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ARTICLE INFO ABSTRACT

Keywords: The life-time-limiting factors of zirconium-based fuel cladding in water-cooled and -moderated nuclear power
Zr fuel cladding reactors are corrosion and associated hydrogen pickup. Corrosion performance in reactor is significantly worse in
Corrosion

comparison to autoclave exposure. The accelerated degradation becomes particularly severe with the accumu-
lation of radiation damage that is caused by fast neutrons. This work aims to expand the understanding of the
underlying mechanisms governing the in-reactor corrosion process by nano-scale characterization of high-
burnup fuel cladding tubes from operation in the boiling water reactor Oskarshamn 3 mainly by atom probe
tomography. We present data from the oxide and the oxide-metal interface and point out the differences with the
comparatively well-known behaviour in autoclave corrosion tests. The main aspect is the interaction between
alloying elements, irradiation-induced defects and zirconium oxidation: Irradiation-induced FeCrNi clusters seem
to slightly accelerate the diffusion of oxygen within the basal plane of the hexagonal metal matrix and dissolve in
the oxygen-saturated zirconium metal that develops before zirconia formation takes place, and c-component
dislocation loops, characteristic of high damage levels, might offer enhanced oxide nucleation sites that
potentially explain the rapid degradation observed after some years of reactor operation. In addition, pores can
be construed as a potential pathway for accelerated hydrogen pickup, similar to processes postulated in the
literature. The results in this study give some novel insights into the mechanisms of in-reactor degradation of
zirconium-based alloys and highlight the necessity to characterize materials from actual reactor operation.

Atom probe tomography
Radiation damage

1. Introduction form intermetallic precipitates often referred to as secondary phase par-

ticles (SPPs) [3,4] (the most relevant for the present work are Zr(Fe,Cr),

In nuclear power reactors zirconium alloys are used as cladding tubes
that contain the nuclear fuel. They thus constitute the barrier between
the fuel and the cooling water. During reactor operation, cladding tubes
are affected by three major degradation mechanisms, namely, irradia-
tion damage from fast neutrons, hydrogen pickup (HPU) and water-side
corrosion. While Zr has a small capture cross section for thermal neu-
trons and is therefore beneficial for neutron economy, in its pure form it
does not have sufficient mechanical strength nor corrosion performance
for cladding applications in water-cooled and -moderated reactors.
Therefore, the following alloying elements are added to improve the
performance: Sn and O to improve mechanical properties [1]; Fe, Cr and
Ni to improve the corrosion resistance of, e.g., Zr-Sn alloys [1]; Nb to
significantly improve resistance to corrosion and HPU [2]. Sn and O are
in solid solution, while Fe, Cr and Ni have a low solubility in a-Zr and
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and Zry(Fe,Ni)).

The corrosion behaviour of Zr-based fuel cladding depends on the
corrosive environment as well as composition and microstructure of the
cladding material [1]. The protective oxide, zirconia (ZrOs), is an n-type
semiconductor [5], is inward-growing and has a Pilling-Bedworth ratio
(volume of oxide to volume of metal) of ~1.56 [6]. This leads to large
compressive/tensile stresses in the oxide/metal, causing plastic defor-
mation forming (sub)grains in the metal close to the interface [7]. The
rate-controlling process in the Wagnerian oxide scale growth is either O
transport across the scale to the oxide-metal interface or outward elec-
tron transport [8]. In pressurized water reactors (PWRs) (where no
steam is present) the main concern is the velocity of uniform corrosion.
Historically, Zircaloy-4 (alloyed with Sn, O, Fe, and Cr) was mainly used
in western PWRs whereas Russian designs used Zr-1 %Nb (E110). To
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date, Zircaloy-4 has largely been replaced by Zr-Nb alloys such as M5™,
ZIRLO® and AXIOM® that have lower HPU and improved corrosion
performance. Nb-containing alloys do, however, not perform well in the
more aggressive environments of boiling water reactors (BWRs) [9].
Therefore, Zircaloy-2 (alloyed with Sn, O, Fe, Cr and Ni) has been used
for many decades. In BWRs localized or ‘nodular’ corrosion was a
prominent issue, but it has largely been resolved by optimizing the size
and distribution of SPPs [10-12] such that nodular corrosion is avoided
at the cost of a slightly increased uniform corrosion. The corrosion
performance of the relatively newly developed alloys GNF-Ziron and
HiFi™ is further improved. Both alloys contain increased amounts of Fe
(higher than the Zircaloy-2 standard) that is mainly added to lower HPU
[13,14].

Performance of corrosion is usually rated based on autoclave ex-
periments because they are more accessible and less expensive than in-
reactor testing. Autoclave exposures are designed to emulate the reactor
conditions as closely as possible, which means that the water chemistry
is intended to mimic that found in reactor. For example, oxygenated
water is used to account for radiolysis taking place during reactor
operation. Importantly, the actual in-reactor performance is signifi-
cantly worse, i.e., the oxide scale thickness is much larger than that
estimated from autoclave experiments [15,16]. Therefore,
autoclave-based rating, while a useful tool, has its limitations [17]. Due
to the difficulties associated with handling radioactive materials, the
majority of investigations of Zr alloy corrosion and HPU have been and
will be performed with autoclave-tested materials, although the effect of
irradiation is missing and higher temperatures typically are used to
reduce the time of exposure.

In the early stage of oxidation (called pre-transition), the oxide
growth rate is sub-parabolic (sometimes also referred to as cubic [8,18])
and the oxide morphology is homogeneous and little porosity is present
[19,20]. In this pre-transition regime the oxidation rate does not
significantly differ between autoclave and reactor (it is largely inde-
pendent of the neutron fluence) and is active up to a scale thickness of
approximately 2 pm [16].

In pre-transition autoclave-corroded fuel cladding materials a sub-
oxide (hexagonal structure of composition ZrO [21-24]) has been
described to be present between the ZrO, and the metal [21,25-32]. Its
thickness has been observed to vary significantly along the interface
[21]. Such suboxides have been characterized by energy-dispersive
x-ray spectroscopy (EDS) [33] and electron energy loss spectroscopy
(EELS) [25,26,30], diffraction [34] and atom probe tomography (APT)
[29-31,35]. Below the suboxide, O-saturated Zr metal with ~ 29 at. % O
is present (showing up as a plateau in concentration profiles), which is
followed by a region with a smooth transition of O until the bulk con-
centration is reached. In the post-transition regime (discussed below)
generally no suboxide is present in autoclave-corroded material [21].

The post-transition regime is marked by cyclic behaviour and accel-
eration of the corrosion process: repassivation occurs after breakdowns
in the protective properties of the oxide scale of approximately 2 pm
thickness [36,37]. This takes place continuously and in later stages it is
often approximated as linear growth [8,38,39] (possibly with more than
one stage [38]) and is sometimes also referred to as breakaway corrosion
[18,40,41]. In autoclave the cyclic behaviour of oxide growth is often
associated with formation of columnar oxide grains at the oxide-metal
interface [42]. These grow to a thickness of approximately 2 pm
before they become unstable due to compressive stresses [8] and a layer
of equiaxed grains forms at the interface. Below the layer of equiaxed
grains a new layer of columnar grains starts to form, and the cycle
continues in this manner [43]. The in-reactor oxide morphology differs
from autoclave-formed oxide and has much less well-defined columnar
grains [34].

The key motivation for the present work is that in the post-transition
regime, corrosion is strongly accelerated in reactor compared to auto-
clave [15,16]; the end-of-life oxide scale thickness can be more than 40
times thicker than estimated from autoclave [16]. There appears to be a
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certain time for corrosion to accelerate in reactor [16] and this accel-
eration shows dependence on the temperature and the damage level [16,
44], in which higher flux leads to a higher corrosion rate [15,16].

Diffusion through the scale is likely not significantly increased by
irradiation-induced atomic-scale defects inside the oxide [8]. Notwith-
standing this, it has been proposed that a contribution to the increase in
corrosion rate could be due to intergranular porosity [34], which is
certainly reasonable since it will lead to an increase in the transport of O
(and H) across the oxide scale. Most relevant, however, is the transport
across the innermost oxide, the ‘barrier layer’ [45] and the formation of
zirconia at the oxide-metal interface. The barrier layer has been
demonstrated to be the protective (or active) layer during autoclave
corrosion [36,46]. In reactor the barrier layer potentially becomes
thinner at higher burnup [47]. The oxide-metal interface has been re-
ported to be undulated after autoclave [33,48] as well as reactor
exposure [34,49,50]. While processes in the oxide and at the
oxide-metal interface are likely in some way (even indirectly) affected
by irradiation, accelerated corrosion was also found in specimens that
were repolished after reaching the post-transition regime [16]. It is
therefore reasonable to assume that this acceleration is at least in part
caused by the accumulated irradiation damage in the base metal. In
order to fundamentally understand this process, one needs to connect
microstructural observations in the metal as well as in the oxide close to
the metal-oxide interface to derive potential mechanisms that elucidate
the observed macroscopic behaviour.

One important difference between corrosion in autoclave and reactor
is that during reactor operation the SPPs dissolve to a large extent due to
irradiation, releasing Fe, Cr and Ni into the Zr metal matrix where
segregation to irradiation-induced defects (mostly a-loops) [51-60]
takes place. The distribution of the transition metals potentially plays a
significant role in determining the corrosion characteristics [61]. The
release of Fe from Zr(Fe,Cr),-SPPs takes place preferentially, while Cr
remains in the now amorphous particles, which are only fully dissolved
at high fluences. It has been reported that corrosion is significantly
accelerated once SPPs have (almost) fully dissolved [62]. Unsurpris-
ingly, segregation of the said elements to grain boundaries (GBs) is
found, both before and after reactor operation [50,54,58,63,64]. SPPs
and GBs have been shown to be incorporated into the oxide after
autoclave [65] and reactor exposure [16,66]. The alloying element
distribution in the oxide of reactor-exposed Zr alloys is of interest to
study, as it is believed to affect the corrosion and HPU behaviour. A
mechanistic description of the oxidation process [67], which is sup-
ported by density functional theory (DFT) calculations, proposes that
the presence of Fe and Ni and their ratio at oxide GBs are important for
HPU [68,69].

Due to its combination of high mass resolution and sub-nm spatial
resolution APT is a technique well suited for analysing the distribution
of low-concentration alloying elements at the near-atomic scale [70].
APT has been employed to characterize Zr alloys in the past, e.g., hy-
dride formation [35,71-73] and clustering of alloying elements at
irradiation-induced defects [53,54,57,58,74]. Zr corrosion has also been
investigated in cladding materials from autoclave testing [29,35] and
PWR operation [64], but so far a thorough APT investigation of the
oxide-metal interface has been lacking.

In this work we present extensive data from APT analyses of the
oxide and the oxide-metal interface from high-burnup cladding tubes
after service in a commercial BWR. We investigated samples from two
cladding tubes, one manufactured from Zircaloy-2 and one from a
similar model alloy, which we designate as ‘Zircaloy-2 Fe+’ that has
higher Fe and Cr contents, which reduces HPU. Since the damage to the
matrix (and possibly the disappearance of SPPs) is one important aspect
related to accelerated in-reactor corrosion, it is necessary to understand
the mechanism(s) taking place at the oxide-metal interface, because —
irrespective of the O transport across the oxide scale — in some manner
this damage leads to an acceleration of the oxide growth into the metal
(as well as increasing HPU).
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2. Materials and methods
2.1. Specimen information

We investigated two fuel cladding tubes after 2082 days of reactor
operation in the BWR Oskarshamn 3 with designations O3E9 (Zircaloy-2)
and O3F9 (Zircaloy-2 Fe+, which has an increased content of Fe and Cr
higher than the ASTM specifications of Zircaloy-2 [75] to reduce the
HPU [76]; it is similar to HiFi and is referred to as “Alloy 2” in Ref. [77]).
Both materials were produced by Sandvik Materials Technology AB
(now Alleima AB) using the heat treatment scheme LK3 [10]. The fuel
assemblies were produced by Westinghouse Electric Sweden AB. The
compositions in the as-produced condition are given in Table 1.

We have previously published investigations performed on the same
samples that focused on clustering in the metal, hydrogen analysis and
formation of pure Zr islands inside c-loops (see [56,77-79]). Relevant
information about the irradiation conditions and post-irradiation in-
vestigations can be found in Table 2. Based on comparison with, e.g.,
[16], the cladding tubes are in a regime where accelerated corrosion is
expected.

2.2. Atom probe tomography

2.2.1. Specimen preparation and experiments

Preparation of needle-shaped APT specimens was performed via
standard lift-out methods [82] (final annular milling at 30 kV and 30-50
PA with an inner diameter of the mask of 100-150 nm, low-kV cleaning
to remove some surface damage for 30-60 s at 5 and 2 kV and 45 and 28
pA) using dual-beam FIB-SEM instruments (FEI Versa3D and Tescan
GAIA3, the latter equipped with a Leica VCT 500 cryo-stage). Lift-outs
were mostly made with the oxide-metal interface aligned perpendicular
to the APT specimen axis. Five APT specimens from each cladding tube
were prepared with the metal-oxide interface parallel to the specimen
axis.

For 19 specimens the annular milling was conducted at a tempera-
ture below — 150 °C. Such a procedure intends to prevent the trans-
formation of a-Zr into §-, or y-hydride, which is well-known to take place
in metals and alloys with high affinity for H when specimens are very
thin [83,84]. While this is a necessary step if the analysis of dislocations
by TEM is intended or the H signal is of interest, we have recently shown
that a transformation into §-hydride does not lead to a change in the
distribution of other elements like solute clustering at dislocation loops
[77]. Here it was used in order to try to obtain data of hydrides at or near
the oxide-metal interface. However, only one single of these specimens
captured the oxide-metal interface and no hydride volumes were
encountered. An overview of the specimens prepared is given in Table 3.

APT was performed using an Imago LEAP 3000X HR (green laser, 535
nm wavelength), and a Cameca LEAP 6000 XR (UV laser, 257.5 nm
wavelength). The base temperature was set between 50 K and 70 K.
Laser pulse energies (LPEs) used were 250-400 pJ in the LEAP 3000X HR
and 50-150 pJ in the LEAP 6000 XR. Higher LPEs (>100 pJ) that result
in higher surface temperatures, and thus field evaporation at relatively
lower standing voltages, were used on the oxide to reduce the load on
the specimens and thus decrease the risk of specimen fracture. Once the
oxide had been passed, we usually lowered the LPE to increase the field
magnitude at which evaporation occurs so Fe, Ni and Cr are detected as
doubly charged ions, thus avoiding overlaps with other species. Still, in
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Table 2

Specimen information.
Alloy Zircaloy-2 Zircaloy-2

Fe+
Heat treatment code Westinghouse LK3 [10]
Irradiation time (d) 2082 2082
Coolant saturation temperature (°C) 284 284
Rod average burnup, calculated (MWd/kgU) 52 52
Burnup, average, measured (MWd/kgU) [80] Not 56, lower half
measured

Position in fuel assembly E9 F9
Elevation from rod bottom (mm) 2642-2645 2666-2669
Fast neutron fluence (n m™2) 1.2 x 10% 1.2 x 10%°

Damage level (dpa) [81] 19 19

Oxide thickness (um) from FIB cross sections 122+ 1.3 9.8+ 0.6

Oxide thickness (um), measured at 0/90/180/270° on 7,9, 11, 22 11, 10, 10,
metallographic cross sections 11

Rod growth (%) 0.34 0.38

Hydrogen concentration post-irradiation (wt ppm) 200 + 29 134+ 9

laser pulsing only a small fraction of Ni is detected at 29 Da, meaning
that most Ni is lost due to peak overlap between Ni™ and Sn**. Re-
constructions were made choosing only smooth parts of the voltage
curves. Reconstructions and analyses were carried out in IVAS 3.6.14
and AP Suite 6.3 with a voxel size of 1 x 1 x 1 nm and a delocalization of
1.5 x 3 x 3 nm and the built-in isoconcentration surface (ICS) tool was
used for visual analysis and creating proximity histograms (‘proxigrams’
[85]). Ranging was performed individually for each dataset or
sub-volume of interest. Compositions were quantified using the built-in
algorithm in AP Suite. Hydrogen was always excluded, since hydridation
by FIB-milling [73,83] often occurs and, especially in laser measure-
ments, the hydrogen distribution is inhomogeneous across the specimen
volume with a (unphysically high) maximum hydrogen fraction on the
opposite side of the laser illumination. In some instances, it can be useful
to have a measure of local field variations, which can be obtained from
the charge state ratio (CSR), which in the case of the here analysed
material is defined by the ratio of Zr**™ to Zr* ions. This is based on the
probability of reaching a higher charge state by post-evaporation ioni-
zation in higher relative fields [86].

The supplementary material includes a section about some of the
relevant APT-related artefacts. Here only one important issue specific to
the analysis of oxide-metal interfaces is expounded upon:

2.2.1.1. Presence of a layer with suboxide stoichiometry (ZrO) between
zirconia (ZrOz) and O-rich metal Zr(O). One specific artefact that is
relevant in the context of APT investigations targeting Zr corrosion is the
presence of an additional O-rich/oxide layer in APT datasets, which is
dependent on the analysis sequence: if ZrO, is at the apex of a specimen
and the metal below, an additional layer of distinct composition (Zr:0 =
50:50) has been observed. Such is not the case when the analysis di-
rection is reversed from the metal into the oxide [87]. This is attributed
to migration of O from the oxide into the metal below under the in-
fluence of the strong electric field.

The presence of a hexagonal suboxide (with Zr:O = 50:50) of up to
several 100 nm thickness in the case of pre-transition oxide scales is well
known. In APT measurements in previous work this phase was distin-
guished from ZrO, by the absence of O3 -ions, which are used as markers
for the presence of the oxide [29]. The existence (and presence) of such a
suboxide has also been confirmed by techniques other than APT,

Table 1
Chemical composition of the investigated fuel cladding tubes (balance Zr).
Alloy Fe Cr Ni Sn (0] C Si N Al
Zircaloy-2 (at%/at ppm) 0.29 0.23 0.094 1.14 0.68 / 1100 290 260 <100
(wt%/wt ppm) 0.18 0.13 0.061 1.49 0.12 / 143 91 40 <30
Zircaloy-2 Fe+ (at%/at ppm) 0.58 0.31 0.097 1.00 0.68 / 900 290 250 <100
(wt%/wt ppm) 0.36 0.18 0.063 1.31 0.12 / 120 90 38 <30
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Table 3
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Overview of prepared APT specimens and conducted experiments. Of a total of 55 prepared specimens targeting the oxide-metal (O/M) interface, 5 APT measurements
captured this region. Specimen axis oriented along the direction perpendicular to the oxide-metal interface means the same as radial direction with respect to the

cladding tube directions (see inset in Fig. 2).

Alloy Lift-out direction with respect to O/M Annular milling No. of specimens No. of successful O/M No. of successful oxide
interface temperature prepared datasets datasets
(10° detected ions) (10° detected ions)

Zircaloy-2 Perpendicular RT 20 none 13
-150°C 10 1(8) none
Parallel RT 5 3(32,17,0.8) none

Zircaloy-2 Perpendicular RT 6 1014 25,9
Fe+ -150°C 9 none 12
Parallel RT 5 1(2) 1(3)

namely, EELS [26,48] and electron diffraction [26,48,88]. There is
hence no reasonable doubt that this phase can be found, the question
becomes rather whether a specific feature with a thickness of a few (ten)
nm and composition ZrO found in APT is real or an artefact.

Fig. 1 shows a comparison of segments of oxide-metal interfaces
where in (a) the oxide lies above the metal and vice versa in (b) (the full
reconstructions are shown in Figs. S5 (a) and S1). In both cases the lift-
out was performed with the specimen axis aligned with the axial di-
rection of the tube, i.e., macroscopically parallel to the oxide-metal
interface. Both specimens were measured under similar conditions
(100 pJ, 70 K, 0.2 % target detection rate) in the same instrument.
Comparing the ion maps in Fig. 1(a) and (b) it is obvious that above the
interface (here defined as 50 at% Zr ICS) the distribution of the
O-containing (molecular) ions is not homogenous in (a), especially 03,
0™, ZrO3/** and Zr,03 ™, while it is in (b), although the shape of the
interface is more complex there. These differences are reflected in the
proxigrams, which show an extended transition region in (c) vs. a
smooth apparent compositional change in (e) as is typical for phase
boundaries captured by APT (see, e.g., [89-91]). The differences are
further highlighted in the proxigrams of the ionic fractions depicted in
(d) and (f). While the O-containing ionic species exhibit different pro-
files in the ‘oxide-to-metal’ dataset (d) they are all similarly mono-
tonically decreasing in the ‘metal-to-oxide’ case (f). In light of this
analysis, we conclude that — although a 5-15 nm thick layer of ZrO
composition is found in many APT measurements of the oxide-metal
interface — no suboxide is found in our data, rather these features are
APT artefacts.

2.3. Electron microscopy

SEM images were captured with the Versa3D also used for FIB-based
specimen preparation for APT and TEM. TEM analyses were performed
using an FEI Titan 80-300 at 300 kV. A high-angle annular dark-field
(HAADF) detector was used to highlight the location and morphology
of the oxide-metal interface. EDS data were analysed by standardless
quantification using the Cliff-Lorimer method. The input value for the
lamella thickness in the software was incrementally changed until the
known O concentration of the oxide (66.7 at%) was obtained. The
calculated thickness was then used to quantify the composition of the
adjacent metal regions.

3. Results
3.1. Electron microscopy

Fig. 2(a) provides an overview of a sample from a cladding tube
viewed in the radial direction. As illustrated in the inset (upper right),
the tube segment has a chamfer that was ground in order to expose the
metal-oxide interface and enable simplified preparation for TEM and
APT by FIB. Fig. 2(b) shows a FIB cross section of the oxide-metal
interface (here viewed in the axial direction), where hydrides and
SPPs are visible in the metal. The oxide scale exhibits tangential

cracking. The cracks that are opened the widest are almost continuously
connected. We have also observed this in further cross sections although
the distance between the wide, continuous cracks and the oxide-metal
interface varied. Fig. 2(c) and (d) show specimens at an early stage of
the annular milling performed to produce needles for APT analysis. The
oxide-metal interfaces are aligned roughly perpendicular and parallel to
the length axes in (c) and (d), respectively.

Fig. 3 depicts (S)TEM images of the oxide-metal interface from both
alloys with view in the axial direction of the tubes (i.e., the cross sec-
tions/lamella planes are perpendicular to the oxide-metal interface. In
(a) and (b) STEM-HAADF images of both investigated alloys show its
serrated nature. Lower-brightness regions in the metal are lenticular
hydrides, the smaller of which have likely been created by FIB-milling
[83]. The higher brightness at the oxide-metal interface (more clearly
seen in (a) than in (b)) is associated with higher O concentrations
(maximum solubility of O in Zr is approximately 29 at% at relevant
temperatures [92]). The measured O fraction in the metal near the
interface (i.e., a few tens of nm away) ranges from approximately 20 to
30 at% and in one case approximately 50 at% (see Fig. 3 (az) and (by)).
Dark-field images (Fig. 3 (ag) and (b3)) highlight some columnar grains,
but most grains had somewhat irregular shapes. In addition, oxide grain
sizes of only a few nm in diameter were found (by).

The oxide grain morphology is hard to ascertain and in general grains
cannot be easily distinguished. Among irregular-shaped grains of several
100 nm diameter, we did find a few columnar grains (few 100 by few
tens of nm) in the bulk of the oxide (i.e., away from the oxide-metal
interface) as shown in Fig. 3. There were, however, also regions with
very small grain sizes, smaller than 5 nm (Fig. 3 (bs)). Cracks are present
throughout the oxide scale with the exception of the direct vicinity of the
oxide-metal interface region that appears to be largely crack-free within
roughly a few 100 nm from the interface. The vast majority of cracks run
in circumferential direction; one exception can be seen in Fig. 3(a),
where some cracks have a component in the radial direction. Cracks
differ in size and distribution across the oxide thickness. The widest
cracks are often connected several tens of um (Fig. 2(b)); most cracks,
however, are shorter than 1 ym.

3.2. Atom probe tomography

The APT results are presented sequentially from outer to inner:
oxide, oxide-metal interface and finally the metal underneath the oxide.

3.2.1. Oxide

Fig. 4 comprises APT data from Zircaloy-2 Fe+ showing the Fe and Ni
distribution in ZrOs, in (a) and (c), and in the metal for comparison in
(b). The oxide datasets are from locations at maximum a few hundred
nm away from the oxide-metal interface, and it is therefore reasonable to
assume that they capture the barrier layer of the oxide. The metal
dataset (Fig. 4(b)) was taken from several um below the interface and
has been transformed into a hydride by FIB preparation at room tem-
perature. Long thermal tails of the main ionic species (0T, 03, ZrO™;
see Fig. §2) prevent meaningful quantification for the oxide datasets.



D. Mayweg et al.

(@) Analysis Zircaloy-2
direction fo)

Acta Materialia 292 (2025) 121020

LPE: 100 pJ; base temperature 70 K, wavelength: 258 nm
Zr,0,

Zro

Zr Zr

®) Analysis
direction

Zircaloy-2 Fe+

Zr Zr Zr Zr

LPE: 100 pJ; base temperature 70 K, wavelength: 258 nm

(© Proxigram atomic composition
50 at% Zr ICS

(d) Proxigram ionic fraction
50 at% Zr ICS

. 1007
8L
9 N g
kS 6 5§ 10
5 g 8
D "o © 4=
o) ~ = L 14
Met. Q c Qo c
S 20w 2
o n
© g
S0 2 0.1
15 8 -10
&)
(e) ()
[Met.
Zr \ 1007
80+ | 14 -
g | g
© 601 ' 35T 510
c SN 3B
W = o0 | f2or 8
% | oN o 1]
£ 20 | 18 5
] | ] S
8 sn CSR O
e —— 0 0.1

0 :
10 -5 0 5 10 15
Distance (nm)

40 5 0 5 10 15
Distance (nm)

Fig. 1. Influence of APT analysis direction on the measured composition at the oxide-metal interface. If the oxide is at the specimen apex above the metal (see (a)) an
additional ZrO layer appears that is absent if the metal is at the top above the oxide (see (b)). Proxigrams of atomic and ionic fractions of (a) and (b) are given in (c),

(d) and (e), (f), respectively.

However, since the range between approximately 25 and 32 Da is not
strongly affected by thermal tails, the distribution of Fe and Ni (Cr was
not detected) can be assessed. It is immediately evident that clustering,
which is clearly visible in the metal (Fig. 4(b)) is almost entirely absent
in the oxide, which is an indication of cluster dissolution. This intuitive
assessment is quantitatively confirmed by the comparison of the 1%

nearest neighbour (1NN) distributions of Fe and Ni in the datasets with
that of a random mixture (a measure used to quantify non-random
distribution of elements [93]) depicted in Fig. 4(e). While a significant
difference between actual (dashed line) and random (solid line) distri-
bution is evident in the metal, there is only a small difference for the
distributions in the oxide.
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Fig. 2. (a) Secondary-electron (SE) image of the outer surface of a small section of a defueled cladding tube sample (Zircaloy-2), viewed in radial direction. (b) Back-
scattered electron (BSE) image of the oxide-metal interface, viewed in axial direction. Cracks in the oxide are clearly visible, and in the bulk a-Zr metal, hydrides and
SPPs can be seen. (c) and (d) are BSE images showing an intermediate step from annular milling in the preparation of APT specimens with (c) perpendicular and (d)
parallel oxide-metal interface. The radial and axial cladding tube directions are indicated by green and blue arrows, respectively.

3.2.2. Metal-rich islands and pores within the oxide

Fig. 5 depicts a further oxide dataset, which only captures ZrO but
contains volumes enriched in Sn, Si and elements found in SPPs (Fe, Ni,
Cr), as shown in Fig. 5(a) and such with increased Zr fractions
(compared to ZrO3) shown in (b). Several volumes show very high ionic
densities (more than 10 times the average density, see Fig. 5(b) and (c)),
which points to the presence of small pores (black arrows, see discussion
of pores in ZrO5 in [20]) or larger (low-field) metal islands (blue arrow).
In the latter case, preferred evaporation due to the lower field causing
trajectory aberrations takes place and causes higher densities in the
reconstruction [94]. The significantly higher atomic Zr fraction
(compared to ZrO,) and the detection as ionic Zr™ ™" indicate that,
locally, Zr is likely present in a metallic state. Fig. 5(d) depicts atom
maps of Sn and Zr that show them aligned like pearls on a string, which
is a typical behaviour when the evaporation sequence is not governed
solely by the atomic structure but is severely disturbed by other factors.
Note that the unphysically high density shown in the map is overlapping
with the region of increased Sn and Zr fractions (the size is also
unphysical because, in addition to the trajectory aberrations, it is
influenced by reconstruction parameters and the choice of the pixel size
of the concentration map, here 1 nm).

There are several ways to rationalize these observations: pores could
form by agglomerations of oxygen vacancies resulting in a local excess of
Zr and their surface could be decorated by Sn. If they contained gaseous
Ho, this would however not be detectable in APT because the gas mol-
ecules would escape from the pore when exposed to the vacuum during
successive removal of ions from the specimen. We can rule out that these
volumes are Zr hydrides, since the measured H fraction was below 1 at
%. The larger feature in the centre (blue arrow) could also represent
metal that is not fully oxidized, although it is not intuitively clear how
this would come about.

3.2.3. Oxide-metal interfaces

Fig. 6 displays two datasets that captured the oxide-metal interface
from (a) Zircaloy-2 and (b) Zircaloy-2 Fe+, measured in LEAPs 3000X HR
and 6000 XR, respectively. Fig. 6 (aj) is an atom map of several O-
containing ionic species. 03 (32 Da) is a marker for ZrOy [29,30],
Zr02+/ *++ jons are found inside suboxide (and at interfaces) and
Zro*/*+ ions are the main O-containing species in APT of Zr metal
(both in laser and voltage pulsing) with O in solid solution up to satu-
ration. (ay) is an atom map of Fe, Cr and Sn (no Ni at 29 Da was
detected). Cr is very clearly, and Fe to some extent, clustered in the
O-rich/O-saturated volume. The O concentration map in Fig. 6 (a3)
further highlights four regions of apparently different composition:
71Oy, ZrO, Zr(O)s,t, Zr(0). The latter covers the compositional range
between O-saturated metal (~ 29 at% O) and the bulk concentration of
< 1 at%. Note that yellow represents 50 at% O (located between the 55
and 44 at% ICSs), and it is not of homogeneous thickness. Variations in
the thickness and composition within the O-rich volumes are further
highlighted in the O map depicted in Fig. 6 (as), which is viewed along
the length axis of the reconstruction (section ‘A-A’). The region outlined
by a dashed red line labelled ‘B’ marks a somewhat peculiar case where
O is locally lower than in the saturated metal although it is closer to the
oxide. The proxigram in Fig. 6 (a4) derived from a 50 at% O ICS in the
volume highlighted by a grey box in (ag) shows that O (blue line) in the
oxide is slightly underestimated (consistent with APT data in [29,68,
951). Sn (green line) is slightly enriched at the interface between Zr(O)sa¢
and ZrOo. The plateau in the O profile at ~ 30 at% marks the saturated
Zr and from (as) it is clear that the width of this region is not of ho-
mogeneous thickness (here ~ 20-40 nm). The grey shaded area marks a
region with a composition close to ZrO, the above-described artificial
layer. Looking at the O maps in Fig. 6 (ag) and (as) it is apparent that the
22 and 10 at% O ICSs are more serrated than the 44, 55 and 50 at% ICSs,
i.e., the O ingress front into the bulk is not smooth on the nm level, or at
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(b,) Zircaloy-2

Fig. 3. TEM of oxide-metal interfaces, green arrows indicate the radial direction. HAADF images in (a) and (b) show many hydrides in the Zr metal, where the small
ones are likely FIB-induced. At the interface a region with increased density is found, which is likely O-saturated a-Zr. This is confirmed by the EDS point mea-
surements (ay, by) yielding approximately 20-50 at% O in the Zr. Centred dark-field (CDF) images show some columnar grains (as, bs,) as well as some small more

equiaxed grains (b,).

the least less smooth in comparison to the oxide-metal interface.

Fig. 6(b) depicts a reconstruction of a second oxide-metal interface
dataset, the largest we were able to collect. (b;) is an atom map of Fe, Ni
and O3 with a 55 at% O ICS marking the interface between ZrO5 and the
metal. Fig. 6 (by) is the same view where OF ions are omitted and Cr ions
added. It is readily observable that fewer Fe and Ni ions are present in
the oxide, which is partially due to the fact the 67 at% O are ‘diluting’ the
initial metal composition. The Fe- and Ni-rich feature marked by an
arrow (which is actually planar but depicted edge-on) marks what ap-
pears to be segregation to an oxide GB, but is more dilute than seen in
GBs in non-irradiated material ([58,96] see also Fig. S3). The O map
from a 10 nm thick slice in (bs) illustrates that the oxide-metal interface
again is relatively smooth while the 15 at% O ICS is serrated. The
magnified rectangular view of the proxigram around the 50 at% O/Zr
shows some deviation from an often-observed smooth transition at
phase boundaries (see, e.g., [97]), see greyed area under the idealized
curve towards the high-O side; this again is caused by the artificial ZrO
layer. Like in the reconstruction presented in Fig. 6(a), Sn (green line) is
rejected at the interface. The Sn fraction inside the oxide is, however,
slightly larger in the oxide than in the metal (Table 4), and in addition Sn
is clustered in the oxide as is highlighted by ICSs in Fig. 6 (bs); the visibly
higher number of Sn atoms at the boundary (black arrow) is partially
owed to a density artefact (see density map in Fig. S4).

Table 4 is a comparison of the bulk concentrations of Fe, Cr, Ni and
Sn of the unirradiated material and the composition determined from
the oxide and metal volumes from Fig. 6(b). O was entirely excluded to
compare the (normalized) fractions of the metallic alloying elements
present in the two adjacent volumes. In the unirradiated condition the

matrix concentrations of Fe, Cr and Ni is only a few ten atomic ppm [56]
as they are concentrated in SPPs. Their fraction after irradiation is hence
a qualitative measure of the amount of SPP dissolution (with all the
caveats given in [56]).

In the oxide, Fe and Ni fractions are significantly lower than in the
adjacent metal. This means that Fe and Ni are actually ‘missing’ from the
oxide. It is noteworthy that for Cr no such loss took place here. The Sn
fraction was measured to be slightly higher in the oxide.

The apparent loss of Fe and Ni in the oxide directly adjacent to the
metal (which was also reported in [47]), might be caused due to these
elements being ‘pushed’ into the base metal.

Fig. 7 is an example of a case where Sn is almost entirely rejected
from the oxide and clearly enriched at the interface (from the dataset
shown in Fig. S1).

3.2.4. Metal adjacent to the oxide-metal interface

Fig. 8 shows a reconstruction capturing a region directly below the
metal-oxide interface. This reconstruction only shows the part of the
measurement in which an LPE of 50 pJ was used after passing the oxide-
metal interface using 100 pJ; this section is depicted in Fig. S5 (a). The
view in (a) is approximately parallel to the oxide-metal interface (see
dashed line) and shows that close to the interface clustering of Fe and Cr
is not as apparent as in the bulk. The O distribution is highlighted by 4, 7
and 20 at% ICSs in (a) and the corresponding ZrO ion map in (b). The
depiction of the same reconstruction in (c), which is rotated about the
length axis, shows the typical alignment of FeCr clusters (Fe+Cr ICS 4 at
%) that is associated with rows of a-loops [98] (also referred to as rafts
[99]; we have previously called them layers [53,57] because of their
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Fig. 4. Fe and Ni distribution in reconstructions from Zircaloy-2 Fe+: (a) and (c) are oxide and (b) is hydrided metal (FIB-induced). Sections from 26.6 to 33.5 Da of
the mass spectra from the oxide measurements are shown in (d). (e) is a plot of the 1NN distributions of Fe+Ni for the three datasets. All measurements were
performed in a LEAP 3000X HR with 70 K base temperature. Specimen axes are aligned with the radial direction of the tube.

extension in 3D visible in APT reconstructions). The composition profile
across the oxide-metal interface in (a) is depicted in Fig. 8(d). The O-rich
region (nearly saturated at ~ 28 at% at 0 nm) quickly drops to the
approximate bulk composition of the material (Zircaloy-2). At the same
time Fe and Cr increase (Fe above and Cr below the bulk value), an
observation consistent with inward diffusion of these elements. The Sn
fraction stays approximately at its bulk level. Fig. 8(e) is a plot of the
composition in the c-direction showing Fe and Cr enrichment within the
layers. The Fe and Cr maxima coincide with those of the O profile.
The dataset that is presented in Fig. 9 originates from a location in-
side the metal directly below the oxide-metal interface in a Zircaloy-2
Fe+ specimen. Fig. 9(a) shows Fe, Cr and O ICSs. Typical layered
arrangement of Fe clusters parallel to the basal planes (see dashed lines)
is found in the low-O region to the left of the ingressing O (see 3 at% O
ICS). Cr clusters, which are fewer in number, are present in both the low-
O region, where cluster layers are found, and in the high-O region to-
wards the specimen apex. The 1D composition profile across the Fe
cluster layers (Fig. 9(a)) depicted in (b) shows that Fe and O maxima
coincide (similar to what is shown in Fig. 8(e)). In addition, the proxi-
gram in Fig. 9(d) shows that within the layers, O is found to be increased

inside Fe clusters. These proxigrams were calculated for the largest Fe
clusters identified by 1.7 at% ICSs. The O map in Fig. 9(c) highlights the
O gradient from close to the oxide-metal interface into the bulk. In
addition, there are two features in the high-O region that very clearly
deviate from the remaining volume. Judging from the crystallographic
orientation (shown in Figs. S6 and S7 and [78]) and Fe segregation
behaviour (highlighted by ellipses in Fig. 9(a)) they resemble c-loops
that are depicted edge-on. c-loop 1 is surrounded by O-saturated Zr (~ 30
at%) while the volume inside it contains only around 5 at% O. c-loop 2,
which is closer to the oxide-metal interface, exhibits nucleation of sub-
oxide (ZrO) [78].

4. Discussion

The main objective of this work is to identify differences in material
corroded inside a reactor in comparison with material from autoclave
experiments, i.e., under the absence of radiation damage and connect
these findings to potential mechanisms that can possibly explain the
spectacular increase in oxidation rate and HPU with increasing flux [16,
100]. Since we did not observe differences between the Zircaloy-2 and
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Fig. 5. Oxide with features of high ionic density presumably representing metal islands and pores that are rich in alloying elements and Zr. (a) and (b) are atom
maps, (c) an ionic density rendering and (d) shows Sn and Zr ion distribution and an ionic density map around the alleged pore marked by a circle in (b) and (c),
highlighting evidence of non-sequential evaporation and the ionic density. This specimen was prepared by cryo-FIB; specimen axis in radial direction.

Zircaloy-2 Fe+ tube, we do not distinguish between them in the
discussion.

4.1. Oxide morphology

The crack morphology and distribution presented here are not
qualitatively different from those reported in the literature from auto-
clave [101] and in-reactor corrosion [34]. Our observations of hetero-
geneous grain size and morphology are in agreement with those found in
in-reactor-grown oxide scales by Garner et al. [34], who showed that
in-reactor-grown ZrOg scales on Zircaloy-2 differ significantly from the
well-defined columnar grains found in autoclaved materials. It is also
reasonable to interpret the volumes of apparent high density in Fig. 5(c)
as (partially connected) nanopores or nanotubes. This points to a po-
tential effect that damage from neutron irradiation has on oxide growth
and potentially enhanced diffusion of O and H because of an increase in
interconnected porosity. While this train of thought is consistent, one
should take note of autoclave experiments on Zr-Nb alloys that show
increase of interconnected porosity and more complex grain morphology
in post-transition compared to pre-transition scales [20], which is
argued to be the reason for the higher corrosion rate in the
post-transition regime (in autoclave). However, this is exactly what is
proposed to be the difference between in-reactor- and autoclave-grown
scales on Zircaloy-2 in [34] (in this context it is worth mentioning that
the formation of (nano)porosity appears to be influenced by the pres-
ence of Li [46], which was present in the water in [20] but is not relevant
for our samples as no Li is added to the water in Oskarshamn 3).

In any case, there is no clear difference between the oxide
morphology from in-reactor and autoclave corrosion, which would
explain the massive differences in performance.

4.2. Redistribution of alloying elements

While changes within the oxide scale in connection with cracking
etc. and potentially radiation damage might play a role in the acceler-
ation of corrosion, there exists convincing evidence that the damage to
the base metal and the processes that it entails play a significant role [16,
102]. The most obvious difference in the microstructure is the radiation
damage, which leads to redistribution of alloying elements from SPPs
and also affects Sn. Hence, we now discuss the distribution of alloying
elements after irradiation.

4.2.1. Elements originally located in SPPs: Fe, Ni, Cr

During irradiation Fe, Ni and Cr are redistributed from Zr(Fe,Cr)y
and Zro(Fe,Ni) SPPs [51,54,55,59,74,77,79] at different velocities due
to the difference in diffusivity [103]. The very low solubility of < 10
ppm of these elements in o-Zr [56] leads to segregation at defects such as
dislocation loops and (sub-)GBs. In the base metal (away from the
oxide-metal interface) the local concentration of Cr (clusters) is mainly
depending on the proximity to Zr(Fe,Cr), SPPs [53,59], owing to the
slower diffusion of Cr [103]. In contrast, FeNi clusters were present
almost throughout the entire volume in more than 100 APT measure-
ments we performed on irradiated fuel cladding in our previous studies
[53,56-58,77,79] and in APT measurements presented in the further
literature [51,54,55,59,74] (one example is displayed in Fig. 4(b), see
also Fig. S8). The experimental evidence illustrated in Figs. 4, 6(b), 8
and 9(a) shows that the distribution of Fe and Ni has distinct appear-
ances in the oxide, the O-rich region and the metal. As mentioned above,
FeNi as well as FeCr clusters at a-loops are clearly visible throughout the
metal. In the O-enriched volumes (i.e., above ~ 2-3 at% O vs. bulk
concentration of ~ 0.7 at% O in the as-produced metal) like in Figs. 6(b),
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Fig. 6. APT measurement capturing the oxide-metal interface with a significant ZrO, volume. (a) A reconstruction that captures nearly the entire interface from the
ZrO, to the base metal (see proxigram in (a4)). (b) A reconstruction that captures a large volume around the interface between oxide and O-rich metal where Sn seems

to be rejected. Numbers in the images are ICS values.

8 and 9(a), there is still some non-random distribution of Fe and Ni but
clearly isolated clusters are not (or no longer) present. The
non-randomness is even less pronounced in the oxide, as seen in Figs. 4
and 6(b). Although there appears to be enrichment at a planar feature
(presumably an oxide grain boundary) in Fig. 6(b), and possibly some
enrichment at what could be boundaries in Fig. 4, there is no evidence of
clustering similar to what is seen in the metal. It thus appears that when
interstitially diffusing O atoms ingress into the metal they compete with
interstitially dissolved Fe, Ni and Cr for the same atomic positions

10

(mostly octahedral sites, although Cr can also be substitutional [104,
105]) close to or at defects. O has a higher affinity to Zr than the tran-
sition metals, and one can argue that it should displace them in the site
competition. Since the solubility of the transition metals is low inside
ZrQ, it is reasonable to assume that they move into the metal matrix
(further) enriching irradiation-induced defects there. It appears that
some Cr-rich clusters remain, as seen in Figs. 6 (ag) and 9(a) (see 1.1 at%
ICSs in the O-saturated regions), and this can be explained by its lower
diffusivity and potentially by the fact that O is not displacing it if it



D. Mayweg et al.

Table 4

Comparison of the bulk concentration of Zircaloy-2 Fe+ and the compositions
obtained by APT (in at%) from the dataset in Fig. 6(b); O has been entirely
excluded from the composition analysis.

Fe Cr Ni Sn 7>t/
Zr?t
Bulk concentration as-produced Zry-2  0.58 0.31 0.10 1.00 -
Fe+
Composition from the oxide region 0.26 023 003 121 1712
by APT
(54 at% ICS, O excl.)
Composition from the metal region 0.54 023 0.09 1.00 0.001
by APT
(55 at% Zr ICS, O excl.)
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Fig. 7. Example of a proxigram showing rejection of Sn (from the dataset
shown in Fig. 1 (b)).

occupies substitutional sites. A flux of transition metals into the bulk
metal from Zr(O) could explain the relatively lower fraction of Fe and Ni
in ZrO, (Table 4, see also [66]). The remaining transition metal atoms
are then incorporated into ZrO, when the oxidation front arrives,
leaving only volumes of slightly increased Fe and Ni content in the
matrix.

Since the grain size is very small it is unlikely that we did not capture
any GBs, which means that GB segregation in irradiated oxide might be
reduced compared to autoclave exposure [31]. We found one rather
diffuse planar arrangement of Fe and Ni that might resemble GB
segregation of Fe and Ni (see Fig. 6(b)). This feature could be the
remnant of a metal GB containing Fe and Ni segregation that was
incorporated into the oxide, as has been previously observed in
autoclave-tested material [96]. However, the results might be explained
by an alternative and — in our view — more likely explanation, namely
that this represents segregation by diffusion of Fe and Ni to a GB inside
ZrOg, since it is unlikely that clusters of Fe, Ni and Cr dissolve but the
same elements located at GBs would stay in place. In this scenario, the
GB (visible in Fig. 5(b)) would have been created during the last few
days of reactor service (around 2 to 10 days assuming a constant oxide
growth rate). This should be possible since Fe and Ni are not intersti-
tially dissolved in the oxide but substitutionally (cations) and are
therefore affected by the radiation-induced vacancy concentration that
increases diffusion substantially. A diffusion length from matrix to GB of
say 10 nm in two days requires a diffusion constant of around 1072
mzs'l, which is a reasonable value at our damage rate 2-107 dpa sh
and sink density (2~1015 m for a grain size of 20 nm). What is in favour
of this construal is that segregation is relatively clear away from the
interface into ZrO, and nearly vanishes when coming closer to the
interface, which is the oxide that is expected to have formed last and
hence segregation could not have taken place yet.

4.2.2. Snin ZrOy

Sn clustering — which also takes place in autoclave corrosion, albeit
at slightly increased temperatures (360 °C) [65] —is shown in Fig. 6 (bs)
in proximity to the interface. It is most pronounced at the interface and
also present in the ZrO, in direct vicinity to the interface; a few very
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small clusters can also be seen in the Zr(O)s,¢. A potential interpretation
is that initial clustering (or precipitation) takes place during O ingress
into the metal. These Sn-rich volumes remain in a metallic state as they
are not being oxidized (immediately) due to the very low O potential at
the metal-oxide interface [106]. Furthermore, the proxigram in Fig. 7
exhibits a clear Sn increase at the purported interface location, indi-
cating partitioning at the oxide-metal interface. The example in Fig. 6
(by) is less clear, but here too, an increase in Sn fraction right at the
phase boundary is found. Rejection at the interface/partitioning into the
metal requires comparatively high mobility which is likely
irradiation-assisted since substitutional elements like Sn otherwise
would not be mobile at reactor operating temperature [103]. Compar-
isons of the Sn behaviour inreactor and in autoclave might be of limited
value because the mobility in the latter case is brought about by
increased temperature.

None of our observations provides an obvious explanation of the
faster corrosion of Zr-Sn alloys compared to those without (or with
lower) Sn fractions [107]. At the same time, the role that Sn does play in
the stabilization of tetragonal as opposed to monoclinic ZrO,, especially
at the oxide-metal interface does not appear to be clear. In
Nb-containing alloys lower Sn contents are associated with lower
tetragonal ZrO, fractions [108], while in Zircaloy-4 type alloys (more
similar to the here investigated Zircaloy-2 type alloys) lower Sn content
is associated with higher tetragonal ZrO, fractions [107]. In order to
shed light on this, local concentrations inside the oxide (or variations
therein) as well as its structure would need to be assessed, which based
on the here reported results is challenging if not infeasible.

4.3. Relevance of experimental observations for the in-reactor oxidation

4.3.1. Oxygen ingress

The formation of ZrO relies on the transport of O through the oxide
scale — that includes the non-protective oxide and the active barrier layer
— and the diffusion into the metal. These are discussed in light of the
experimental observations.

4.3.1.1. O transport through the oxide. The experimental observations
(different oxide morphology and porosity) here (see Fig. 3) and else-
where may explain some increase of the in-reactor corrosion rate, but
they are not qualitatively different and do not obviously explain a flux-
driven acceleration: The supply of O across the outer oxide in the
posttranstion regime is likely taking place via water ingress through
cracks and interconnected porosity. Since the grain size is in the order of
a few to some hundred nm, the transport of O (or OH") through the
barrier layer via GB diffusion [20,109] is accelerated. The increase in
transport capacity via GBs, which also takes place in autoclave, does,
however, not explain the massively increasing corrosion rates in reactor.

One other factor that affects oxygen ingress is the lateral cracks
formed in the oxides, since these provide a faster diffusion path for
oxygen than GB diffusion [101]. In autoclave testing of Zircaloy-2 the
total lateral crack area was found to depend on the mean size of the
SPPs, leading to a higher crack area and faster oxidation for smaller SPPs
[101]. Since SPPs gradually dissolve during irradiation, this effect could
contribute to gradually faster O transport through the oxide during
reactor service. However, it is difficult to believe that this effect could
result in a rather sudden acceleration of in-reactor corrosion.

4.3.1.2. O diffusion into the metal. Suboxide has not been found in any
of our APT measurements of the oxide-metal interface (Figs. 3, 6, S5).
This is expected to be the case in the post-transition regime and is not a
specific observation for in-reactor corrosion. Its absence is likely
necessary for accelerated corrosion in both autoclave and reactor to
occur. In the metal, O diffuses interstitially and should only be slightly
affected by the presence of vacancies created through damage cascades,
i.e., bulk diffusion is likely not significantly enhanced. The following
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Fig. 8. Solute distribution in proximity to the oxide-metal interface in Zircaloy-2. Less FeCr clusters are present near the O-rich region. (a) oxide-metal interface
edge-on, (b) ZrO ion map with the same orientation, (c) view with clusters aligned parallel to basal planes. Digits in (a) and (c) indicate the values for color-coded O-
ICSs, a 4 at% Fe+Cr ICS highlights FeCr clusters in (c). (d) 1D composition profile perpendicular to the oxide-metal interface and (e) along the <c>-direction, see
arrows and dashed lines in (a) and (c).
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Fig. 9. Formation of suboxide at c-loops in the metal close to the metal-oxide interface. (a) Fe clusters are only present in the low-O region, while Cr clusters remain
in the high-O region. (b) 1D profile across cluster layers shows that O is enriched in layers coinciding with layers of Fe clusters. (¢) O composition map, showing the

ingress into the metal. (d) proxigram of Fe clusters.

findings regarding the O diffusion into the metal are worth mentioning:

Firstly, the O-saturated region, Zr(O)g,, between the oxide and the
base metal, has a variable width (10-50 nm according to our APT data),
after which the O fraction declines until reaching the bulk concentration
of below 1 at%. This width is smaller than in pre-transition [68] and
similar to post-transition autoclave corrosion in other Zr alloys [21,29,
30]. In the transition region from Zr(O)s,¢ to Zr(O) we find a serrated
growth front (Fig. 6 (ag) and (as)) similar to what has been shown in, e.
g., [7,29]. Our results hence tie nicely into what is known from cited
studies above and does not indicate a difference between autoclave and
in-reactor corrosion in this regard.

Secondly, the width of the O diffusion profile from saturated Zr to the
bulk concentration seems to be consistent with bulk diffusion similar to
autoclave testing at 400 °C [110]. Since O is supposed to diffuse inter-
stitially in Zr, a direct effect of vacancy generation by radiation is not
expected (as opposed to the large increase of mobility for substitution-
ally diffusing elements like Sn). There is only a small amount of pub-
lished APT and EELS data capturing the diffusion profile below the
saturated Zr(O)sy, but these studies [21,29,110] do not show large
differences to what we have found, namely the decrease from ~ 29 at%
to the bulk concentration of O takes place within maximum 100 nm. The
non-planar nature of these ‘interfaces’ (see also Fig. S9) makes quanti-
fication challenging (and impossible in STEM-EELS and -EDS), but the
observed depths of the O profile does not indicate increased bulk
diffusion.

4.3.1.3. O interaction with dislocation loops in the damaged metal

Finally, our investigations reveal interactions of O and dislocation loops
(identified in APT based on segregation patterns and crystallography
[77,78,111]): layers of a-loops near the oxide-metal interface have
increased O fractions (see Figs. 8 and 9), indicating that O is preferen-
tially located in the vicinity of dislocation loops (possibly in the strain
field) and might be the reason why transition metal clusters dissolve.
This means that O diffusion could be enhanced within the cluster layers,
i.e., increased diffusion within the basal plane, while normally diffusion
in the c-direction (i.e., the perpendicular direction) is faster [103,112].
However, a-loops appear early and their number saturates [113] long
before accelerated corrosion takes place, and hence it is unlikely that
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they play a significant role in the acceleration of corrosion at high flu-
ence. In addition, we have shown that they disappear in the O-saturated
volume ahead of the oxide-metal interface.

Two other aspects of damage, however, do become more pronounced
at higher damage levels: (i) SPP dissolution proceeds and hence pre-
cipitates become smaller while the amount of Fe, Cr and Ni in the Zr
matrix increases [56,59] and (ii) the formation of c-loops, which emerge
at about 5 dpa [44,114] and evolve over much longer periods of irra-
diation [115].

The release of Fe from Zr(Fe,Cr),-SPPs appears to be largely com-
plete already at low fluence (4 dpa [54]) and hence Fe release is likely
not decisive for the acceleration of corrosion. Even the later release of Fe
and Ni from the Zry(Fe,Ni)-SPPs is probably not so important either,
since much less Fe is bound to this phase that additionally does not fully
dissolve even after long time. However, we want to make our case based
on the observation of suboxide nucleation inside a c-loop: in a singular
case we identified a c-loop as the location of (sub)oxide inside the metal
(‘c-loop 2’ in Fig. 9) and can state that direct interaction of O with defects
does take place. Upon eventually transforming into ZrOj this will lead to
a significant localized volume increase, which can initiate localized
damage to the barrier oxide so it loses its protective capability. If this
happens at multiple locations it could lead to significant cracking and
accelerated oxidation (which presumably is further enhanced by inter-
action with more loops). We also want to make note of the fact that the
volume of O-saturated Zr is larger (or reaches ‘deeper’, approximately
200 nm) than in the other instances where we captured oxide-metal
interfaces or where they are shown in the literature [21,29,110]. Last,
it is noteworthy that the c-axis of the specimen in Fig. 9 is nearly
perpendicular to the radial direction, which is a rare orientation for
Zircaloy cladding tubes [116] and could be relevant since corrosion
behaviour is texture dependent as described by Garner et al. [117].

While this is an interesting scenario, it has to be rationalized in light
of the observation of a further c-loop (‘c-loop 1’ in Fig. 9) located in close
vicinity appears to be ‘protected’ from oxidation by an Sn shell that
formed after it was rejected from the volume inside the loop. One pos-
sibility is that the pure Zr volumes such as found inside c-loop 1 could
consitute nucleation sites not only for oxides but also for hydrides.
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4.3.2. Acceleration of hydrogen pickup

The positive effect of higher Fe concentration is demonstrated by the
fact that the Zircaloy-2 Fe+ tube showed lower HPU than the Zircaloy-2
tube [118]. This observation is in line with the described positive effect
that Fe has over Ni on HPU [119], when present at GBs. If one assumes
that the oxide of the Zircaloy-2 Fe+ tube contains more Fe (and hence
has a higher Fe/Ni ratio) than that of the Zircaloy-2 and - like for O
ingress — H ingress is taking place by GB diffusion [20,95], Fe and Ni at
the oxide GBs could still explain the difference between the alloys
although less pronounced segregation under irradiation compared to
autoclave corrosion counteracts the positive effect that Fe has on HPU.

In addition to acceleration of H ingress by GB diffusion, voids or
metal islands in the oxide close to the interface can potentially act as
pathways for H ingress and short-circuit the active oxide similar to nano-
voids and -pipes proposed by Lindgren and Panas [120] and others [48].
Again, these factors can probably not account for the massively
increased in-reactor behaviour, since porosity and inhomogeneous grain
morphologies (with likely larger GB areas) are also found in autoclave
corrosion. The presence of pores or metal islands with sizes of a few nm
has been shown close to oxide-metal interfaces by TEM [20,121]. Our
results can be construed as confirmation of their presence, adding the
new insight that they have a distinct chemistry differing from that of the
oxide. The alleged presence of such pores is not in conflict with the
proposed HPU mechanism put forth in [120], but the features we
observed are likely much larger than the ones proposed there namely,
accumulation of a few neutral oxygen vacancies. Since diffusion of Sn is
limited in the oxide it seems reasonable to assume that potentially
incomplete Sn coverage on the inside of such larger pores leaves the
possibility of termination by H and a HPU process similar to that pro-
posed in [120], although we do not have experimental evidence for this.

Again, differences in the oxide nano-chemistry do not explain the
reason that HPU (alongside oxidation) is accelerated by the level of
damage to the metal. We hence propose that the reasoning regarding the
increase of oxidation rate in the previous section is essentially also valid
for HPU: the breakdown of the protective capacity of the scale through
internal oxidation allows for fast H uptake. While there is some evidence
that Zrp(Fe,Ni) precipitates or the Zr matrix around Zr(Fe,Cr), pre-
cipitates can act as hydrogen traps in non-irradiated Zr alloys [122,123],
hydride formation or increase in H fraction in Zr(Fe,Cr), precipitates
was not found in irradiated metal by APT [78]. Furthermore, because
SPPs dissolve and their number decreases with burnup it seems coun-
terintuitive to assume that they contribute to a massive increase in HPU
as they disappear. Therefore, we want to propose that analogous to the
nucleation of suboxide inside c-loops (Fig. 9) hydride nucleation at
c-loops can take place. Since H diffuses deeper into the metal than O, this
might lead to a scenario in which large numbers of hydrides precipitate
below the layer in which (sub)oxide nucleation takes place. Because of
the texture (c-axis mostly aligned in radial direction) hydrides are
mostly tangentially aligned and due to the volume increase add to the
stresses on the interface exerted by the (sub)oxides further degrading the
integrity of the barrier layer.

5. Conclusions

Zr-based fuel claddings show significant acceleration of corrosion in
reactor compared to autoclave (or zero flux) conditions. Since this
behaviour is also connected to the damage accumulation inside the
metal and not just to the protective oxide, a mechanistic understanding
of the oxidation at the oxide-metal interface is needed. APT is currently
the only characterization technique capable of analysis with sufficient
spatial resolution in 3D while providing elemental identification within
the probed volume.

e We therefore conducted more than 50 APT experiments targeting the
oxide-metal interface.
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e Oxide and oxide-metal specimens are not often successfully
measured in APT (we had around 20 % useful measurements).

These are the key findings and conclusions from the present work:

Clusters of Fe, Ni and - after longer time — Cr start to dissolve in O-
rich metal. When incorporated into the oxide these clusters are
almost fully dissolved, giving a rather even distribution of Fe and Ni
inside the oxide. In addition, the concentrations of Fe and Ni are
reduced inside the oxide, which is likely caused by a migration into
the metal ahead of the oxidation front.

o GB segregation of Fe and Ni (but not Cr) takes place in the oxide by
irradiation-induced diffusion, but is much less pronounced than in
autoclave corrosion. This means that the positive effect of Fe GB
segregation on HPU is possibly reduced under irradiation.

e Pores or metal islands inside the oxide are associated with local O
deficiency (higher Zr, Sn and transition metal concentration in their
vicinity). This opens the possibility of pores playing a role in a pro-
cess of HPU by short-circuiting the scale, similar to what is presented
in [120].

e Sn seems not to play a significant role in the oxidation process

directly, since it, likely due to its irradiation-assisted mobility, is

rejected both on a larger (partitioning into the metal at the oxide-
metal interface) and a smaller scale (clustering in ZrOy).

No ZrO suboxide was found at the oxide-metal interface by APT.

The very strong acceleration of in-reactor corrosion at high damage

levels is potentially caused by the interaction of O with c-loops,

where we observed suboxide formation ahead of the oxidation front.

HPU might be influenced by similar factors as oxidation, especially

the interaction with damage inside the metal, namely, dislocation

loops. Additionally, pores within the oxide could play a role in ‘short-
circuiting’ the barrier oxide leading to increase in HPU as proposed
in the literature.
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