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A B S T R A C T   

High-burnup Zr-based nuclear fuel claddings exhibit accelerated irradiation growth, corrosion and hydrogen 
pick-up, all correlated with the emergence of c-component dislocation loops. We made use of sub-nm-resolution 
atom probe tomography to characterize the nanoscale chemistry of c-loops in fuel cladding from boiling water 
reactor operation. We found segregation of Fe, Ni and Sn to dislocation lines and depletion of Sn and O inside the 
loops, resulting in nearly pure Zr islands. We also observed nucleation of suboxide inside one c-loop, pointing to a 
possible mechanism of accelerated in-reactor corrosion. Such Zr-islands might also promote hydride precipita
tion and associated degradation.   

Fuel rods in water-cooled and -moderated nuclear power reactors 
comprise zirconium-based cladding in the form of approximately 4 m 
long tubes that serve as the first containment for the uranium dioxide 
fuel pellets. The Zr-alloy tubes act as the barrier between fuel and water 
and conduct the heat from fuel to coolant. Key benefits of Zr are its low 
capture cross section for thermal neutrons, sufficient mechanical 

strength and good corrosion properties. Cladding degradation occurs 
mainly by irradiation damage from fast neutrons, corrosion in water and 
hydrogen pick-up (HPU). In boiling water reactors (BWRs), Zircaloy-2 
and alloys derived from it (HiFi™ [1,2] and Ziron [3]) are used as 
cladding. 

Irradiation damage is caused by fast-neutron-induced collision 
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cascades creating hundreds of vacancies and interstitials. While most 
defects heal within a short time, permanent defect structures remain and 
evolve with fluence. Due to the strong texture of the cladding tubes 
[4–6] and the anisotropic properties of hexagonal close-packed (HCP) 
α-Zr the emergence of dislocation loops leads to rod-growth in the axial 
direction [7,8]. Initially, a-type dislocation loops (interstitial and va
cancy type) form on close-to-prismatic planes and saturate in number 
after some time [7,9]. In the a-loop regime growth is moderate, while a 
marked increase in growth, termed ‘breakaway’ coincides with the 
emergence of vacancy c-component loops (for simplicity hereafter 
referred to as ‘c-loops’) [10]. In Zircaloy-2 c-loops are reported to be 
present from ~ 5 dpa [11–13] without there being evidence for satu
ration [12,14]. Onset of breakaway growth has been reported to start at 
6 dpa [10] and to take place in accelerated form at ~ 11 dpa [15]. Both 
a- and c-loops have been characterized mostly by transmission electron 
microscopy (TEM) [7,12,13,16,17] revealing that a-loops (~ 5 nm 
diameter in one of the investigated materials [18]) align in layers par
allel to the basal, i.e. (0001), planes [16,18] and the much larger c-loops 
lie on basal planes. The c-loop mean diameter for one of the investigated 
materials is reported to be ~ 100 nm [18]. This assessment was made 
from edge-on views. Recent TEM imaging has, however, shown that 
c-loops can have strongly elliptical rather than circular shape [19]. 

The segregation behavior at dislocation loops has been characterized 
by TEM using energy-dispersive x-ray spectroscopy (EDX) [19–21]. 
Segregation patterns of Fe, Cr and Ni, confirming the layered arrange
ment of clusters, have also been observed in 3D by atom probe tomog
raphy (APT) [22–31] that is able to provide elemental characterization 
on the sub-nm scale [32,33]. It revealed the differing chemistry of 
clustering at a-loops: in Zircaloy-2 Cr-rich clusters have been observed to 
be spheroidal, whereas clusters containing only Fe and Ni have been 
observed to be disk- or ring-shaped. The orientation relationships of 
cluster layers shown by TEM correspond to those directly determined by 
APT crystallography [29]. 

Focused ion beam (FIB) milling at room temperature (RT), which is 
used for specimen preparation for APT and TEM, is known to cause 
hydride formation especially for metals with high affinity to H, such as 
Ti and Zr. However, segregation patterns associated with a-loops are not 
significantly affected by the α-Zr to δ-hydride (i.e., HCP to face-centered 
cubic (FCC)) transformation [29] (the layers are then aligned parallel to 
one set of (111) δ-hydride planes). Around c-loops only Fe and Sn, and 
very small amounts of Ni, were found at dislocation lines by APT [22]. In 
Zr-alloys with Sn as the only alloying element a strong increase in c-loop 
formation and growth with associated irradiation-induced rod growth 
has been reported [15,28,34]. c-loop formation in Sn-containing alloys 
can be significantly reduced by addition of Fe and especially Nb (which 
is not an alloying element in Zircaloy-type alloys) [12,15,34]. Based on 
density functional theory (DFT) calculations it is expected that stacking 
faults (SFs) inside c-loops are stabilized by Sn and Fe [35,36]. 

The corrosion of Zr-alloy fuel cladding results in the formation of 
zirconia (ZrO2) and H2, resulting in an inward-growing oxide scale with 
initial (approximate) cubic weight gain (in autoclave) [37]. Compared 
to autoclave in-reactor corrosion is accelerated [37,38]. The accelera
tion increases with fluence [39]. A further consequence of corrosion is 
HPU (where a fraction of the H that is produced in the corrosion reaction 
is absorbed by the Zr metal) [40], which is related to oxidation kinetics 
and increases with corrosion time [41]. The associated degradation is 

controlled by H transport through the oxide scale and hydride precipi
tation. In general, Nb-containing Zr-alloys exhibit lower HPU than Zir
caloys [42]. 

We investigated samples taken from two fuel cladding tubes from 
BWRs in Switzerland (Kernkraftwerk Leibstadt – KKL) and Sweden 
(Oskarshamn 3 – O3). Both were produced by Sandvik Materials Tech
nology AB (now Alleima AB) and operated in fuel assemblies manu
factured by Westinghouse Electric Sweden AB. Investigations of the 
same samples have been published previously: KKL see references 36–53 
in [24]; O3 see [25,29,31]. The compositions prior to operation are 
given in Table 1. The cladding irradiated in O3 was a modified 
Zircaloy-2 with higher Fe concentration than Zircaloy-2 [43]. It is close 
to the specifications for HiFi (Cr is slightly higher at 0.17 wt% vs. 
0.05–0.15 wt% [2]); here we use the designation ‘Zircaloy-2 Fe+’ (as 
opposed to ‘Alloy 2′ in [29]). Information about the conditions of the fuel 
rods after irradiation are given in Table 2. 

We analyzed legacy APT data sets from the KKL tube (partially 
published in [22–24] obtained with an Imago LEAP 3000X HR) in more 
detail, and we conducted further APT experiments on specimens from 
the O3 tube using a Cameca LEAP 6000XR. The relevant experimental 
information, including APT parameters, is listed in Table 3. 

Table 1 
Chemical composition of the investigated cladding tubes prior to irradiation.  

Sample  Fe (%) Cr (%) Ni 
(%) 

Sn 
(%) 

O 
(%) 

C (ppm) Si 
(ppm) 

N (ppm) 

KKL 
Zircaloy-2 

(at%/at ppm) 0.28 0.17 0.08 1.01 0.74 1070 230 320 
(wt%/wt ppm) 0.17 0.10 0.05 1.32 0.13 143 70 50 

O3 
Zircaloy-2 Fe+

(at%/at ppm) 0.58 0.31 0.097 1.00 0.68 900 290 250 
(wt%/wt ppm) 0.36 0.18 0.063 1.31 0.12 120 90 38  

Table 2 
Sample information.   

KKL O3 

Heat treatment code Westinghouse LK3 [65] Westinghouse LK3  
[65] 

Irradiation time 9 annual cycles (2970 days) 2082 days 
Rod average burn-up 

(MWd/kgU) 
79 [44] 52 [25] 

Elevation from rod bottom 
(mm) 

2100 2666–2669 

Fast neutron fluence (n m–2) 1.8 × 1026 1.2 × 1026 

Damage level 
(dpa) [45] 

29 19 

Oxide thickness 
(µm) 

45 ± 7 
Eddy current 
46 ± 2.5 
Metallographic cross 
section [44] 

11 ± 2 
Eddy current 
9.8 ± 0.6 
(FIB cross section) 

Rod growth 28.5 mm (~ 0.71%) [46] 0.38% 
Hydrogen concentration post- 

irradiation 
(wt ppm/ at%) 

664 ± 94/ ~ 6 134 ± 9/ ~ 1.2  

Table 3 
Experimental parameters used in the APT analyses.   

KKL O3 
APT system LEAP 3000X HR LEAP 6000XR 
Laser wavelength 

(nm) 
532 257.5 

Laser pulse energy 
(pJ) 

250 50–70 

Base temperature 
(K) 

70 50–60 

Specimen 
preparation 

FIB (RT) FIB (cryo, annular milling at 
–150 ◦C) 

Analyzed phase δ-hydride (FIB- 
induced) 

α-Zr  
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Fig. 1. TEM images of assumed c-loops in Zircaloy-2 Fe+, (a) STEM bright-field and (b) inverted weak-beam dark-field (WBDF) image using the (0006) reflection. c- 
loops and SPPs highlighted by blue and green arrows respectively. 

Fig. 2. c-loops exhibiting rejection of O and Sn and C-partitioning to the SF inside the dislocation loop (KKL tube, LEAP 3000X HR, RT-FIBed, 250 pJ, 70 K). (a) and 
(b) are views on the basal plane, (d) and (e) perpendicular to it. (c) 1D composition profile across the SF in c-direction for the loop in (b) and (e). 

D. Mayweg et al.                                                                                                                                                                                                                                



Journal of Nuclear Materials 597 (2024) 155116

4

Reconstructions and analyses were made in IVAS 3.6.14 and AP Suite 
6.3. We initially ranged all H-containing molecular species (H+, H2

+, 
ZrH++, ZrH+++, Zr2H3

+++and additional minor species) but could not 
identify any relevant H-related features at or around what we identified 
as c-loops. And, since most H in the APT data is either an artifact from 
specimen preparation or originates from the analysis chamber, H was 
then excluded from further analyses. We used MATLAB scripts from 
Breen et al. [47] to reveal the latent crystallographic features present in 
the data sets to first obtain the crystallographic orientation of the 
specimens and then calibrate the data sets [48]. We used an FEI Titan 
80–300 for conventional and scanning TEM (STEM). For details of the 
APT specimen preparation from the KKL tube see [22]. Lift-outs for APT 
and TEM from the O3 tube were performed in an FEI Versa 3D FIB in
strument. Annular milling for APT [49] and thinning for TEM was per
formed at cryogenic temperature (‘cryo-FIB’; stage temperature was 
below –150 ◦C, cold-trap around –180 ◦C) in a Tescan GAIA3 equipped 
with a Leica VCT-500 cryo-stage to avoid a transformation of α-Zr into 
δ-hydride [29,50–52]. 

Fig. 1 shows TEM images of a foil from the O3 tube oriented near a 
two-beam condition highlighting c-loops (zone axis close to [01 ‾ 10]). 
Second phase particles (SPPs) [53] are marked by green and c-loops by 
blue arrows. Fig. 1(a) is a STEM bright field image. The schematic 
depiction of a 300 nm long APT specimen shows that the probability of 
capturing c-loops within the volume is relatively low. The contrast in the 
(inverted, see also Fig. S1) weak-beam dark-field (WBDF) image in (b) 
highlights slightly different features. Note, that image quality and 
contrast are inferior compared to some foils prepared by electro
polishing [16,18,21], which is likely owed to larger thickness. 

In our APT data we found a total of nine features we identified as c- 
loops: five in the KKL (8 runs > 10 × 106 ions) and four in the O3 tube 
(14 runs > 2 × 106 ions). These features were identified based on cir
cular or elliptical line-segregation patterns of alloying elements that 
have been consistently identified as dislocation loops by APT in other 
systems [54–56]. Sawabe et al. [27] have shown ring-shaped structures 
of Fe and Ni, which constitute segregation to a-loops (as has been 

predicted by simulations [57,58]). We therefore assume that the 
observed segregation at ring-shaped features in our data represent 
dislocation loops (although they are not resolved structurally in the 
present data). All loops are lying on basal planes whose orientations 
were identified based on APT crystallography and a-loop-associated 
cluster layers. We used the DF-fit algorithm [59] to reveal latent lattice 
periodicity in laser-pulsing APT data where crystallographic informa
tion is often not clearly visible. The loops we found by APT were mostly 
significantly smaller than the reported mean size of ~ 100 nm from TEM 
of the KKL tube [18] and are also mostly elliptical (major/minor 
axes = 52±24 nm/34±11 nm, see Fig. S1 and Table S1). 

Fig. 2 depicts two c-loops from a data set obtained from RT-FIB- 
milled α-Zr (high measured H fraction indicates α→δ transformation) 
with a view in the c-direction ((a), (b)) and perpendicular to it ((d), (e)). 
Both loops exhibit Fe and Sn segregation to the dislocation line. Inside 
the two loops in Fig. 2 we found rejection of all elements (except C) from 
the SF-plane. This means that nearly pure Zr is present here. Noteworthy 
is that small amounts of the trace element C (detected as C+, CH+ and 
ZrC++) are present. The view perpendicular to the c-direction (‘edge-on’ 
like in the TEM image in Fig. 1) shows that this pure-Zr volume is of 
ellipsoidal shape, i.e., all alloying elements are rejected within the basal 
plane as well as in the c-direction (‘above and below’ the SF). Fig. 2(c) 
shows concentration profiles across the c-loop in (b) and (e) to highlight 
the striking fact that the region above and below the SF is virtually Sn- 
free, only containing Zr, < 0.5 at% C and very little O. 

Fig. 3(a) depicts a reconstruction of a specimen from the O3 tube 
where the annular milling was carried out at cryogenic temperature to 
prevent the α→δ transformation, i.e., this data set was obtained from an 
α-Zr specimen. The 2 at% Fe isoconcentration surface (ICS) and dashed 
lines show the typical layered arrangement of Fe-rich a-loops parallel to 
basal planes. A 0.05 at% O and a 0.2 at% Sn ICS (lower concentration 
inside) highlight the position of a c-loop that is viewed edge-on (see also 
enlarged views of the region inside the dashed rectangle). Fig. 3(b) 
shows results from the crystallographic analysis; the field evaporation 
image (FEI), the stereographic projection with three indexed poles and 

Fig. 3. Reconstruction of a data set from the O3 tube (LEAP 6000XR, cryo-FIB, 60pJ, 60 K). (a) position of the loop ‘edge-on’ (see O and Sn ICSs with values of 0.05 
and 0.2 at%, respectively) in a volume with layered a-loop clusters (Fe ICS 2 at%). (b) crystallographic analysis. (c) Fe, Ni and Sn are segregated to the dislocation 
line. (d) Composition maps from 5 nm slices with view in the c-direction. 
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the spatial distribution maps (SDMs) [60] for the (0111), and (0112),
planes. The measured lattice spacings deviate only slightly from the 
theoretical values (d

(0111)m = 254 pm vs. d
(0111)th= 246 pm and 

d
(0112)m = 202 pm vs. d

(0112)th= 189 pm), thus confirming the correct 
indexing. The assumed position of the (0001) pole fits well with the 
observed angle of the basal plane orientation based on cluster layers in 
Fig. 3(a). The ion maps in Fig. 3(c) and concentration maps in Fig. 3(d) 
show the same segregation pattern as the loops in Fig. 2: Sn and Fe 
(maybe also Ni) are segregated to the dislocation line, and all alloying 
elements are rejected from the SF. We construe the similarity with Fig. 2 
as evidence that the distribution of alloying and trace elements is not 
affected by FIB-induced α→δ transformation, like in the case of clusters 
around a-loops [29]. The concentration maps in Fig. 3(c) showcase that 
the region inside the c-loop is nearly pure Zr, again containing small 
amounts of C. We hence propose that the c-loops presented in Figs. 2 and 
3 (located in α-Zr containing Fe and Ni, but not Cr) are representative of 
c-loops in such environments, i.e., they constitute virtually pure Zr 

islands inside the bulk of alloyed Zr-based cladding. 
The Sn and Fe (and Ni) segregation to the dislocation line is in 

agreement with predictions from forcefield simulations with parameters 
determined from DFT calculations [61]. However, the rejection of Sn 
from the SF (or the expected approximately ellipsoidal strain field 
around it [35,62]) seems to be contradicting what is reported from 
simulations [35]. The existence of a second phase is unlikely since the Sn 
fraction surrounding the Sn-free region is not exceeding the solubility 
limit of ~ 4 at% at operating temperature (~ 300 ◦C) [61,63]. O 
depletion has also not been predicted by simulations [35]. In general, 
alloying has been shown to affect c-loop formation [15,17,36,64] but no 
mechanism resembling our observations is known. Interstitial impurities 
such as C, N1 and O have been linked to c-loop formation ([8, 66] and 
references therein), especially C is associated with accelerated growth 

Fig. 4. Internal oxidation at c-loops in the metal close to the oxide-metal interface in the O3 tube (LEAP 6000XR, cryo-FIB, 70 pJ, 50 K). (a) Ion maps of Sn and Fe 
(including a 1 at% ICS) and of ZrO+/++. (b) Depiction of crystallographic information contained in the data set. (c) A map of the O fraction in a 10 nm slice across the 
reconstruction. (d) and (e) 1D composition profiles across the loops shown in (a) and (b). (f) The distribution of the molecular ions ZrO2

+ and Zr2O2
+++ inside Loop 2. 

1 Due to a peak overlap with Si, N is largely ‘invisible’ in our APT data since 
both N and Si are only present in low concentrations. 
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[65] but here, too, exists no understanding of the underlying mechanism 
(s). 

The reconstruction displayed in Fig. 4 originates from a lift-out close 
to the oxide-metal interface in the O3 tube, prepared by annular milling 
under cryogenic conditions. The ion maps in Fig. 4(a) (see Figure S3 for 
more views) show two distinct Sn- and Fe-related features that resemble 
c-loops in Fig. 2 and Figure 3; the O ingress from the oxide is visualized 
by display of ZrO+/++ ions. The layers associated with a-loops in the Fe 
map reveal the <c>-direction, showing that their crystallographic 
orientation fits with what is expected for c-loops (for a view in the c- 
direction, see Figure S3). Fig. 4(b) depicts results from the crystallo
graphic analysis: the FEI, the stereographic projection with two poles 
each and SDMs for the (1010), and (0111) planes. The measured lattice 
spacings again deviate only slightly from the theoretical values 
(d

(1010)m = 282 pm vs d
(1010)th= 280 pm and d

(0111)m = 229 pm vs 
d
(0111)th= 246 pm). The assumed position of the (0001) pole fits well 

with the observed angle of the basal plane orientation based on cluster 
layers highlighted in the Fe ion map in Fig. 4(a). 

The segregation pattern of both loops in Fig. 4 is essentially the same 
as in the c-loops shown in the previous figures: Sn is clearly removed 
from an ellipsoidal volume inside the loop (see Sn map in Fig. 4(a)), 
while both Fe and Sn segregate to the dislocation line. In Fig. 4(c) it is 
shown that Loop 1 is surrounded by O levels close to saturation in Zr (~ 
29 at% [66]), while the O fraction inside the loop is much lower. A 
possible cause is the ‘Sn shell’ acting as a barrier that has to be pene
trated by O. This is also evident from the 1D profile through the inside of 
the loop (see arrow ‘A’ pointing in the c-direction) depicted in Fig. 4(c). 
Like in the loops shown previously, here, too, the center of the loop is 
virtually Sn-free. Inside Loop 2, which is closer to the oxide-metal 
interface, nucleation of suboxide (composition ZrO – red in the O map 
in Fig. 4(c)) took place. This distinct phase has been observed at in
terfaces between zirconia and metal in Zircaloys [67–69]. This is further 
illustrated in the concentration profile (see Fig. 4(c) arrow ‘B’) in Fig. 4 
(e). Again, a largely Sn-free region is found that has a Zr:O ratio of 
approximately 1:1. Further evidence for the presence of suboxide is 
given in Fig. 4(f): molecular ionic species2 (ZrO2

+, Zr2O2
+++) are absent in 

O-saturated Zr, but have been shown to correlate with the suboxide 
phase [68]. In distinction, O2

+ ions are found in zirconia but not here (or 
in larger suboxide volumes). While this appears to be a practical way of 
distinguishing these phases their presence is not a direct property of the 
respective phase, but rather depend on the (local) field strength (which 
can vary strongly especially at phase or grain boundaries). We construe 
these findings as a potential internal oxidation mechanism that could 
contribute to an acceleration of corrosion at high fluence. Furthermore, 
such accelerated corrosion has been linked to the presence of C [70], 
whose role might be clarified by the finding that C is present in the pure 
Zr islands inside c-loops (as shown in Figs. 2 and 3). 

Our APT data from different instruments, different cladding tubes 
and different FIB-preparation routes have presented consistent evidence 
that inside c-loops in Zircaloy-2 type cladding the formation of virtually 
unalloyed Zr islands takes place. These essentially pure Zr volumes and 
the strong rejection of Sn have to be viewed in the light of the evidence 
of a strong correlation between Sn concentration and the emergence of 
c-loops [15,36]. 

In addition to the relation with growth and corrosion such pure Zr 
islands might be relevant for HPU in general and hydride nucleation in 
particular. Since almost all alloying elements (Fe, Cr, Ni, Sn, O) desta
bilize hydrides [61] the virtually de-alloyed Zr inside c-loops could 
accelerate HPU by promoting hydride nucleation at c-loops (especially 
hydride rims [71]). Although a challenging experimental approach, 
gaseous deuterium-charging of APT specimens (to circumvent the 

limited H detection capabilities of APT) could be performed in future 
work in order to identify if pure Zr islands act as trapping sites [72–74]. 
This is of interest because H is related to significantly increased 
irradiation-induced growth [75]. 

To better understand the role of Sn, simulation studies that take our 
experimental findings into account should be considered. And, since 
there is a significant effect of Nb (and to a lesser extent Fe) in reducing 
irradiation-induced growth [15], it would be ideal to perform APT of 
c-loops from irradiated Zr-Nb-alloys to be able to elucidate the potential 
interplay of Nb (and/or Fe) and Sn. 
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[2] J.M. Wright, M. Limbäck, D. Schrire, M. Owaki, M. Nilsson, Commercial 
Introduction and Experience with the Advanced High Iron Cladding HIFI® in 
Boiling Water Reactors, TopFuel, Prague, 2018, p. A0101. 

[3] K. Une, K. Sakamoto, M. Aomi, J. Matsunaga, Y. Etoh, I. Takagi, S. Miyamura, 
T. Kobayashi, K. Ito, Hydrogen absorption mechanism of zirconium alloys based on 
characterization of oxide layer, in: P. Barbéris, M. Limbäck (Eds.), ASTM 
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