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a b s t r a c t 

This study is complementary to previous atom probe tomography (APT) studies of irradiation effects in 

the zirconium alloy Zircaloy-2. Using APT in voltage pulse mode, a difference in morphology was ob- 

served between clusters of Fe and Ni and clusters of Fe and Cr in Zircaloy-2 exposed to a high fast 

neutron fluence in a commercial boiling water reactor. The Fe–Ni clusters were disc-shaped with a di- 

ameter of 5–15 nm, whereas the Fe–Cr clusters were spheroidal with a diameter of approximately 5 nm. 

Both types of clusters appeared to be located at irradiation-induced < a > -type dislocation loops aligned 

in layers normal to the < c > -direction. The concentration of Fe was higher in the Fe–Cr clusters than in 

the Fe–Ni clusters. The dilute Fe–Ni clusters, which seem to be segregation of Fe and Ni inside the loops, 

had formed on all three families of first-order prismatic planes with some deviation from perfect < c > - 

axis alignment. The Fe–Cr clusters might be very small precipitates with a nucleation associated with the 

loops. 

© 2021 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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. Introduction 

Zirconium alloys are used in nuclear reactors as cladding tubes 

or the nuclear fuel. In boiling water reactors (BWRs) the alloy 

ircaloy-2 is commonly used. The neutron radiation during reac- 

or operation induces radiation damage in the form of small dis- 

ocation loops in the hexagonal Zircaloy matrix, the smallest only 

 few nm in size [1] . The loops are commonly named according 

o the direction of their Burgers vector; < a > -loops have Burgers 

ector only in the < a > -directions, and < c > -component loops have

urgers vector with a component in the < c > -direction. In neutron- 

rradiated Zr and Zr alloys, the Burgers vector of < a > -loops has

een observed to be 1/3 < 1 1 –2 0 > [ 1 , 2 ] and the Burgers vector

f < c > -component loops 1/6 < 2 0 –2 3 > [ 1 , 3 ]. The < a > -loops are

ound on or close to the prismatic lattice planes, and they align in 

rrays forming layers that are parallel to the basal planes [ 1 , 2 ]. The

 c > -component loops are found on the basal planes [ 1 , 3 ]. 
∗ Corresponding author. 
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The dislocation loops can be either of interstitial or of vacancy 

ype. In neutron-irradiated Zr and Zr alloys, both types of < a > - 

oops have been found to co-exist in various ratios depending on 

rradiation temperature and neutron fluence and with large grain- 

o-grain variations [ 1 , 2 ]. The < c > -component loops have been ob-

erved only as vacancy type loops and only after irradiation to high 

eutron fluence [ 1 , 3 ]. After exposure to a fast neutron fluence ( E >

 MeV) of 8.7–14.7 × 10 25 n m 

–2 in a BWR, the number density of 

 a > -loops has been observed to be in the order of 10 22 m 

–3 and

he number density of < c > -component loops in the order of 10 21 

 

–3 [4] . 

The alloying elements Fe, Cr, and Ni have a very low solubil- 

ty in the Zircaloy matrix [5–9] , and they are initially mainly lo- 

ated in second phase particles (SPPs) of the types Zr(Fe,Cr) 2 and 

r 2 (Fe,Ni) [10] . During reactor operation the Zr(Fe,Cr) 2 SPPs un- 

ergo amorphisation, while the Zr 2 (Fe,Ni) SPPs remain crystalline 

11] . The alloying elements are dissolved from the SPPs, with pref- 

rential dissolution of Fe [12–14] . The onset of change in Fe/Ni ra- 

io in Zr 2 (Fe,Ni) SPPs has been observed to occur after exposure to 

 neutron fluence that is higher than that for the onset of change 

n Fe/Cr ratio in Zr(Fe,Cr) 2 SPPs but lower than that of the material 

tudied in this work [ 13 , 14 ]. After exposure to the fluence of the
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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aterial studied in this work, there are SPPs of both types that are 

ot fully dissolved [13] . 

Experimental observations of clusters of Fe, Cr, and Ni after ir- 

adiation have been reported in e.g. [ 4 , 15 , 16 ]. Using atom probe

omography (APT), Sundell et al. observed spheroidal clusters of Fe 

nd Cr, but virtually without Ni, aligned along parallel planes of 

he Zircaloy matrix, therefore believed to be related to < a > -loops 

15] . Large variations in cluster composition and cluster number 

ensity between different grains were noted. In a more recent 

tudy, using transmission electron microscopy (TEM), Harte et al. 

ound that clusters of either Fe and Ni or Fe and Cr form at < a > -

oop positions [4] . They also observed that Sn was preferentially 

ocated between the layers of clusters of Fe and Ni. Using both APT 

nd TEM, Sawabe and Sonoda observed that clusters located close 

o grain boundaries or partially dissolved Zr(Fe,Cr) 2 SPPs contained 

e and Cr, whereas clusters further away in the matrix contained 

e but not Cr [16] . They also estimated the matrix concentration of 

e to vary from 0.03 to 0.12 at.%. It should be noted that Sundell

t al. analysed the metal very close to the oxide [15] , as is also

one in the present study, whereas Harte et al. used electropol- 

shed TEM foils [4] (making it likely that they studied the metal 

elatively far away from the metal/oxide interface) and Sawabe and 

onoda studied the intermediate portion between the inner and 

uter surfaces of their material [16] . 

Segregation of Ni to both interstitial and vacancy < a > -loops has 

een modelled by Dai et al., and their results suggest that Ni atoms 

egregate along the edge of 10 nm diameter vacancy loops and 

8 nm diameter interstitial loops [17] . At interstitial loops of 10 nm 

iameter, Ni atoms instead accumulate inside the loops. In another 

tudy by Dai et al., the segregation of Fe to 10 nm diameter va-

ancy and interstitial < a > -loops was modelled [18] . The results 

re similar to those for Ni; Fe segregates to the edge of vacancy 

oops and to the inside of interstitial loops. Modelling by March- 

ico et al. predicts that Fe is more likely than Cr, Ni, and Sn to

egregate to the stacking faults of < a > -loops [19] . 

Under conditions of reactor operation, Zr alloys undergo irradi- 

tion growth, which means that dimensional changes occur while 

he volume remains constant [20] . The matrix expands in the < a > -

irections and contracts in the < c > -direction [20] . Both < a > -loops

nd < c > -component loops are believed to be involved in irra- 

iation growth, and the formation of < c > -component loops has 

een observed to correlate with the onset of a rapid increase in 

rowth rate, termed breakaway growth [ 20 , 21 ]. The mechanisms 

f formation of < c > -component loops and their relation to irra- 

iation growth are not fully understood. Harte et al. have pro- 

osed that < c > -component loops form by alignment of < a > -loops

nd have reported an anticorrelation between positions of < c > - 

omponent loops and positions of < a > -loops [4] . In addition to ir-

adiation growth, Zr alloys are degraded by corrosion and hydro- 

en pickup. The alloying elements affect all these three degrading 

rocesses [ 20 , 22 , 23 ]. It is thus of interest to study the relation be-

ween radiation-induced dislocation loops and alloying elements. 

In previous APT observations of clusters of alloying elements 

ligned in layers at expected positions of < a > -loops [ 15 , 16 ], the

luster shape does not match what is predicted for Fe and Ni in 

he modelling in [ 17 , 18 ]. Only spheroidal clusters of Fe and Cr, with

arying Fe/Cr ratio, have been observed, with the exception of a 

tudy of β-treated Zircaloy-2 irradiated at 358 °C in a high-flux re- 

ctor (conditions different from those of commercial BWRs), where 

egregation of Fe, Cr, and Sn to ring-shaped clusters that were not 

learly aligned was observed [24] . In that study, Ni was observed 

nly in a few clusters. The present study aims at in greater detail 

nvestigating the distribution of Ni, the morphology of the clusters, 

nd their relation to the loops. To get as high spatial resolution 

s possible, voltage pulse mode was used. APT analysis of Zr al- 

oys in voltage pulse mode is more challenging than in laser pulse 
2 
ode [ 6 , 25–28 ], and our use of voltage pulsing makes the present

tudy significantly different compared to other APT studies of Zr al- 

oys that have used laser pulsing [ 15 , 16 , 24 , 26–34 ] (although early

ne-dimensional (1D) atom probe studies of Zr alloys have used 

oltage pulsing [ 5 , 6 , 25 ]). The higher spatial resolution of voltage

ulsing usually results in improved cluster detection [35] and bet- 

er crystallographic information [36] . Due to the higher stress on 

he specimen during voltage pulsing, the risk of specimen fracture 

s larger than in laser pulse mode, usually resulting in fewer and 

maller datasets. The results in this paper are, to our knowledge, 

he first presented APT data from a Zr alloy run in voltage pulse 

ode. 

. Material 

In this work, the material studied was the same as that investi- 

ated by Sundell et al. [15] , i.e. Zircaloy-2 of the Westinghouse des- 

gnated LK3 TM type exposed to nine annual cycles of reactor oper- 

tion in a commercial BWR at Kernkraftwerk Leibstadt in Switzer- 

and. The content of alloying elements and major impurities in the 

aterial is presented in Table 1 . In addition to the elements listed 

n Table 1 , impurity levels of C and Al are also usually present in

ircaloy-2 [ 29 , 30 ]. More or less identical material exposed to three

o nine annual cycles in the same reactor has been studied in pre- 

ious work [ 4 , 13–15 , 37–52 ]. The rod average burnup of the mate-

ial studied in this work was 78.7 MWd/kgU, and the sample fast 

eutron fluence ( E > 1 MeV) was high, 16.5 × 10 25 n m 

–2 . Using

he conversion factor for BWRs in [53] , this neutron fluence corre- 

ponds to 26.5 dpa. The average hydrogen content of the studied 

od has been measured to 664 ± 94 wt ppm (roughly correspond- 

ng to 6 at.%) [13] . 

. Experimental 

The specimen preparation procedure was the same as that de- 

cribed by Sundell et al. [15] . Atom probe specimens were pre- 

ared in the hot-lab of Studsvik Nuclear AB using the focused 

on beam–scanning electron microscopy (FIB–SEM) lift-out tech- 

ique [54] . The lift-out was made from the metal, about 0.5–3 μm 

rom the metal/oxide interface. An instrument of type Imago LEAP 

0 0 0X HR with a detection efficiency of 0.37 was used for the APT

easurements. Voltage pulsing with a 20% pulse fraction was used. 

he pulse frequency was 200 kHz, and the detection rate was 1.0%. 

he specimen was held at a temperature of 70 K, and the pressure 

n the analysis chamber was in the order of 10 –9 Pa. Data evalua- 

ion was done using the Cameca software IVAS 3.6.14. 

One advantage when analysing Zircaloy-2 in voltage mode is 

hat the evaporation field is higher than in laser mode, resulting 

n a high fraction of Ni atoms evaporating as Ni 2 + ions and only 

 very low fraction as Ni + [55] . Since there are spectral overlaps 

etween Ni + and Sn 

2 + isotopes, Ni can reliably be detected only 

s Ni 2 + . Although evaporation of Fe 2 + and Cr 2 + occurs at a lower 

eld than that for evaporation of Ni 2 + [55] , the effect of higher 

eld is similar for Fe and Cr, minimising overlaps between Fe + 

nd ZrO 

2 + and between Cr + and ZrC 

2 + . The combination of the 

igher field and the improved spatial resolution makes the infor- 

ation obtained from APT in voltage mode complementary to the 

nformation already obtained from previous APT work using laser 

ode. Due to the higher risk of specimen fracture when running 

r alloys in voltage mode, data from only two specimens were ob- 

ained, yielding approximately 4.8 and 3.7 million ions. Crystallo- 

raphic information was obtained in the run with 4.8 million ions. 

he results of that run are presented in this paper. The results of 

he other successful run confirm the main observations made, but 

o crystallographic orientation has been determined for the recon- 

truction of that specimen. 
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Table 1 

Content of alloying elements and major impurities in the material studied. 

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 
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The ratio of Zr 3 + to Zr 2 + was 0.8, giving an estimated field a 

ittle below 30 V/nm [55] , justifying our use of the default value 

f 28 V/nm for Zr in the reconstruction in IVAS. At this high field,

r, Fe, and Ni should evaporate essentially as divalent ions, and 

here should not be any Al + or Si + causing overlaps at 27 and 

8 Da, respectively [55] . As the overlaps between Cr + and ZrC 

2 + , 
etween Fe + and ZrO 

2 + , and between Ni + and Sn 

2 + should af- 

ect only a small fraction of the Cr, Fe, and Ni ions, only divalent

ons of these elements were used in the ranging. Since there are 

verlaps between two Ni 2 + isotopes and Zr 3 + , between the main 

i isotope and a minor Fe isotope, and between minor Fe and Cr 

sotopes, only the main peaks for Cr 2 + , Fe 2 + , and Ni 2 + at 26, 28,

nd 29 Da, respectively, were used for quantification. The num- 

er of ions at these peaks were multiplied according to the natural 

sotopic abundance of the respective element, and the overlap be- 

ween Fe and Ni at 29 Da was corrected for. The 28 Da peak, which

n Fe-containing Zr alloys often can be ascribed to both CO 

+ and 

e 2 + (at least when laser pulsing is used) [29] , showed no sign of

eing a double-peak and was divided into minor parts to see if the 

eft parts of it (corresponding to Fe 2 + ) were preferentially detected 

n the clusters and the right parts of it (possibly corresponding to 

O 

+ ) preferentially detected in the matrix. As no such preferen- 

ial detection was observed, the peak was in its entirety ranged as 

e 2 + . 

. Results 

.1. Mass spectrum 

The mass spectrum with labelled peaks is shown in Fig. 1 . From 

his it can be seen that a large amount of H was detected in the

nalysis. This is not surprising since the lift-out was made close 

o the metal/oxide interface, a region expected to have a higher H 

ontent than the rod average of 6 at.%. The measured H concentra- 

ion (using peak decomposition) was 51 at.%, out of which only a 

inor part is expected to originate from adsorbed residual H 2 gas 

rom the vacuum system. This is within the range of 20–60 at.% re- 

orted by Sundell et al. [15] , using laser pulsing. In the mass spec-

rum, ZrH 

2 + was the only hydride species that appeared in sub- 

tantial amounts. The possibility of hydride ion formation affecting 

he quantification of Cr, Fe, and Ni was investigated by comparing 

he peaks at 26.5, 28.5, and 29.5 Da with the peaks at 26, 28, and

9 Da, respectively. From this it was concluded that the impact of 

rH 

2 + , FeH 

2 + , and NiH 

2 + on the results was negligible. No enrich- 

ent of H at any specific features in the reconstruction was ob- 

erved. The high H concentration indicates that the specimen was 

 hydride phase at the time the measurement was made. Of the 

our hydride phases that have been observed in Zr and Zr alloys, 

ur measured concentration of close to 50 at.% corresponds to the 

-phase, which has stoichiometry ZrH [56] . As H redistributes dur- 

ng cool-down and the amount of hydrides increases as the sol- 

bility decreases [56] , the observed H distribution was likely not 

he same as that during reactor operation. Redistribution of H can 

lso occur during sample preparation, e.g. in the FIB [ 57 , 58 ]. As the

hange in atomic positions of Zr is small between α-Zr and hy- 

ride phases (although the hydride phases have different crystal- 

ographic structures) [ 59 , 60 ], the microstructural features observed 
3 
n our analysis can be assumed to be representative of the metal 

uring reactor operation. Hence, H was not further considered. 

The O concentration was 0.95 at.% (H excluded). As the analysis 

as from a region close to the metal/oxide interface, it is not sur- 

rising that the O concentration is slightly higher than the nominal 

ontent of the material (0.74 at.%). In Zircaloy corroded in auto- 

lave, there is often an O diffusion profile into the metal (beneath 

he ZrO 2 oxide or a ZrO suboxide) starting with saturated metal 

ith an O concentration of about 30 at.%, decreasing asymptoti- 

ally over a distance up to a few 100 nm until the concentration 

f the metal matrix is reached [ 31 , 61 ]. 

Gallium, from the FIB preparation, was mainly located in a 

mall region on one side of the specimen. In this region, the con- 

entration was 2.5 at.% (H excluded), and outside of this region it 

as below 0.1 at.%. Therefore, the Ga damage is expected to be in- 

ignificant. For quantification, H, C, and Ga were excluded from the 

anging, and ZrH and ZrC were ranged as Zr. 

.2. Reconstruction and crystallography 

Crystallographic poles were observed in the ion density map. 

ig. 2 shows the detector hit map with a superimposed stereo- 

raphic projection and part of a pole figure for α-Zr ( c / a = 1.593),

nabling identification of the poles. At the two major poles ob- 

erved, (0 0 01) and (1 0 –1 3), the atomic planes of the matrix were

isible. The poles were identified using the symmetry, knowledge 

f the approximate field-of-view (60 ̊), and the main pole being 

0 0 01). An iterative process in which the field factor ( k ) and the

mage compression factor ( ICF ) were varied to get the correct plane 

pacing and the correct angle between the planes at the poles was 

ndertaken to obtain an appropriate reconstruction. This yielded 

 = 4.2 and ICF = 1.35 (with an evaporation field of 28 V/nm). Fi-

ally, the analysed volume was rotated to get the sides of the IVAS 

ube oriented parallel with the < c > -axis and one of the < a > -axes

f the matrix. Spatial distribution maps (SDMs) showing the plane 

pacing of the final reconstruction are included in Fig. 2 . 

.3. Clusters and loops 

When the whole reconstructed volume is viewed in a direction 

erpendicular to the < c > -direction ( Fig. 3 ) the clusters align in

ayers that are parallel to the basal planes of the matrix, in the 

ame way as observed previously by APT and TEM [ 4 , 15 , 16 ]. The

eight of each layer of clusters is 10–15 nm, and the layers are 

eparated by a distance that varies a little but typically is around 

 nm. Three layers and parts of a fourth layer of clusters were de- 

ected before the specimen fractured. From Fig. 4 , which shows a 

D profile along the < c > -direction of the whole reconstructed vol- 

me as shown in Fig. 3 , it can be seen that Fe, Cr, and Ni are con-

entrated in the layers of clusters and that Sn is not concentrated 

n these layers. 

In the analysis, two distinctly different types of clusters were 

dentified based on visual assessment, one mainly consisting of Fe 

nd Ni and one mainly consisting of Fe and Cr. About five times 

ore Fe–Ni clusters than Fe–Cr clusters were found. Both types of 

lusters were present in all of the observed layers, and there was 

lso a small number of clusters consisting of Fe, Ni, and Cr, some 
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Fig. 1. Mass spectrum with most of the important peaks labelled. (a) Major part of the spectrum. (b) The part of the spectrum used for quantification of Cr, Fe, and Ni. 
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f which looked like if an Fe–Ni cluster and an Fe–Cr cluster had 

erged to form one joint cluster. The shape of the Fe–Ni clusters 

nd the Fe–Cr clusters differed in that the former were disc-shaped 

nd the latter spheroidal. (As there were no ionic density varia- 

ions coinciding with any of the cluster types, this result seems 

ot to be influenced by local magnification effects.) 

Fig. 5 shows a comparison between the shape and size of a 

ypical Fe–Ni cluster and a typical Fe–Cr cluster. The disc-shaped 

e–Ni clusters had a diameter of 5–15 nm and a thickness around 

 nm. The spheroidal Fe–Cr clusters had a diameter of approxi- 

ately 5 nm. The < c > -direction of the matrix is indicated by the

rrows in the figure. It was noted, both from the clusters shown 

n Fig. 5 and from the other clusters studied, that there was a 

mall amount of Ni atoms in the Fe–Cr clusters and a very small 

mount of Cr atoms in the Fe–Ni clusters. The Cr atoms observed 

n the Fe–Ni clusters were usually located close to the outer parts 

f the clusters, whereas the Fe and Ni atoms were found both at 

he outer and the central parts of the clusters. There seemed to be 

o preferential segregation of any of the elements Fe, Cr, or Ni to 
4 
he centre or to the edge of the Fe–Cr clusters. The total concen- 

ration in at.% of segregated Fe, Cr, and Ni was much higher in the 

e–Cr clusters than in the Fe–Ni clusters. The difference in compo- 

ition between Fe–Ni clusters and Fe–Cr clusters is illustrated in 

ig. 6 using proxigrams [62] . These proxigrams show that small 

mounts of Ni are present in the Fe–Cr clusters and that almost 

o Cr is present in the Fe–Ni clusters. 

Table 2 shows the typical shape, size, area number density, 

omposition, and number of atoms per cluster for the two main 

luster types along with the composition of the matrix and the 

hole analysed volume. A total of 17 Fe–Ni clusters and four Fe–

r clusters were used for calculation of compositions. For each of 

hese clusters the composition was calculated as the ratio of the 

etected ions of the respective species to all detected ions in a re- 

ion of interest (ROI) positioned well inside the cluster. The con- 

entration of Fe in at.% was much higher in the dense Fe–Cr clus- 

ers than in the dilute Fe–Ni clusters. Using the average values for 

he evaluated clusters there were 5.3 times more Fe, Cr, and Ni 

toms/nm 

3 in the Fe–Cr clusters. The number of Fe, Cr, and Ni 
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Fig. 2. Stereographic projection and part of a pole figure for α-Zr superimposed on the detector hit map with SDMs showing the interplanar spacing at the two major poles 

observed, (0 0 01) and (1 0 –1 3). 

Table 2 

Shape, size, area number density, composition, and number of atoms per cluster for the two main cluster types along with the composition of the matrix and the whole 

analysed volume. The compositional balance is O, Al, and Si. The ± indicates one sample standard deviation. 

Analysed 

region 

Typical 

cluster shape 

Typical 

cluster size 

#clusters/cluster 

layer area (m 

−2 ) at.%Fe at.%Cr at.%Ni at.%Sn at.%Zr 

#Fe + Cr + Ni 

atoms/cluster 

Fe–Ni 

clusters 

Disc Ø = 5–15 nm 

t = 2–4 nm 

5 × 10 15 5.8 ± 1.3 0.20 ± 0.24 3.0 ± 0.75 1.2 ± 0.54 89 ± 2.4 590 ± 281 

(179–1171) 

Fe–Cr 

clusters 

Spheroid Ø = 5 nm 1 × 10 15 17 ± 1.9 10 ± 4.3 2.7 ± 1.9 0.93 ± 0.71 68 ± 1.3 490 ± 172 

(234–604) 

Matrix - - - 0.044 0.0054 0.020 0.95 98 - 

Whole 

volume 

- - - 0.45 0.041 0.19 0.99 97 - 

Fig. 3. The whole reconstructed volume viewed in a direction perpendicular to the 

< c > -direction. 
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h  
toms in each cluster was determined for 14 Fe–Ni clusters and 

our Fe–Cr clusters using ROIs containing all atoms of each cluster. 

n was on average not significantly enriched in the clusters, and 

he Sn concentration varied largely between the individual clus- 
5 
ers. The matrix composition was estimated from what was on the 

ower gradient side of isoconcentration surfaces of 1 at.% Fe + Cr + Ni 

voxel size 1 nm 

3 and delocalisation 3 × 3 × 1.5 nm 

3 ). 

Cylindrical ROIs across the central parts of five Fe–Ni discs, with 

he discs oriented perpendicular to the cylinder axis, and four Fe–

r clusters were used to measure the number of atoms in the part 

f the cluster covered by the ROI. Hence, the ROI diameter was 

maller and the ROI length longer than the extent of each clus- 

er. Assuming segregation to one plane, the number of Fe, Cr, and 

i atoms thus obtained divided by the area of the circular face of 

he cylinder (taking the detection efficiency into account) gives the 

umber of segregating atoms of these species associated to that 

lane. This number was 9.2 ± 1.8 atoms/nm 

2 for the Fe–Ni clusters 

nd 38 ± 14 atoms/nm 

2 for the Fe–Cr clusters. The correspond- 

ng number of monolayers (MLs) of an Fe face-centred cubic (FCC) 

111) atomic plane is 0.52 for the Fe–Ni clusters and 2.2 for the 

e–Cr clusters. These values suggest that Fe–Ni clusters might be 

escribed as a segregation to one plane associated with a disloca- 

ion loop (as the value is clearly smaller than one), but probably 

ot Fe–Cr clusters (as the value is clearly larger than one). 

The Fe–Ni clusters were oriented in directions approximately 

0 ° apart from each other, roughly matching the six sides of a 

exagon, parallel with the < a > -directions. This is what is to be ex-
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Fig. 4. 1D profile along the < c > -direction of the whole reconstructed volume. The profile runs from top (corresponding to 0 nm at the abscissa) to bottom in relation to 

Fig. 3 . Values equal to zero (mainly Cr) are not displayed. The error bars (smaller than the data markers where not visible) represent one standard deviation of the counting 

statistics. 
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e

t

ected for < a > -loops. It can be noted that when a thin slice of one

ayer of clusters is viewed in the perspective in Fig. 7 the discs are

ocated at planes that are close to the first-order prismatic planes 

i.e. the {1 0 –1 0} planes) and that all three families of first-order 

rismatic planes are present in the same layer of clusters, seem- 

ngly without forming any ordered structure. As there is an an- 

le between the cluster discs and the < c > -axis ( Fig. 3 and Fig. 5 ),

t is evident that the Fe–Ni clusters were not found on the pris- 

atic planes of the hexagonal structure, but on planes that were 

nclined compared to the prismatic planes. The tilt angle (the com- 

lementary angle to the angle between the disc plane normal and 

he < c > -direction) was measured for 16 clusters, giving a range 

f 7 °–36 °, with an average angle of 22 °. Experimental observa- 

ions of < a > -loop dislocations being slightly inclined to the pris- 

atic planes have been made in previous TEM studies [ 2 , 63 , 64 ],

nd < a > -loops having preferred habit planes that are close to, but 

ot exactly, prismatic have been predicted in modelling [65] . No 

bservation of < c > -component loops was made. 

. Discussion 

From the results it is clear that the studied region was rich in 

i and Fe. Previous studies indicate that regions rich in Cr and 

e, containing a high density of Fe–Cr clusters, are more common 

 15 , 16 ]. Our observations should thus not be interpreted as general

or the whole volume of irradiated metal, but be regarded as what 

t looks like in parts of the metal where the Ni content is high, at

east close to the metal/oxide interface (the region studied here). A 
6 
iscussion of our results in the context of previous studies follows 

elow. 

A significant dissolution of both types of SPPs has been ob- 

erved in the studied material after exposure to the high neu- 

ron fluence, although there were SPPs of both types that were 

ot completely dissolved [13] . Originally, the material had a grain 

ize of 4 μm, a mean SPP size (diameter) of 84 nm, and a mean

istance between SPPs of 0.3 μm [66] so that each grain had con- 

act with many SPPs. However, due to the dissolution of SPPs, and 

lso to the smaller grain size resulting from formation of subgrains, 

hich is known to occur close to the metal/oxide interface (the 

egion studied here) because of oxidation-induced creep deforma- 

ion [67] , some grains may after exposure have no direct contact 

ith an SPP, or at least not with both types of SPPs. According 

o Valizadeh et al., the SPP number density has decreased from 

.4 × 10 19 m 

–3 in unirradiated reference material to 1.0 × 10 19 m 

–3 

corresponding to a mean distance between SPPs of 0.46 μm) after 

ine cycles of reactor operation in the material studied here but at 

 position exposed to a slightly higher fluence of 17.9 × 10 25 n m 

–2 

13] . However, the previous APT study by Sundell et al. showed 

any Fe–Cr clusters but virtually no Fe–Ni clusters [15] . Also in 

he study by Sawabe and Sonoda, clusters containing Ni were not 

bserved [16] . Cockeram et al. observed a few Ni-containing clus- 

ers in one out of a total of five Zircaloy-2 specimens, albeit after 

xposure at higher temperature and flux than BWR conditions [24] . 

n the study by Sundell et al., a striking difference between differ- 

nt grains, with large differences in local chemistry, including clus- 

er chemistry, was found [15] . This indicates that each grain has a 
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Fig. 5. (a) A typical Fe–Ni cluster viewed in two directions perpendicular to each other. (b) A typical Fe–Cr cluster viewed in two directions perpendicular to each other. The 

Fe–Ni cluster is disc-shaped, and the Fe–Cr cluster is spheroidal. The < c > -direction of the hexagonal matrix is indicated by the arrows. 

Fig. 6. (a) Proxigram for Ni isosurfaces of 1.3 at.%. (b) Proxigram for Cr isosurfaces 

of 1.2 at.%. (Voxel size was 1 nm 

3 and delocalisation 3 × 3 × 1.5 nm 

3 in both (a) 

and (b).) The error bars (smaller than the data markers where not visible) represent 

one standard deviation of the counting statistics. 

s

s

F

Fig. 7. A 6 nm slice of a region containing only Fe–Ni clusters. The blue ROI in the 

insert indicates this region, which in the main figure is viewed from below. Thus, 

the slice through the cluster discs is viewed in the < c > -direction. The green axis 

of the box is in one of the < a > -directions. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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eparate chemistry, probably determined by its contact with dis- 

olving SPPs. From the study by Sawabe and Sonoda it seems that 

e–Cr clusters are mainly located close to dissolving Fe–Cr SPPs 
7 
nd close to grain boundaries [16] , suggesting the distance to SPPs 

eing one factor influencing local chemistry. The local chemistry 

s probably also affected by anisotropic diffusion of Fe, Cr, and Ni, 

aster matrix diffusion of Fe and Ni compared to Cr, and faster dif- 

usion at grain boundaries than in the matrix [68] . Due to the fast 

rain boundary diffusion, the subgrains could effectively be iso- 

ated from each other. One possible explanation for the difference 

etween the present results and those of Sundell et al. [15] could 
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e that the dissolving or dissolved SPP closest to the analysed grain 

iffered in type between the two sets of analyses, i.e. Fe–Ni SPPs 

ere closer to the specimen volumes studied here and Fe–Cr SPPs 

ere closer to the specimen volumes studied by Sundell et al. This 

lso agrees with the relatively high Fe and Ni, but low Cr, con- 

entrations measured for the whole volume ( Table 2 ). Due to the 

igher initial Cr content relative to Ni, it should be more likely to 

ncounter a region rich in Cr than rich in Ni. It is thus not surpris-

ng that Ni-rich regions like the ones observed in this work were 

ot encountered by Sundell et al. [15] , and, due to the high Fe con-

ent ( Table 1 ) and the propensity of Fe being the first element to

issolve from SPPs, it is not surprising that Fe is the alloying ele- 

ent of highest concentration in both Fe–Ni and Fe–Cr clusters. 

Although not mentioned in the paper by Harte et al., it ap- 

ears from Figure 9 in [4] that clusters of Fe and Ni in proton-

rradiated Zircaloy-2 are elongated approximately in the [0 0 01] di- 

ection, whereas clusters rich in Cr are smaller and not elongated 

n any particular direction. This might correspond to our observed 

wo cluster types. The presence of small amounts of Ni in the Fe–

r clusters and very small amounts of Cr in the Fe–Ni clusters 

atches the presence of Ni in Zr(Fe,Cr) 2 SPPs and the absence of 

r in the Zr 2 (Fe,Ni) SPPs observed in [14] . The tendency of forming

wo different cluster types thus resembles the tendency of forming 

wo different SPP types. For the Fe–Ni clusters, from the observed 

luster compositions and the calculated number of MLs occupied 

y each cluster, it can be concluded that, unlike SPPs, they are not 

eparate phases but can be regarded as a segregation inside the 

oop. This is in line with the modelling results in [ 17 , 18 ], where Fe

nd Ni were predicted to accumulate inside loops similar in size 

o that of our Fe–Ni clusters. The Fe–Cr clusters might, instead, be 

ery small precipitates with a nucleation associated with the loops . 

ur results also agree with the predicted segregation of Fe (but not 

r or Sn) to prismatic stacking faults by March-Rico et al. but not 

ith their predicted absence of Ni segregation [19] . 

As a final comment it can be mentioned that the reconstruc- 

ion was made assuming the hexagonal α-Zr structure, although it 

s likely that the material at the time of analysis was a hydride. It 

s well known that hydrogen analysis in APT is difficult, so iden- 

ification of the correct hydride phase might not be accomplished 

nly by looking at the hydrogen content. As underestimation of the 

ydrogen content is unlikely but overestimation possible, the spec- 

men seems to have been α-Zr, a ζ -hydride, or a γ -hydride. For 

he ζ -hydride, which has been observed to have trigonal symmetry 

nd to be fully coherent with the α-Zr matrix [69] , the observed 

rystallographic poles on the hit map would be the same as those 

f α-Zr, and the interplanar distances and interplanar angles of the 

dentified poles would be similar to those of α-Zr. If the specimen 

as a γ -hydride, which has face-centred tetragonal (FCT) structure 

56] , our results would not be considerably changed. This is clear 

ince the < a > -loops are known to align in layers that are normal

o the < c > -direction of the Zr metal matrix [ 2 , 4 ], which means

hat our observed main pole would correspond to the (111) pole 

n the FCT γ -hydride and that the Fe–Ni discs would still be lo- 

ated in directions approximately 60 ° apart from each other in the 

CT structure. (This would also be the case for the other hydride 

hases, δ and ε, which have FCC and FCT structures, respectively 

56] .) Our observations should thus be valid irrespective of which 

ydride phase they were made in. 

. Conclusions 

In this study of a region rich in Ni and Fe in the metal close to

he metal/oxide interface in Zircaloy-2 exposed to BWR operation, 

lusters of Fe and Ni and clusters of Fe and Cr aligned in layers

arallel to the basal planes have been observed using APT in volt- 

ge mode. A difference in cluster shape between Fe–Ni clusters and 
8 
e–Cr clusters was apparent. The Fe–Ni clusters were disc-shaped, 

hile the Fe–Cr clusters were spheroidal. Typical diameters of the 

e–Ni discs and the Fe–Cr spheroids were 5–15 nm and 5 nm, re- 

pectively. Both types of clusters were located at expected posi- 

ions of < a > -loops, and the Fe–Ni clusters have been shown to be

ocated on planes that are close to all three families of first-order 

rismatic planes but inclined at angles ranging from 7 ° to 36 ° to 

he [0 0 01] direction. Fe–Cr clusters and all three families of Fe–Ni 

lusters were located in the same layers. The concentration of Fe 

n at.% was higher in the Fe–Cr clusters than in the Fe–Ni clusters. 

lso the total number of Fe, Cr, and Ni atoms/nm 

3 was higher in 

he Fe–Cr clusters. No significant enrichment of Sn in the clusters 

as found. 
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