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Abstract:

In this study, APT and TEM analyses were used to characterise two Zr-based alloys
neutron-irradiated to 13.7 dpa. The high spatial and chemical resolution of these techniques
has enabled the irradiation-induced nanoscale distribution of solute elements to be
characterised. The results on both Zircaloy-2 and low-Sn ZIRLO support previous
observations of Fe segregation to planar dislocation arrays with enhanced Sn between. In
Zircaloy-2, the APT data in this study have also revealed short-range (~2 nm) clustering of
Fe and Sn atoms both within the Fe-enriched planes and in the regions between dislocation
arrays. The resultant microstructure is reminiscent of spinodal decomposition. In low-Sn
ZIRLO Nb-rich precipitates formed in the Sn-rich planes. The data in this article enhance our
understanding of microstructural evolution in Zr alloys under neutron irradiation and are
relevant for predicting changes in the properties of Zr alloys in-service in fission reactors.
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Main Text

Zirconium alloys used in Light Water Reactor (LWR) fuel assemblies are known to undergo a
range of significant microstructural changes when exposed to neutron irradiation, including
the formation of arrays of dislocation loops and precipitation/segregation of solute atoms [1].
This leads to severe changes to their mechanical properties, especially irradiation growth
and embrittlement [2,3]. Nb-free alloys such as Zircaloy-2 exhibit much larger irradiation-
induced swelling [4] than more recently developed Nb-containing counterparts like ZIRLO
[5,6]. This irradiation-induced swelling limits the service lifetime of Zr-based fuel cladding in
LWRs, and extending the time that fuel rods can safely operate has significant economic
(reduced reactor downtime) and environmental (more complete fuel burn-up and less waste
produced per GWh generated) benefits.

Accurate prediction of safe Zr-clad fuel rod lifetimes, and the design of novel Zr alloys to
increase these lifetimes, relies upon a thorough understanding of the changes that these
materials undergo as a result of exposure to the harsh environments experienced in reactor
cores. A large body of work has been published on the generation of dislocation arrays
under irradiation [7—9], and more recently on local chemical redistributions around these
arrays, for instance the anti-correlation of Sn and Fe along the c-axis in Zircaloy-2 [9] and
the formation of solute clusters on dislocation loops after irradiation [10-12]. Atomistic
modelling indicates that Fe has a positive drag ratio with vacancies in Zr, whilst Sn has a
negative drag ratio [13]; potentially explaining why Fe segregates to dislocation loops that
act as sinks for vacancies. However, our understanding of solute behaviour in Zr alloys
exposed to neutron irradiation, and its effect in a wider range of alloys, is still very limited.

Here we have used Atom Probe Tomography (APT), and Energy Dispersive X-ray
Spectroscopy (EDS) in a Scanning Transmission Electron Microscope (STEM) to analyse
the local chemistry changes occurring in heavily neutron-irradiated Zircaloy-2 and low-Sn
ZIRLO. Use of these complementary techniques allows the microstructure to be
characterised at different length scales, which is necessary to form a complete analysis of
the local chemistry changes in the alloys.

The composition of the Zircaloy-2 and low-Sn ZIRLO alloys used in this study are given in
Table 1. Both alloys were manufactured by Westinghouse, with slabs of each alloy initially
hot rolled then beta quenched. Final dimensions were achieved via a series of cold-rolling
passes. A final recrystallisation anneal was performed at 750 °C for 4 minutes for the
Zircaloy-2, whilst the low-Sn ZIRLO underwent an anneal at 575 °C for 5 hours.

Table 1: Nominal composition (wt. %) of the Zr alloys analysed in this study.

Alloy Nb Sn Fe Ni Cr ®)
Zircaloy-2 <0.004 | 1.346 0.168 0.066 0.104 0.12
Low Sn ZIRLO 0.95 0.66 0.12 0.0036 | 0.0073 |0.12

Both alloys were then neutron-irradiated in the BOR-60 reactor at 320 + 10 °C up to a
fluence of 16.2 x10?° n/m?, which is estimated to correspond to a damage level of 27
dpa [14]. Appreciable irradiation-induced swelling was observed for both alloys after
exposure to irradiation, but was much more severe in the Zircaloy-2 [14].



APT-and TEM-specimens were prepared from the samples irradiated to 13.7 dpa using a
FEI Helios NanoLab 600i Focussed lon Beam at the UKAEA Materials Research Facility.
Standard preparation APT and TEM procedures were followed [15-17], with a final FIB
polishing stage conducted at 2 kV in an attempt to minimise Ga implantation into the APT
specimens. TEM foils cleaned using 5 kV Ga* ions were preferable to those cleaned with
2 kV ions as they were found to contain less FIB-induced hydride, while retaining few FIB-
induced dislocations.

APT analysis was conducted on a Cameca LEAP 5000 XR. Samples were analysed at a
pulse frequency of 125 kHz in both laser- and voltage-pulsing modes; a base temperature of
60 K was used for laser-pulsing experiments and 70 K was used for voltage-pulsing
experiments. A voltage pulse fraction of 20 % was applied, whilst a laser pulse energy of
80 pJ was used for one experiment (experimental parameters are specified in the figure
captions). Reconstructions and analysis were performed in IVAS 3.8.8, with AtomProbeLab
being used for compositional calculations [18,19].

STEM and EDS analysis was conducted using a JEOL ARM200F operating at 200 kV with a
cold field emission source, and equipped with a JEOL 100mm? Centurion EDS detector.
Qualitative elemental maps were produced using Hyperspy [20] and ImageJ [21], using
simple windowing either side of the peaks of interest to estimate the contribution from
bremsstrahlung X-rays. The elemental maps were constructed from the Ka lines for all
elements except Sn, for which the La line was used due to the counts being too low for the
Ka.
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Figure 1: TEM micrographs revealing the dislocation structure in Zircaloy-2 after neutron-irradiation to 13.7 dpa.
When the sample is oriented close to the [2110] zone axis, the <a>-loops show with strong diffraction contrast;
when oriented off the zone axis and on the 0002 Kikuchi band, the <a>-loops have weaker contrast while the
<c>-loops appear strong. The direction of [0001] is also indicated. Inserts on a) and b) depict the convergent
beam diffraction pattern as an indication of the imaging condition for each image.



STEM analysis revealed a series of <a>-type dislocation loops aligned along the basal
planes in the Zircaloy-2 (Figure 1), consistent with previous reports in proton and neutron-
irradiated Zircaloy-2 [7,9,22]. The distribution of solute elements in the Zircaloy-2 is also
observed to be highly heterogeneous after neutron irradiation. Clear segregation of Fe, Cr,
and Sn, and a small Fe-Cr-rich secondary-phase patrticle, can be seen in the APT data in
Figure 2 (a), and comparing these distributions with the arrays of <a>-loops in Figure 1, the
Fe and Cr clusters are likely to be concentrated within the layers of dislocations on the basal
plane. A 1D-concentration profile in the APT data taken perpendicularly to these planes
indicates that Sn and Fe are anti-correlated on the length scale of approximately 15 nm - 20
nm (Figure 2 (c)), and the EDS results in Figure 2 (d and e€) complement the APT results,
with banding of Fe and Sn clearly observed on a slightly larger length scale (25 nm - 40 nm).
This anti-correlation of Sn and Fe on the length-scale of ~50 nm has previously been seen in
proton-irradiated Zircaloy-2 by Harte et al. [9].
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Figure 2: (a) Atom maps showing the distribution of Zr, Fe, Sn, Cr, and Ni in Zircaloy-2 irradiated to 13.7 dpa.
(b) direction of 1-D concentration profile taken and (c) 1-D concentration profile demonstrating the variation in Sn
and Fe concentration along this direction. (Dataset is from a voltage-pulse experiment and the bounding box has

dimensions: 103 nm x 57 nm x 55 nm.) (d) EDS map showing the distribution of Sn and Fe atoms and the
direction of the 1-D concentration profile across planes in EDS map that is shown in (e).

More detailed analysis of the APT data has revealed that the Sn and Fe are not wholly
spatially anti-correlated. Figure 3 (b) shows the in-plane distribution of Sn and Fe within one
of the dislocation arrays (high Fe, low Sn (~0.4 at.%)) in the dataset from Figure 2; whilst
Figure 3 (c) contains a section between the dislocation arrays where the Sn concentration is
much higher (~1.1 at. %) and the Fe concentration much lower (~0.1 at.%); it can be seen in
both sections that there are regions enriched in Sn and Fe.

In addition, the Sn atoms in both Figure 3 (b) and Figure 3 (c) appear to form a 3D network,
with well-defined Fe clusters located along this network. Figure 3 (d) is the detector event
histogram for this dataset and shows the location of poles and zone lines; the Sn and Fe in
Figure 3 (b) and Figure 3 (c) show no apparent correlation to these features, indicating that
the observed spatial distribution of Sn and Fe is unlikely to be an artefact caused by surface
migration, especially of Sn [23], as the voltage-pulsing analysis conditions used in this APT
experiment should minimise this phenomenon.



Figure 3 (e) shows an isosurface generated at 1.0 at. % Sn for the section of the dataset
shown in Figure 3 (c), revealing that the Sn forms a continuous network. A similar
observation can be made for the section in Figure 3 (b), but since overall levels of Sn are
lower in this region, the continuity of the Sn-rich regions is less well defined. Therefore, it
appears that Sn and Fe are spatially correlated both within the Fe-rich plane of the
dislocation arrays and in the Sn-rich planes between the dislocations. This co-clustering is
not observed in the STEM EDS data; thus indicating the necessity of using characterisation
techniques with different spatial resolutions to reveal all the details of the solute distributions
in these alloys after irradiation.
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Figure 3: Atom maps showing (a) Fe location throughout the Zircaloy-2 APT dataset; (b) distribution of Fe and Sn
within an 8 nm section of a dislocation array (enriched with Fe compared to the matrix); (c) distribution of Fe and
Sn within a 8 nm section of plane between the dislocation arrays. (d) Shows the detector event histogram for the
analysis and (e) represents the 1.0 at. % Sn isosurfaces generated for the section of the dataset shown in (c). (f)
Isosurfaces generated at 1 at. % Sn throughout the whole dataset. (Dataset is from a voltage-pulse experiment
and the bounding box has dimensions: 103 nm x 57 nm x 55 nm.)

When a Sn isosurface is generated for the entire dataset (Figure 3 (f)), there appears to be a
continuous network of Sn-rich regions that, as well as being present where the Sn
concentration is highest between the dislocation arrays, also links the Sn-rich regions
together. This characteristic distribution is consistent with how spinodal decomposition has
previously been observed in other material systems characterised with APT [24—-26].
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Figure 4 (a) Atom maps showing the location of Sn and Fe atoms in the Low-Sn ZIRLO after irradiation to

13.7 dpa. 8 at. % Nb isosurfaces are also displayed. (b) 1-D concentration profile taken from APT data
perpendicularly to the dislocation arrays showing the variation in Sn, Nb, and Fe. (Dataset is from a laser-pulse
experiment (80 pJ) and the bounding box has dimensions: 695 nm x 111 nm x 108 nm.) (c) STEM-EDS maps
showing the Sn, Fe, and Nb distribution in the Low-Sn ZIRLO after irradiation to 13.7 dpa. (d) 1-D concentration
profile taken from EDS data (N.B. the basal plane was misorientated from the imaging plane by approximately
10-159).

Figure 4 shows APT and EDS results on the distribution of Sn, Fe and Nb in low-Sn ZIRLO
after irradiation to 13.7 dpa. Similar to the Zircaloy-2 date above, Fe and Sn-rich regions
have formed, whilst discrete Nb-rich precipitates have also formed in the Sn-rich planes.
Similar Nb-rich precipitates have been observed in High Resolution Transmission Electron
Micrographs from neutron-irradiated Zr-Nb alloys [8,27]. The Nb-rich nanoprecipitates in the
low-Sn ZIRLO can just be resolved in the EDS maps in Figure 4 (c).

The 1-D concentration profile from the APT data (Figure 4 (b)) indicates that the Sn and Nb
are correlated with one another and anti-correlated with Fe with a wavelength of ~ 55 nm, an
observation not previously reported for irradiated Nb-containing Zr alloys. Because of the
difference in the bulk composition of this alloy, the Fe and Sn levels are lower in this dataset
than in the Zircaloy-2 data presented in Figure 2 (c), and the wavelength of the
compositional fluctuations seems to be larger in the low-Sn ZIRLO. Whilst the EDS map in
Figure 4 (c) qualitatively shows that Fe is anti-correlated with Sn and Nb, the 1-D
concentration profile in Figure 4 (d) indicates that the anti-correlation of Fe in the STEM-EDS
data is not as strong as that in the APT data and has a slightly shorter wavelength (30 nm —
40 nm). While the EDS maps shown for Zircaloy-2 were captured with the C-direction
aligned normal to the beam direction, the C-direction in maps captured of the low-Sn ZIRLO



foil were not perfectly normal to the beam due to tilting limitations of the specimen holder.
This would explain why the anti-correlation of Fe with Sn is not as strong as that seen in the
same alloy by APT. The spacing between the Sn-rich planes, as measured by EDS and
APT, is not consistent, with the slightly larger mean spacing in the APT data. EDS maps of
both Zircaloy-2 and low-Sn ZIRLO have shown there is some variation in the band spacing
across the sample, depending on proximity to SPPs (for example, Figure 2 (d)), and possibly
other defects. The distance between dislocation arrays also varies along their length, and
there is also likely to be grain-to-grain variations in this spacing. Since APT samples a much
smaller volume of material than the TEM foils, this may explain these differences in the

spacings measured by APT and STEM.”

The 3-D distribution of solute atoms in the APT data in Figure 5 shows, similarly to the
Zircaloy-2 data, that the Sn appears to form a complex, interconnected network that could be

interpreted as spinodal decomposition in this alloy.
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Figure 5 Atom maps showing the distribution of Fe, Nb, and Sn in the Low-Sn ZIRLO after irradiation to 13.7 dpa.
(Dataset is from a voltage-pulse experiment and the bounding box has dimensions: 77 nm x 60 nm x 59 nm.).

APT and TEM analysis have been used to characterise two Zr alloys (one Nb-free and one
Nb-containing) after exposure to neutron irradiation. These techniques provide
complementary information on the complex nanostructural changes, especially the spatial
distributions of the key solute elements Cr, Fe, Sn, and Nb that control the corrosion rates of
these alloys. Fe and Sn were observed to anti-correlate, with Fe segregating to dislocation
arrays and Sn segregating between the arrays. However, APT also revealed that Sn forms
an intricate 3-D network in the Zircaloy-2, and that Fe is spatially correlated with this network
in the regions between the dislocation arrays. In order to demonstrate that these observed
solute distributions were a result of the irradiation, as-received samples were analysed using
APT. Samples from both alloys demonstrated uniform solute distribution in their as-received
state and atom maps showing this are included in the supplementary material.

The complex 3-D network of Sn is consistent with previous observations of spinodal
decomposition in other alloys. However, the Zr-Sn binary phase diagram does not exhibit
spinodal decomposition and so further research is necessary to determine if spinodal



decomposition is possible in more complex Sn-containing Zr alloys, both during exposure to
irradiation (where the diffusion rates of solute species will be hugely accelerated) and during
very long-term thermal ageing. However, spinodal decomposition is well known to make an
important contribution to the properties of other nuclear alloys [28-31], and so this
observation in these Zr alloys should be investigated as it can have important implications
for the prediction of the mechanical properties in-service.
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