evidence for the higher affinity of Zr for H compared to the Zr
(Fe,Cr),-SPP since the FIB-induced H ingress led to the expected o-Zr —
8-hydride formation of the matrix but the SPP did not transform or take
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up H, the same interpretation is in principle valid for Fig. 7. DFT sim-
ulations of Zr(Cr)y [62] and Zr(Fe,Cr)2 [5] in Zircaloy-2 have shown a
higher affinity of the Zr matrix for H than these intermetallics. Based on
these results it seems reasonable to propose that the same is likely the
case for the irradiated SPPs presented here. It should be pointed out that
irradiated Zr(Fe,Cr)2-SPPs are amorphous and hence the nature of the
interfaces with the o-Zr matrix differs from that with initially crystalline
precipitates. Therefore, (tensile) strains due to thermal mismatches that
might have been present initially, and are supposedly contributing to H
affinity of the interface region, possibly disappear during irradiation and
might not constitute H traps any longer. The measured SPP composition
here is close to Zr;:(Cr,Fe); — due to preferential release of Fe into the
matrix — only a small fraction of Fe is left (e.g., 4 at% Fe vs. 42 at% Cr for
the SPP shown in Fig. 2). In light of the complications introduced by
laser pulsing, the assessment of samples without D charging can be only
qualitative at best, but can still provide useful information in a few select
cases [53].

4.4. Relevance of APT H analysis on (irradiated) Zr

In the work presented above we tried to obtain information from
‘real’ material that has several limitations with respect to the experi-
mental options.

e Due to the cladding tubes being radioactive many experimental op-
tions that require handling of macroscopic samples cannot be pur-
sued. We were therefore limited to experimental techniques that are
accessible to physically small specimens lifted out from the sectioned
tubes by FIB.

The cladding tube samples that we extracted APT specimens from
had spent roughly 10 years cooling down post operation, which
makes any conclusions about the status during operation speculative.
It is likely that a significant fraction of the hydrides present in the
cold tubes precipitated upon cooling from supersaturated o-Zr
(maximum H solubility at 300 °C is around 1 at% [54]) and it is very
unlikely that diffusible hydrogen is still present after cooling.

Despite these limitations, we can draw some conclusions that might
benefit further investigations:

¢ In agreement with the known high affinity of Zr for H, we observed
that FIB-induced hydride formation of the a-Zr matrix known to
occur does not take place in SPPs. This indicates that they have a
lower H affinity not only as intact crystals [5] but also in their
amorphous state, which has so far not been assessed by simulations.
Jones et al. [5] performed their SIMS measurements more than half a
year after the autoclave experiment with DoO had been conducted
and still found D concentrated close to SPPs. Drawing furthermore on
DFT modelling this was considered evidence of strong trapping
around some SPPs. Based on these observations it appears to be
possible — even likely — that such trapping also takes place in the
materials that we investigated. However, we could not confirm that
H trapping occurs in the case of our specimens, rather we have shown
that the local H fraction appears to be connected to the magnitude of
the field. It is also highly likely that the detected H is originating from
contaminant Hy. Even if a small fraction of the H detected is indeed
originating from the material there is no way of identifying it and
hence the experimental procedure that we employed is not sufficient
to assess trapping of H in a-Zr by APT.

4.5. Proposed workflow for APT H analysis on irradiated Zr

Since Zr has a high affinity to H it is not possible to avoid all ways of
H contamination during preparation and experiment [20]. An ideal
experiment would entail cryogenic FIB preparation of specimens from
reactor-irradiated material using a Xe-beam (to minimize FIB-induced
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irradiation damage [63]) followed by D gas charging [64,65] (the suc-
cess of this step is not certain since some elevation in temperature is
needed but it should not lead to deuteride formation) and quenching,
which would freeze D that is located in positions where it is not strongly
bonded. This would then be followed by voltage pulsing atom probe
(resulting usually in very small datasets before specimen fracture)
ideally in an APT instrument where the analysis chamber is manufac-
tured from Ti, resulting in a very low H background [19]. In addition,
the pulse frequency should be changed during the measurement to
potentially assess, which fraction of H (and D) that is originating from
inside the specimen [56]. While all of this can be done in principle, there
exists to our knowledge currently no single laboratory combining all the
equipment listed above. In addition, limited availability of (neutron)
irradiated samples and restrictions in transport and handling, the low
survivability of a-Zr in voltage APT, and the low probability of capturing
an SPP, make such an endeavor challenging to say the least. Alterna-
tively, neutron (or proton) irradiated bulk samples can be charged with
D in spiked water, either electrochemically or by further autoclave
corrosion. Standard lift-out and sharpening by (cryo) FIB and APT could
then be carried out at specific regions in which D is proposed to be
strongly bonded. An elegant approach would be to conduct analysis on
Zircaloy components from operation in CANDU reactors where heavy
water is used as moderator and coolant and hence HPU includes D. This
approach might be less relevant with respect to the specific questions
relevant for Zircaloy fuel cladding since pressure tubes (the equivalent
to fuel cladding in most other water-moderated reactor types) have been
manufactured from Zr-2.5NDb for decades [66], and hence do not contain
Fe- and Cr-rich SPPs. Still, for understanding of fundamentals of H (and
D) behavior in Zr alloys this might well be worth trying.

5. Conclusions

We have performed in-depth analyses of H in APT data of Zr(Fe,Cr),-
SPPs from Zircaloy-2-type fuel cladding subjected to 2082 days of
reactor operation. As was expected from previous work, the feasibility of
such analysis depends strongly on preparation workflows and the
experimental parameters of the APT experiments. The main insights
from this study are:

e The amorphous SPPs are significantly less accommodating for H than

the a-Zr matrix. This has been demonstrated by RT-FIB preparation,

which led to transformation of the a-Zr matrix into §-hydride while
the SPPs did not exhibit such massive H uptake. This tendency is in
agreement with experimental and modelling evidence for crystalline

SPPs without irradiation.

In agreement with the literature, laser pulsing APT should be avoided

whenever possible. Even on cryo-FIB-sharpened specimens that do

not see massive H ingress, the H distribution (main H supply is the
contaminant Hy from the vacuum chamber) is strongly correlated
with the laser incident direction.

e Even optimized workflows, i.e., cryo-FIB specimen sharpening fol-
lowed by voltage pulsing APT, do not alleviate the limitations in
commercial instruments with contaminant Hy. Distinguishing be-
tween H originating from the specimen vs. that from the chamber is
not possible.

e We demonstrated that the apparent H distribution (i.e., enrichment
inside an SPP situated in an a-Zr matrix) is associated with the local
field strength, which in turn is depending on local composition and
more significantly on the crystallography. The most promising — and
very challenging — way to assess the ‘real’ H distribution in and
around SPPs by APT is likely deuterium (or tritium) gas-charging of
cryo-FIBed specimens.
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