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ABSTRACT

Atom probe tomography was used in this work to study the metal close to the metal/oxide interface
in the zirconium alloy Zircaloy-2 exposed to three and nine annual cycles of operation in a commercial
boiling water reactor. The two exposure times correspond to before and after the onset of acceleration in
corrosion, hydrogen pickup, and growth.

The alloying elements Sn, Fe, Cr, and Ni were observed to be redistributed after exposure. After both
three and nine cycles, clusters containing Fe and Cr and typically of a spheroidal shape with an approx-
imate diameter of 5 nm were observed to be located in layers presumed to be layers of <a>-loops. On
average, the cluster number density was slightly higher after nine cycles, with larger and more Cr-rich
clusters. However, there were large grain-to-grain variations, which were larger than the differences be-
tween the two exposure times. Ni was only occasionally observed in the clusters. Sn was observed to
be slightly enriched in the Fe-Cr clusters, but the Sn concentration was higher between than inside the
layers of clusters. After nine cycles, clusters of Sn were detected in regions that were depleted of Fe and
Cr. Enrichment of Sn, Fe, and Ni at features that appeared to be <c>-component loops was observed
after nine cycles, whereas no such features were observed after three cycles. Enrichment of Sn and Fe,
and small amounts of Cr and Ni, was observed at grain boundaries after both exposure times. After three
cycles, a partially dissolved second phase particle of Zr(Fe,Cr), type that contained about ten times more

Cr than Fe was observed.

© 2022 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/)

1. Introduction

Zirconium alloys are used in nuclear reactors as structural core
components and as cladding tubes for the nuclear fuel. The al-
loy Zircaloy-2, which contains Sn, Fe, Cr, Ni, and O as alloying el-
ements, is commonly used in boiling water reactors (BWRs). As
the solubility of Fe, Cr, and Ni in the matrix is very low [1-6],
these elements are in the as-produced material located in second
phase particles (SPPs) of the two types Zr(Fe,Cr), and Zr,(Fe,Ni),
whereas Sn and O are in solid solution in the matrix [7]. The two
types of SPPs are usually separate from each other, but sometimes
Zr(Fe,Cr), and Zr,(Fe,Ni) SPPs can form adjacent to each other, cre-
ating an SPP with one Fe-Ni-rich part and one or a few Fe-Cr-rich
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parts [8-10]. When exposed to the neutron flux in the reactor, the
SPPs start to dissolve, releasing Fe, Cr, and Ni into the matrix [9—
13]. It has been observed that Fe is released before Cr from dis-
solving Zr(Fe,Cr), SPPs and that the Zr,(Fe,Ni) SPPs dissolve later
than the Zr(Fe,Cr), SPPs [9,10,13].

Zr alloys have hexagonal close-packed (HCP) structure. When
they are irradiated by neutrons, small dislocation loops are formed
in the matrix [14]. The dislocation loops can be of <a>-type,
having Burgers vector only in the <a>-directions, or of <c>-
component type, having Burgers vector with a component in the
<c>-direction [14]. In neutron-irradiated Zr and Zr alloys, <a>-
loops form already after low fluence, whereas <c>-component
loops have been observed only after high fluence [14]. The habit
plane of the <a>-loops is close to, but usually not exactly on, one
of the first-order prismatic planes [15,16], and <a>-loops align in
layers that are parallel to the basal planes of the matrix [16]. The
<c>-component loops are found on the basal planes [17-19]. In-
terstitial and vacancy <a>-loops have been reported to co-exist

0022-3115/© 2022 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/)
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in neutron-irradiated Zr and Zr alloys [14,16,18], whereas <c>-
component loops have been observed only as vacancy-type loops
[14,17,18]. In neutron-irradiated Zircaloy-2, transmission electron
microscopy (TEM) observations have revealed typical <a>-loop
sizes of up to 10 nm [20,21] and typical <c>-component loop sizes
around 100 nm [21].

In Zircaloy-2 exposed to reactor operation, the alloying ele-
ments have been observed to cluster at confirmed or assumed po-
sitions of dislocation loops [10,21-26]. Using atom probe tomogra-
phy (APT), Sundell et al. observed clusters of Fe and Cr, sometimes
with very small amounts of Ni, aligned in the typical way of <a>-
loops [22]. Also clustering of Sn was observed, but only in regions
where the concentration of Fe, Cr, and Ni was very low. Further-
more, segregation of Fe and Sn to ring-shaped features, interpreted
to be small <c>-component loops, was observed. In a TEM study
by Harte et al., clusters consisting mainly of Fe and Cr or mainly of
Fe and Ni at positions of <a>-loops were observed [21]. An obser-
vation of anticorrelation between layers of high Sn concentration
and layers of Fe-Ni clusters was also made. Using APT and TEM,
Sawabe and Sonoda observed that clusters of Fe and Cr were lo-
cated close to partially dissolved Zr(Fe,Cr), SPPs and close to grain
boundaries (GBs), whereas clusters of Fe but not Cr were located in
the matrix further away from these features [23]. In an APT study
by Cockeram et al., observations of clustering of Sn, Fe, Cr, and,
in a few cases, Ni were made [24]. Their observed cluster number
density was higher close to SPPs than further away in the matrix.
In an APT and TEM study, Jenkins et al. observed that there was
a network-like structure of Sn within the layers of Fe-Cr clusters,
that the clusters were located along this network, and that it con-
nected to the Sn-rich regions between the layers of clusters [26].
In contrast to the other studies [21-23], which were performed on
materials that had been exposed to commercial BWR operation,
the studies of Cockeram et al. [24] and Jenkins et al. [26] were
performed on materials that had been irradiated in test reactors,
where the neutron flux is higher.

In another APT study of Zircaloy-2 exposed to commercial BWR
operation, we observed a difference in morphology between clus-
ters of Fe and Cr and clusters of Fe and Ni such that Fe-Cr clusters
appeared spheroidal, as in [22] and [23], whereas Fe-Ni clusters
appeared disc-shaped [25]. In [25], which presents results from an
Ni-rich region close to the metal/oxide interface, a larger number
density of Fe-Ni clusters than Fe-Cr clusters was observed. Fur-
thermore, the disc-shaped Fe-Ni clusters were observed to be lo-
cated at planes corresponding to first-order prismatic planes, but
with a tilt away from the <c>-direction. This arrangement of <a>-
loops is similar to previous TEM observations [15,16,27] and to re-
sults of molecular dynamics (MD) simulations [28]. The shape of
the clusters in [24] and the Fe-Ni clusters in [25] matches what
has been predicted in MD and Monte Carlo (MC) simulations of
segregation of Fe and Ni to <a>-loops [29,30], but the shape of
the Fe-Cr clusters observed in [22,23,25] does not match this pre-
dicted segregation.

During reactor operation, Zr alloys are degraded by corro-
sion [31] and hydrogen pickup (HPU) [32]. They also undergo
irradiation-induced growth [33]. These phenomena limit the life-
time of the fuel rods, which typically are replaced after around five
years in a BWR. It is highly desired to increase the lifetime of the
fuel rods, thereby allowing for more efficient use of the nuclear
fuel. Therefore, it is of interest to better understand the link be-
tween the chemical evolution of the material on a nanoscale and
its corrosion, HPU, and growth, as it is known that alloying ele-
ments and impurities affect these processes [33-35]. Results from
APT studies of local chemistry in the metal close to the metal/oxide
interface in Zircaloy-2 exposed to long-term operation (nine annual
cycles) in a commercial BWR have previously been published by
us [22,25]. In the present study, APT observations of this material
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with a shorter exposure time of three annual cycles are presented
and compared with results, both previously published and unpub-
lished, after nine cycles, providing information about the irradiated
microstructure and its chemistry before and after the onset of ac-
celeration in corrosion, HPU, and growth. General observations are
presented, as well as information on bulk and matrix chemistry, an
investigation of Fe-Cr clusters, observations regarding the distribu-
tion and clustering of Sn, enrichment of alloying elements at GBs,
and the distribution of elements (including hydrogen) inside and
outside a partially dissolved SPP.

2. Material

The material studied was the same as that investigated by Sun-
dell et al. [22], i.e. LK3-type Zircaloy-2 cladding supplied by West-
inghouse. Prior to analysis, the material had been exposed to ei-
ther three annual cycles (3C) or nine annual cycles (9C) of re-
actor operation in a commercial BWR at Kernkraftwerk Leibstadt
in Switzerland. Material of the same type exposed to three, five,
six, seven, or nine cycles in the same reactor has been studied in
[9,10,13,21,22,25,36-53]. The 3C sample had been exposed to a fast
neutron fluence (E > 1 MeV) of 74 x 10%°> n m™2. It was taken
out at an elevation of 2030-2350 mm from the bottom of rod
AEB070-E4-N, for which the average burnup was 34.7 MWd/kgU,
the oxide thickness 5 + 2 um, and the average hydrogen content
4442 wt ppm (corresponding to 0.4 at.%) [13]. The 9C sample had
been exposed to a fast neutron fluence (E > 1 MeV) of 16.5 x 1025
n m2. It was taken out at an elevation of 1218-1308 mm from
the bottom of rod AGB108-G6, for which the average burnup was
78.7 MWd/kgU, the oxide thickness 45+7 pm, and the average hy-
drogen content 6644+94 wt ppm (roughly corresponding to 6 at.%)
[13]. Hence, the oxide was about 9 times thicker and the HPU was
15 times higher than after 3C, indicating that accelerated corrosion
and HPU had occurred in the 9C sample. Using the conversion fac-
tor for BWRs in [54], the fluence of the 3C and 9C samples corre-
sponds to 11.9 and 26.5 dpa, respectively. The content of alloying
elements and the impurities Si and N in the material is shown in
Table 1.

3. Experimental

The experimental procedure was the same as that described
by Sundell et al. [22]. Atom probe specimens were prepared at
the hotlab of Studsvik Nuclear AB, using the focused ion beam-
scanning electron microscopy (FIB-SEM) lift-out technique [55].
The lift-outs were done in the Zr metal, approximately 0-5 um
from the metal/oxide interface. An APT instrument of the type
Imago LEAP 3000X HR with a detection efficiency of 0.37 was
used for the measurements. Laser pulsing with a green laser
(A = 532 nm) with pulse energy in the range 0.25-0.50 n] and
pulse frequency at 50-250 kHz was used. The specimen tempera-
ture was in the range 20-80 K. In addition to the 15 APT analyses
of the 9C sample reported by Sundell et al. [22], six APT analyses
of the 3C sample were made.

Data evaluation was performed using the Cameca software IVAS
3.6.14. Bulk compositions (including the whole reconstructed vol-
ume, with GBs and clusters but not SPPs) and matrix compositions
(excluding GBs, clusters, and SPPs) were calculated using peak de-
composition with divalent Sn ions (the only charge state detected
for Sn), monovalent and divalent Fe and Cr ions, and divalent Ni
ions (as the severe overlaps between Nit and Sn2* were not pos-
sible to reliably decompose). The necessity to use only Ni?+, which
generally requires a higher field strength than Fe?* and Cr2* to
be formed [56], might have led to an underestimation of the Ni
content. However, this should not severely affect the comparison
of the 3C with the 9C specimens. For the matrix compositions,
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Content of alloying elements and the impurities Si and N in the investigated material in

wt% or wt ppm and at.% or at. ppm.

Sn (%) Fe(%) Cr(%) Ni(%¥) O(%) Si(ppm) N (ppm)
wt%/wt ppm  1.32 0.17 0.10 0.05 0.13 70 50
at.%/at. ppm 1.01 0.28 0.17 0.08 0.74 230 320

Fe-Cr clusters were excluded using isoconcentration surfaces. The
elements H, C, O, and Ga (from the specimen preparation in the
FIB) were excluded from the composition analysis. For analysis of
Fe-Cr clusters, regions of interest (ROIs) were chosen from three
APT reconstructions of the 3C specimens and from six APT recon-
structions of the 9C specimens. The choice of ROIs was adapted
to individual grains (excluding GBs) encountered in the analyses,
and regions that appeared to be damaged by Ga from ion milling
during specimen preparation in the FIB were excluded from the
ROIs. Cluster analysis was performed using the maximum separa-
tion method (MSM) [57,58], with the following values of the pa-
rameters: dmgx = 1.2 nm, L = dmax = dergsions Nmin = 10, and or-
der 1 for clusters consisting of Fe and/or Cr. Divalent Fe and Cr
ions were used to define the clusters. The ratio Fe/(Fe+Cr) and the
number of Fe and Cr atoms for each individual cluster were calcu-
lated using the values from MSM, whereas the average values for
all clusters in each evaluated grain were calculated including both
monovalent and divalent Fe and Cr ions and using peak decompo-
sition. Clusters of Sn in two ROIs in APT reconstructions of the 9C
specimens were defined by divalent Sn ions and investigated us-
ing the following values of the MSM parameters: dmgx = 0.8 nm,
L = dmax = derosions Nmin = 10, and order 1. The average number of
Sn atoms per cluster was calculated using peak decomposition.

It is known that hydrogen redistribution and hydride forma-
tion can occur during sample and specimen preparation, e.g. in the
FIB [59,60], and that H in the mass spectrum can result from the
residual gas in the analysis chamber of the APT instrument [61,62].
Therefore, the H content, which in the 3C specimens was similar
to that previously reported for the 9C specimens (20-66 at.%) [22],
was not analysed further, with the exception of one specimen con-
taining a partially dissolved SPP, where the H content inside and
outside the SPP was measured. This was done to compare with
other measurements of H in and around SPPs in as-produced and
in autoclave-exposed material.

4. Results
4.1. General observations

The APT reconstructions of 3C and 9C specimens look similar,
with large grain-to-grain variations and large variations within in-
dividual grains after both exposure times. To visibly distinguish the
reconstructions of 3C from 9C is generally not possible. Spheroidal
clusters, typically about 5 nm in diameter and containing Fe and Cr
but generally not Ni, were observed in most of the specimens. Af-
ter 9C, some Cr-rich clusters were observed to be larger and have
a shape that was not spheroidal. Two other notable visual differ-
ences between the two exposure times are ring-shaped features,
interpreted to be small <c>-component loops, observed in four of
the 9C specimens and regions with Sn clusters observed in two
of the 9C specimens. None of these features were observed in any
of the 3C specimens. Fig. 1 shows the reconstructions of two 3C
specimens and one 9C specimen. More figures showing reconstruc-
tions of 9C specimens can be found in [22]. Many features that
(based on changes in orientation of layers of clusters and on segre-
gation of alloying elements) appear to be GBs were observed. The
number density of these GBs, which is much higher than in as-
produced LK3-type Zircaloy-2 (grain size of about 4 pm), strongly

3C 3C 9C

Fig. 1. Distribution of Fe and Cr atoms in the APT reconstructions of two of the 3C
and one of the 9C specimens. Clusters of Fe and Cr are aligned in layers that are
perpendicular to the <c>-direction in each grain.

indicates that they are subgrain boundaries (sub-GBs) that were
created close to the metal/oxide interface during the growth of
the oxide, as observed in [63]. Enrichment of Sn and Fe and small
amounts of Cr and Ni at the GBs was observed after both 3C and
9C. In a majority of the specimens where one or more GBs were
detected, large Cr-rich clusters were preferentially located close to
the GBs, in agreement with the observations by Sawabe and Son-
oda [23].

The observed clusters of Fe and Cr, both after 3C and 9C, were
aligned in layers parallel to the basal planes of the Zr matrix, as
observed in previous APT and TEM studies [21-23]. This could be
verified, since in some of the grains the (0001) pole was observed
on the ion density map, and at this pole Zr atoms were visible on
crystallographic planes perpendicular to the pole, similarly to what
is reported in [25]. The clusters are therefore most likely related to
<a>-loops. There are large variations between the observed grains
regarding Fe and Cr content. Some grains are Fe rich, some are Cr
rich, and some contain Fe and Cr in about equal amounts. Further-
more, there are grains and regions of grains that contain almost no
clusters of Fe and Cr. One example of a layer of clusters from a 3C
specimen and one example of a layer of clusters from a 9C spec-
imen are shown in Fig. 2. Both layers are viewed in the approxi-
mate <c>-direction. The layer from the 3C specimen was from the
lower grain in the reconstruction to the left in Fig. 1, and the left
part of the layer (as shown in Fig. 2) was close to the GB in Fig. 1.
The layer from the 9C specimen was located about 100-150 nm
from an SPP (the SPP presented in [22]). These layers of clusters
show how the clusters can be arranged within layers, but there
are variations (also regarding cluster composition), and Fig. 2 illus-
trates differences between individual layers of clusters rather than
differences between 3C and 9C.

In the reconstructions, the detected amount of Ni was so low
that it was not meaningful to include it in the cluster analysis of
Fe-Cr clusters (presented in Section 4.3). However, Ni was detected
in some grains and was by visual assessment observed to cluster in
a few of them and was in one case by the use of radial distribution
functions (RDFs) observed to co-cluster with Fe but not with Cr. In
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Fig. 2. One layer of clusters from a 3C specimen (left) and one layer of clusters from a 9C specimen (right). Both layers are viewed approximately in the <c>-direction.

Table 2

Bulk (exclusive of SPPs) and matrix (exclusive also of clusters and grain bound-
aries) compositions (at.%) of 3C and 9C specimens. The =+ indicates one sample
standard deviation, between the evaluated specimens for the bulk composition
and between the evaluated grains for the matrix composition.

at% Sn at.% Fe at% Cr at.% Ni
Bulk 3C 1.07+£0.10  0.31£0.10 0.061+0.038  0.006+0.005
Bulk 9C 1.07£0.05 0.34+0.16 0.24+0.27 0.012+0.005
Matrix 3C  0.95+0.05 0.033+0.018  0.012+0.005  0.005+0.003
Matrix 9C  0.92+0.18  0.032+0.022  0.009+0.005  0.006+0.003

addition to the small amounts of Ni in some grains, at GBs, and
at one <c>-component loop, there were also significant amounts
detected in the remnants of two former SPPs, the observation of
them published in [22] and [45].

4.2. Bulk composition and matrix chemistry

Table 2 shows the bulk composition (excluding SPPs) of the
specimens that were evaluated in the analysis of Fe-Cr clusters and
the matrix composition (excluding also GBs and Fe-Cr clusters) of
the same specimens but excluding three small grains (one for 3C
and two for 9C) due to the isosurfaces used not reliably separating
the matrix from the clusters in these grains.

Regarding bulk composition, the concentrations of Sn and Fe af-
ter 3C are on average close to the total concentrations in the alloy,
whereas the concentrations of Cr and Ni are on average lower than
the alloy concentrations. After 9C, also the average Cr concentra-
tion is close to the alloy concentration. For Sn and Fe there is only
a small difference between 3C and 9C, but for Cr and Ni the aver-
age concentration after 9C is higher by a factor of approximately
4 and 2, respectively. However, the large grain-to-grain variations
and the few specimens evaluated might have influenced this re-
sult. The matrix composition is similar for 3C and 9C, with the Sn
concentration being similar to the bulk concentration, the Fe con-
centration about one order of magnitude lower than the bulk con-
centration, the Cr concentration on average lower than the bulk
concentration but with large variations, and the Ni concentration
not very different from the bulk concentration. Fig. 3, which shows
the concentration of Cr versus the concentration of Fe for individ-
ual grains (i.e. the concentration including Fe-Cr clusters but ex-
cluding GBs and SPPs), indicates that there might be a correlation
between the concentrations of Fe and Cr.

4.3. Clustering of iron and chromium

Examples of one cluster each from the 3C specimens and the
9C specimens are shown in Fig. 4. These clusters reflect the aver-

0.7 1

° 3C *

0.1 O x o
x
(o]
O x
0 T T T T T T T 1

0 01 02 03 04 05 06 0.7 0.8
Fe (at.%)

Fig. 3. Composition (including clusters and surrounding matrix but excluding GBs
and SPPs) of Fe and Cr of the individual grains that were used for analysis of Fe-Cr
clusters.

Table 3

Average results between individual grains in the cluster
analysis. The & indicates one sample standard deviation.
(The detection efficiency of 0.37 of the APT instrument
has been taken into account.)

3C 9C
1023 clusters per m3 44+16 55+34
Fe+Cr atoms per cluster  104+44 225+165
at.% Zr 7543 77+4
at.% Sn 1.5+ 0.2 1.8+ 09
at.% Fe 16+5 12+7
at.% Cr 6.6 £ 55 92 +54

age differences between 3C and 9C, with the cluster after 9C being
a little larger and more Cr rich. As there are large variations, there
are clusters after both 3C and 9C that deviate from the composition
and size depicted in Fig. 4. One of the large Cr-rich clusters with
a non-spheroidal shape observed after 9C is shown in Fig. 5. Also
among these large Cr-rich clusters, there are variations in compo-
sition and size, as well as in shape.

The average results of the cluster analysis are shown in Table 3,
and Fig. 6 shows the results for the individual grains. The average
values indicate that the cluster number density (number of clus-
ters per m3), the number of Fe and Cr atoms per cluster, and the
Cr content of the clusters are higher after 9C than after 3C. How-
ever, the grain-to-grain variations are larger than the differences
between 3C and 9C. In the clusters, the concentration of Fe is, on
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2nm

Fig. 4. One cluster from a 3C specimen (top) and one cluster from a 9C specimen (bottom) viewed in two directions perpendicular to each other.

e Fe
e Cr
°

Se
°

®

Fig. 5. One large Cr-rich cluster from a 9C specimen viewed in two directions perpendicular to each other.

average, higher than the concentration of Cr. There is also, on av-
erage, a small enrichment of Sn in the clusters.

The ratio Fe/(Fe+Cr) versus number of Fe and Cr atoms per
cluster for the individual clusters is shown in Fig. 7. There is a
higher number of large and Cr-rich clusters after 9C compared with
3C. This is consistent with the information given in Table 3 and
Fig. 6. The majority of the large clusters are Cr rich. However, there
is no clear correlation between Fe or Cr content and cluster size.
The 22 largest clusters (all Cr rich) for 9C have been omitted to
make it easier to compare at the same scale. Due to the higher
number of evaluated 9C specimens, there is a higher total number
of clusters for 9C in the diagram.

The cumulative relative cluster frequency after 3C and 9C is
shown in Fig. 8. For 3C the median number of Fe and Cr atoms
per cluster is 54, and the 90th percentile is 181. For 9C the me-
dian number of Fe and Cr atoms per cluster is 78, and the 90th
percentile is 407.

4.4. <c>-component loops

Five ring-shaped features, having diameters in the approxi-
mate range 20-60 nm and interpreted to be <c>-component loops
decorated with Sn, Fe, and Ni, were observed after 9C, three of
these mainly decorated with Sn and two mainly decorated with
Fe. Small amounts of Fe were observed at the <c>-component

loops mainly decorated with Sn, and small amounts of Sn and
Ni (at one of the loops) were observed at the <c>-component
loops mainly decorated with Fe. One of the <c>-component loops
mainly decorated with Sn was located in one of the regions with
Sn clusters described in Section 4.5. Figures showing some of the
<c>-component loops can be found in [22]. After 3C, no <c>-
component loops were observed.

4.5. Distribution of tin

Tin was observed to be anticorrelated with the layers of clusters
of Fe and Cr in such a way that the concentration of Sn was higher
between than inside these layers. This anticorrelation is similar to
previous TEM and APT observations [21,26]. Fig. 9 shows a one-
dimensional (1D) concentration profile (constructed using a cylin-
drical ROI of 80 nm diameter with a fixed bin width of 1 nm)
across the layers of Fe-Cr clusters (i.e. the basal planes of the Zr
matrix) in one grain of a 3C specimen (the lower grain in the re-
construction to the left in Fig. 1). The Fe and Cr concentrations rise
when the Sn concentration drops and vice versa. Ni (not shown in
Fig. 9) seems to follow the pattern of Fe and Cr approximately, but
is not present in large enough amounts for a clear anticorrelation
to be seen.

Clustering of Sn was observed in two grains or regions of grains
that had very few clusters of Fe and Cr [22], and both of these
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(The detection efficiency of 0.37 of the APT instrument has been taken into account.)
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Fig. 7. Fe/(Fe+Cr) versus number of Fe and Cr atoms per cluster for the individual clusters. The 22 largest clusters (all Cr rich) after 9C have been omitted to enable a
comparison at the same scale. (The detection efficiency of 0.37 of the APT instrument has been taken into account.)

grains or regions of grains were observed to be adjacent to a re-
gion that had higher O content and slightly lower H content and
contained Fe and Cr. The Sn clusters were not observed to be
aligned as the Fe-Cr clusters were. Both specimens containing re-
gions with Sn clusters had been exposed for 9C. Cluster analy-
sis using MSM yielded cluster number densities of 18 x 1023 and
14 x 1023 clusters/m3, which is higher than the values for Fe-Cr
clusters, and an average number of Sn atoms per cluster of 57 and

64 in the two regions. No obvious clustering of Sn was observed in
grains with many Fe-Cr clusters.

4.6. Grain boundaries

1D concentration profiles (constructed using a cylindrical ROI of
20 nm diameter with a fixed bin width of 1 nm) across a 3C GB
and across a 9C GB (both believed to be sub-GBs) are shown in
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Fig. 8. Cumulative relative frequency of number of Fe and Cr atoms per cluster. The
22 largest clusters (all Cr rich) after 9C have been omitted to enable a comparison

at the same scale. (The detection efficiency of 0.37 of the APT instrument has been
taken into account.)
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Fig. 9. 1D concentration profile across basal planes of the Zr matrix in one grain of
a 3C specimen, showing that the Sn concentration is anticorrelated with the Fe and
Cr concentrations. The error bars (smaller than the data markers where not visible)
indicate one standard deviation of the counting statistics.

Fig. 10. At both GBs, there is enrichment of Sn and Fe, with the
concentrations being around 2-3 at.%, and there is also a small en-
richment of Cr and Ni. Taking the large variations in local chem-
istry into account, the interpretation of the measured values is that
there are no large differences in chemistry at sub-GBs between 3C
and 9C. Also the difference in concentrations of alloying elements
between 3C and 9C seen some distance away from the GB is be-
lieved to be an effect of local chemistry variations and not to be
due to the difference in exposure time. For both 3C and 9C the
concentrations of Sn, Fe, and Ni are larger at the GB than in the
surrounding matrix, including clusters in the ROI, but the concen-
tration of Cr at the GB is not higher than in the clusters.
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4.7. Analysis of an SPP

A partially dissolved Zr(Fe,Cr), SPP was observed after 3C.
Fig. 11 shows the distribution of Cr, Fe, Ni, and Si in the region
containing the SPP, and a video of the rotating reconstruction is
presented in Supplementary material. The layers of Fe-Cr clusters
(sometimes called rafts) adjacent to the SPP are very similar to the
layers of clusters close to SPPs observed with TEM in proton- and
in neutron-irradiated Zircaloy-2 [10,21] and with TEM and APT in
proton-irradiated Zircaloy-4 [64]. Fig. 12 shows the concentrations
of Fe and Cr as a proxigram [65] and the average concentrations of
H and Zr inside and outside the SPP computed using peak decom-
position in IVAS (as these concentrations, in contrast to the con-
centrations of Fe and Cr, would be much affected by the incapacity
to decompose peaks in the built-in proxigram function in IVAS).
The Fe concentration is very low and almost constant inside the
part of the SPP covered by the APT analysis, with an Fe/Cr ratio
below 1/10. The H concentration was measured to be 14 at.% out-
side and 6 at.% inside the SPP. Difficulties associated with analysing
H with APT [61,62] should be kept in mind when interpreting this
result.

To estimate the possible influence of a difference in evapora-
tion field between the SPP and the matrix, the ratio Zr3+/Zr2*+ (in-
cluding ZrH species) was calculated. This ratio was 0.06 inside and
0.02 outside the SPP, indicating that the evaporation field was only
slightly higher for the SPP [56]. Since H adsorption from the resid-
ual H, in the vacuum chamber might be field dependant [61], the
small field difference observed suggests that the large difference
in H concentration measured reflects a real composition difference
between the phases rather than a difference in H adsorption onto
the two phases.

5. Discussion
5.1. Matrix chemistry and clustering of iron and chromium

The large variations in chemistry between, and sometimes
within, grains after 3C are not surprising, as a similar observation
after 9C was made in the previous study by Sundell et al. [22]. Also
the study by Sawabe and Sonoda indicated that there are grain-to-
grain variations and that the distance to partially dissolved SPPs
affects the local chemistry, including that of clusters [23]. As al-
most all our analyses indicated low Ni content, it seems that the
specimen volumes studied in this work were closer to dissolved or
partially dissolved Zr(Fe,Cr), SPPs than Zr,(Fe,Ni) SPPs.

The observation of a higher concentration of Cr both in the
clusters and in the bulk (excluding SPPs) and of Ni in the bulk (ex-
cluding SPPs) after 9C compared with 3C, albeit with large grain-
to-grain variations, should be expected, since Zr(Fe,Cr), SPPs are
on average smaller and have a higher number density [9,10,66-68]
and have been observed to start to dissolve earlier [9,10,13] than
Zry(Fe,Ni) SPPs. In the as-produced material almost all Cr is found
in Zr(Fe,Cr), SPPs and almost all Ni in Zr,(Fe,Ni) SPPs, and after 9C
not fully dissolved SPPs of both types have been observed [10,13],
although complete dissolution of small SPPs, which predominantly
are of Zr(Fe,Cr), type, has been reported [13]. A combination of
the behaviour of the SPPs under irradiation and the higher total
Cr than Ni content of the material should make it more likely to
encounter a region rich in Cr than a region rich in Ni in the small
volume covered by an APT analysis. This is in line with the cluster
content being Fe and Cr as observed in this work (and in the work
by Sundell et al. [22]) and in the work by Sawabe and Sonoda [23].
In none of these studies, clusters containing substantial amounts of
Ni were observed. Ni-rich APT specimens not containing SPPs have
been reported in only a few cases [25].
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Fig. 11. Distribution of Cr, Fe, Ni, and Si in a 3C specimen containing the remnants
of a partially dissolved Zr(Fe,Cr), SPP. The size of the box is 152 x 148 x 289 nm3
(red x green x blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

In comparison with the Fe-Ni-rich region reported in [25], the
matrix (excluding SPPs, GBs, and clusters) of the Fe-Cr-rich regions
in this work, on average, has a slightly lower Fe concentration, a
higher Cr concentration, and a much lower Ni concentration. How-
ever, the large grain-to-grain variations and the few observations
of Fe-Ni-rich regions should be kept in mind when interpreting
this result. Our measured concentration of Fe in the matrix, using
isosurfaces, is on average lower than that reported by Sawabe and
Sonoda using MSM [23]. As the materials in the two studies were
very similar, it is not unlikely that the difference in methodology is
the reason for the difference in results. Furthermore, there seems
to be no change in matrix composition with fluence in either of
the two studies. In comparison with the matrix concentration of
Fe measured with APT in an Nb-containing Zr alloy after exposure
to 16.5 x 102> n m~2 (E > 1 MeV) [69], our measured concentra-
tion after both 3C and 9C is on average a little lower but not very
different.
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Fig. 12. Proxigram from the surface of a partially dissolved Zr(Fe,Cr), SPP (the SPP
in Fig. 11). The measured hydrogen concentration is higher outside than inside the
SPP. The error bars (smaller than the data markers where not visible) indicate one
standard deviation of the counting statistics.

In this and previous studies using APT in laser mode [22,23],
the shape of the Fe-Cr clusters observed does not reveal any in-
formation about the association to <a>-loops and does not agree
with what has been predicted in MD and MC simulations for accu-
mulation of Fe [30] and Ni [29] at <a>-loops. However, the results
of those simulations agree with the observations of Fe-Ni clusters
using voltage-pulsed APT, which has a somewhat higher spatial
resolution than laser-pulsed APT (especially for instruments hav-
ing a green laser [70]) and therefore usually a better capability of
cluster detection [71]. With voltage-pulsed APT Fe-Cr clusters ap-
peared spheroidal at expected positions of <a>-loops, but Fe-Ni
clusters appeared disc-shaped (also at expected positions of <a>-
loops) [25]. As the Fe-Cr clusters appear spheroidal, it is unclear
exactly how the clusters are related to the <a>-loops. They can be
located inside the loops, or they can be located next to the loops.

The results obtained from the cluster analysis are not straight-
forward to interpret in terms of differences between 3C and 9C,
as the grain-to-grain variations of both exposure times, especially
9C, are large. Sawabe and Sonoda observed that the cluster num-
ber density reached a constant value at a fluence close to that of
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our 3C specimens, indicating that the number of <a>-loops had
reached a value that remained constant with respect to fluence
[23]. However, from the TEM study by Harte et al. [21] and an X-
ray line profile analysis (XLPA) study by Ungar et al. [51] it seems
that there might be a slight increase in <a>-loop number density
from 3C to 9C. Our results do not give a clear indication of whether
or not the <a>-loop number density continues to increase slightly
with increasing fluence after 3C.

In both the study by Harte et al. [21] and a study by Carpenter
and Northwood [20], the <a>-loop number density at the fluences
closest to those in our study is reported to be in the approximate
range 1-3 x 1022 m~3 from TEM measurements. This number den-
sity is clearly lower than our observed cluster number density of
1-11 x 1023 m=3. However, the cluster number density observed
by Sawabe and Sonoda [23], using APT, at neutron fluences sim-
ilar to those of our samples is in better agreement with our ob-
served cluster number density (although they reported a slightly
lower average value of approximately 3 x 1023 m=3). The differ-
ence between the reported <a>-loop number density in the TEM
studies [20,21] and our observed cluster number density (and also
that by Sawabe and Sonoda [23]) could be due either to that sev-
eral clusters can be associated with one loop or to that some loops
were missed in the TEM studies. The XLPA study by Ungar et al.
indicates that the smallest <a>-loops are often not recognised in
TEM studies [51].

The, on average, larger number of atoms per cluster after 9C
is most probably an effect of more Fe and Cr atoms being avail-
able after dissolution from SPPs. From the study by Harte et al,, it
appears that the loop size (diameter) does not increase with in-
creasing fluence [21] and therefore should not be a factor influ-
encing the number of atoms per cluster. The fact that Cr-rich clus-
ters often are large might be due to the fact that Cr is dissolved
from SPPs later than Fe and joins existing Fe-rich clusters that
thereby become larger and Cr rich. However, there might also be
other mechanisms leading to larger Cr-rich clusters (preferentially
located close to GBs). Such mechanisms could involve differences
in (bulk and GB) diffusivity [72] and solubility between Fe and Cr.
Sawabe and Sonoda attributed their observation of an increase in
cluster size with increasing fluence to the number of cluster sites
being limited to a saturated number of <a>-loops [23].

5.2. <c>-component loops

The segregation of Sn to ring-shaped features (the presumed
<c>-component loops) observed in this study (and in the study
by Sundell et al. [22]) is in accordance with the prediction of seg-
regation of Sn to basal stacking faults in density functional the-
ory (DFT) modelling by March-Rico et al. [73]. Also their predic-
tion of segregation of Fe to basal stacking faults agrees well with
our observation of Fe together with Sn at the ring-shaped fea-
tures. However, our observation of Ni at one of the presumed <c>-
component loops does not agree with their predicted absence of Ni
at basal stacking faults. As mentioned in the study by Sundell et al.
[22], our observed presumed <c>-component loops were small
compared with <c>-component loops observed with TEM [14,21].
Due to the small volume of an APT analysis, however, only small
<c>-component loops can be detected in their full size. That no
<c>-component loops were observed after 3C is not surprising, as,
if there are <c>-component loops already after 3C, their number
density should be much lower than after 9C [14,21].

5.3. Clustering of tin
Our observation of the Sn clusters not being aligned and their

number density being higher than that of Fe-Cr clusters might in-
dicate that Sn clusters are not related to <a>-loops in the same
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way Fe-Cr clusters are. The fact that Sn clusters were observed in
grains or parts of grains that were adjacent to grains with a higher
O content, after 9C but not after 3C, gives an indication that there
could be a relation between Sn-clustering and hydride phases. Al-
though only a slightly enhanced H concentration was observed in
the regions with Sn clusters compared with the adjacent regions
without Sn clusters, it is still possible that these regions were hy-
dride phases during reactor operation and that the adjacent re-
gions were not. The reason for not observing more H in these re-
gions might be related to difficulties in measuring H with APT or
redistribution of H after reactor operation (see Section 5.5 for more
discussion on H).

Our hypothesis that the regions with Sn clusters were hydrides
that were depleted in Fe and Cr is in line with the electron probe
microanalysis (EPMA) and TEM observations by Baris et al., where
the content of alloying elements was lower in hydride phases com-
pared with the matrix [46,47]. The formation of clusters is in
line with the results of an APT study on unirradiated deuterium-
charged Zircaloy-4 by Breen et al., where the Sn solubility was
lower in deuteride phases compared with the Zr matrix (although
no Sn clusters were observed) [74]. Modelling by Christensen et al.
predicts that Sn, Fe, Cr, and Ni prefer «-Zr over hydride phases,
with this preference being most pronounced for Sn [75]. It is thus
possible that the Sn clusters observed in our analyses were formed
when Sn was incorporated into a hydride phase. The very low
number of clusters of Fe, Cr, and Ni in these regions might pos-
sibly be explained by the faster diffusion of these elements com-
pared with Sn [72], so that they were able to migrate to the Zr ma-
trix upon formation of the hydride. If the Sn clusters are related to
<a>-loops in the same way Fe-Cr clusters are, our results might
be an indication that the <a>-loop number density is higher in
hydride phases than in «-Zr.

5.4. Grain boundary segregation

The enrichment of Sn and Fe at GBs observed in this study
agrees with previous APT observations [22,23]. The observation of
enrichment of small amounts of Cr at GBs made in this study was
not recognised in the study by Sundell et al. [22] but is in agree-
ment with the observations made by Sawabe and Sonoda [23]. Also
our observation of Cr-rich clusters often being located close to GBs
is in line with the results of Sawabe and Sonoda [23]. Observa-
tion of enrichment of Ni at GBs, as made in this study (although
of low concentration with relatively large standard deviation), was
not made in the previous APT studies [22,23]. Our results for Ni
indicate that Ni can be found at GBs or sub-GBs when available
after dissolution from SPPs or that it can be found at sub-GBs af-
ter depletion from GBs of the original microstructure. Enrichment
of Fe and Ni, but not Cr, has been observed with APT at GBs or
sub-GBs in autoclave-tested Zircaloy-2 [76] and with TEM both in
as-produced and in-reactor-exposed Zircaloy-2 [47]. Enrichment of
Sn has also been observed with TEM after in-reactor exposure [47].
The enrichment of Sn, Fe, Cr, and Ni at GBs due to a thermody-
namic driving force has been predicted by Christensen et al. [75].

5.5. SPPs and hydrogen

The much higher concentration of Cr compared with Fe inside
the SPP shown in Fig. 11 indicates that Fe has been preferentially
dissolved from the SPP, as the Fe/Cr ratio of Zr(Fe,Cr), SPPs in the
as-produced material is expected to be much higher than our mea-
sured value below 1/10 [9,10,13,68]. The lower concentration of Fe
compared with Cr outside the SPP is likely due to its earlier expul-
sion [9-11,13] and its higher diffusivity [72]. The observation of Ni
and Si in Zr(Fe,Cr), SPPs is not surprising, since Ni and Si previ-
ously have been observed in Zr(Fe,Cr), SPPs [10,77].
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In both the SPP shown in Fig. 11 and the SPP investigated by
Sundell et al. [22], all of the elements Fe, Cr, Ni, and Si can be
seen. In one of the TEM studies by Harte et al., Ni was observed in
Zr(Fe,Cr), SPPs, but Cr was not observed in Zr,(Fe,Ni) SPPs [10]. In
an APT study by Sawabe et al., relatively large amounts of Ni and
Si were observed in Zr(Fe,Cr), SPPs, but only very small amounts
of Cr were observed in Zry(Fe,Ni) SPPs [77]. It is thus not unlikely
that the SPP in the study by Sundell et al. [22] was a Zr(Fe,Cr), SPP
rather than a Zr,(Fe,Ni) SPP.

As the measured H concentration of the 3C specimens was sim-
ilar to that of the 9C specimens [22,25], they might have been hy-
dride phases during analysis. It is also possible that the hydrogen
content was in part due to the residual gas in the analysis cham-
ber of the APT instrument [61,62]. As the rod average hydrogen
content of the 3C sample of 0.4 at.% is below the solubility limit at
reactor operating temperatures [32], the possible hydride phases
were most likely not present during reactor operation. The obser-
vations for the 3C specimens can thus be assumed to be represen-
tative of the metal during operation. To encounter hydrides that
were not present during reactor operation in the analyses should
not be surprising, as hydrides in the cladding are known to reori-
ent post service, due to temperature changes, and reprecipitate in
the metal close to the outer surface [78] (the region studied in this
work). Also during yearly outages and other shutdowns of the re-
actor, hydrogen and hydrides are redistributed [78]. Furthermore,
hydrogen redistribution and hydride formation can occur during
sample and specimen preparation, e.g. in the FIB [59,60]. In con-
trast to the rather low hydrogen content of the rod of the 3C sam-
ple, the hydrogen content of 6 at.% of the rod of the 9C sample is
above the solubility limit at operating conditions [32]. There might
thus be regions in the 9C specimens that were hydride phases dur-
ing reactor operation (e.g. the observed regions with Sn clusters).
However, as there are large similarities between most of the 3C
and the 9C specimens (most notably the existence of Fe-Cr clus-
ters aligned in layers normal to the <c>-direction), most of the
observations after 9C can be assumed to be representative of the
metal during reactor operation.

Although the measured higher H concentration outside than in-
side the partially dissolved Zr(Fe,Cr), SPP might not be represen-
tative of the H distribution during operation, it agrees with the
results of previous measurements using various techniques and
should therefore be of interest to report, at least from an anal-
ysis perspective. Lower H content inside a Zr(Fe,Cr), SPP com-
pared with the surrounding matrix in unirradiated Zircaloy-4 has
been measured with APT [79]. Deuterium has with nanoscale sec-
ondary ion mass spectrometry (nanoSIMS) been observed to be
preferentially located in the Zr matrix surrounding Zr(Fe,Cr), SPPs
in Zircaloy-2 and Zircaloy-4 corroded in deuterated water [80].
TEM observations have been made of hydrides being present in
the Zr matrix, but not in the SPP, at the matrix/SPP interface
in hydrogen-charged unirradiated Zircaloy-4 [81]. In the oxide of
Zircaloy-4 corroded in deuterated water, deuterium hotspots have
with nanoSIMS been observed not to be correlated with Zr(Fe,Cr),
SPPs [82]. There is also DFT modelling that suggests that Zr(Fe,Cr),
SPPs (as opposed to Zr,(Fe,Ni) SPPs) do not offer preferential sites
for H accommodation [80,83].

5.6. Relation between microstructure and breakaway

The difference between 3C and 9C regarding clustering is rela-
tively small. The cluster number density is similar, and it seems
unlikely that the increase in cluster size should be decisive for
breakaway in corrosion, in HPU, or in growth to occur. On the other
hand, one could envisage that the removal of a large amount of the
Zr(Fe,Cr), SPPs or the increased release of Ni from Zr,(Fe,Ni) SPPs
after 9C is important for breakaway. Ni has been observed to in-
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crease HPU [35,84,85], and the increase of Ni outside SPPs might
thus be one of the causes for breakaway in HPU. The increase of
Fe and Ni outside SPPs might be of importance for the formation
and/or stabilisation of <c>-component loops, which in turn may
be important for accelerated corrosion or growth. It is obviously
difficult to determine the root cause of breakaway, but the present
study has contributed with some important observations by com-
paring the microstructure before (3C) and after (9C) breakaway.

6. Conclusions

In this study of the metal close to the metal/oxide interface in
Zircaloy-2 exposed to three and nine annual cycles of operation in
a commercial BWR, corresponding to before and after the onset of
acceleration in corrosion, hydrogen pickup, and growth, the follow-
ing observations have been made:

e Overall, large variations in local chemistry between individual
specimens and individual grains were observed. There was on
average more Cr and Ni in the bulk (i.e. the total composition of
matrix, clusters, and boundaries but excluding SPPs) after nine
cycles than after three, but the grain-to-grain variations were
larger than the difference between three and nine cycles.
Clusters of Fe and Cr were located in layers typical of layers
of aligned <a>-loops. The cluster number density was on av-
erage slightly higher and the clusters were on average larger
and richer in Cr after nine cycles than after three cycles, but
the grain-to-grain variations were larger than the differences
between the two exposure times. Large Cr-rich clusters were
generally located close to GBs or sub-GBs. Ni was observed in
clusters in only a few grains. Sn was on average slightly en-
riched in the Fe-Cr clusters, but the concentration of Sn was
higher between than inside the layers of Fe-Cr clusters. Clus-
ters of Sn were observed in regions that were depleted of Fe
and Cr and that were located adjacent to regions with higher O
content.
Features that appeared to be <c>-component loops were ob-
served after nine cycles but not after three cycles. Enrichment
of Sn and Fe was observed at all of the <c>-component loops,
with one of these elements in much higher concentration than
the other at each individual loop. Ni was seen to be enriched at
one loop where there was more enrichment of Fe than Sn.

» Enrichment of Sn, Fe, and small amounts of Cr and Ni at GBs or
sub-GBs was observed. There seems to be no general difference
between three and nine cycles regarding the concentrations of
these elements at GBs.

e A partially dissolved Zr(Fe,Cr), SPP that was observed after
three cycles had an Fe/Cr ratio lower than 1/10 and also con-
tained Ni and Si.
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