
Focused Ion Beam induced hydride formation does not affect Fe, Ni,
Cr-clusters in irradiated Zircaloy-2

Downloaded from: https://research.chalmers.se, 2025-07-03 06:18 UTC

Citation for the original published paper (version of record):
Mayweg, D., Eriksson, J., Bäcke, O. et al (2023). Focused Ion Beam induced hydride formation does
not affect Fe, Ni, Cr-clusters in irradiated
Zircaloy-2. Journal of Nuclear Materials, 581. http://dx.doi.org/10.1016/j.jnucmat.2023.154444

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Journal of Nuclear Materials 581 (2023) 154 4 4 4 

Contents lists available at ScienceDirect 

Journal of Nuclear Materials 

journal homepage: www.elsevier.com/locate/jnucmat 

Focused Ion Beam induced hydride formation does not affect Fe, Ni, 

Cr-clusters in irradiated Zircaloy-2 

David Mayweg 

a , ∗, Johan Eriksson 

a , Olof Bäcke 

a , Andrew J. Breen b , c , Mattias Thuvander a 

a Department of Physics, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden 
b School of Aerospace, Mechanical & Mechatronic Engineering, The University of Sydney, Sydney, NSW, Australia 
c Australian Centre for Microscopy & Microanalysis, The University of Sydney, Sydney, NSW, Australia 

a r t i c l e i n f o 

Article history: 

Received 8 September 2022 

Revised 6 April 2023 

Accepted 11 April 2023 

Available online 11 April 2023 

Keywords: 

Atom probe tomography 

Zirconium hydrides 

Zirconium fuel cladding 

Clustering 

Irradiation effects 

Focused ion beam 

a b s t r a c t 

Room temperature focused ion beam (FIB) milling is known to potentially promote the formation of hy- 

drides in zirconium and its alloys. We used atom probe tomography (APT) to determine the composition 

of irradiated and as-produced Zircaloy-2 fuel cladding. We consistently found ∼ 50 at% hydrogen in all 

room temperature FIB-milled specimens run in voltage pulsing APT measurements. Crystallographic anal- 

ysis of APT data however showed slightly better agreement with δ-hydride (ZrH 2 , FCC, ∼ 60–66.7 at% H) 

than γ -hydride (ZrH, FCT, ∼ 50 at% H). Electron energy loos spectroscopy (EELS) measurements prior to 

APT analyses confirmed the presence of δ-hydride. Hence, APT gives a systematic underestimation of hy- 

drogen for Zr-hydride. Milling at cryogenic temperatures was found to not cause such hydride formation. 

However, we did not find significant differences in the clusters formed by segregation of the alloying ele- 

ments Fe, Cr and Ni to irradiation induced a-loops whether the material was identified as α-Zr or hydride. 

Therefore, analyzing irradiation-induced redistribution of alloying elements in Zr fuel cladding using APT 

does not rely on FIB preparation at cryogenic temperatures. However, in conjunction with voltage pulsing 

APT cryo-FIB can be worthwhile if one aims at investigating hydrogen distribution or hydrides. 

© 2023 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 

Fuel cladding in boiling water nuclear reactors is manufactured 

rom alloyed α-Zr (HCP crystal structure) since Zr has a low ther- 

al neutron capture cross section and Zr-alloys show good corro- 

ion properties. The most relevant degradation mechanisms in the 

eactor environment are corrosion, hydrogen pick-up (HPU) and 

rradiation damage. Irradiation by fast neutrons creates vacancies 

nd interstitials, which rearrange and agglomerate, leading to the 

ormation of dislocation loops, which in alloyed Zr can have di- 

meters smaller than 5 nm [1] . These loops lie on certain crys- 

allographic planes [ 2 , 3 ]. Their number, size and type evolve with

ncreasing neutron dose [ 1 , 4 ]. After a short period of irradiation

days to weeks) [ 1 , 4 ] a-loops with Burgers vector 1 / 3 < 11 ̄2 0 >

orm on close-to prismatic planes and align in layers parallel to 

he basal plane [2] and reach a saturation density after roughly one 

ear [1] . Later – at the time when significant dimensional changes 

ake place – c-loops with Burgers vector 1 / 6 > 20 ̄2 3 > form [3] .
∗ Corresponding author. 
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hese are purely of vacancy type, lie in the basal plane, and are 

arger than a-loops in the same material [3] . 

Zircaloy-2 type alloys are the most widely used as fuel cladding 

n boiling water reactors (BWRs). Alloying elements are Sn, Fe, Cr, 

i and O. While Sn and O stay in solid solution, nearly the en- 

irety of the transition metals Fe, Cr and Ni – due to their solu- 

ility of less than approximately 10 ppm by weight [5] (in agree- 

ent with APT data from Zircaloy-4 [6] ) – form precipitates that 

re referred to as secondary phase particles (SPPs). During irradi- 

tion, these SPPs are amorphized and dissolve. Fe, Cr and Ni then 

egregate around dislocation loops [ 1 , 7 ] and form clusters through- 

ut the α-Zr matrix that vary in composition, shape and size [8] . 

eCr-clusters are often spheroidal [ 8 , 9 ] while FeNi-clusters are of- 

en disk- [8] or ring-shaped [10] . 

Hydride formation is detrimental to the structural integrity of 

uel cladding since ductility is reduced and crack initiation is en- 

anced [11] . It occurs during operation (as hydrogen is released 

uring Zr oxidation in water) and during cooling (when hydro- 

en solubility decreases) [11] . The known Zr-hydrides are: ζ -ZrH 0.5 

FCC, metastable), γ -ZrH (FCT, likely metastable), δ-ZrH 1.5–1.7 (FCC), 

nd ε-ZrH 2 (FCT) [12] . Of these, δ- and γ -hydride are most of- 

en related to mechanical failures [12] . The maximum solubility 

f hydrogen in Zr is only a few atomic ppm at room temperature 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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13] and is reported to be largely insensitive to alloying [14–16] . It 

urthermore does not change significantly with irradiation [ 17 , 18 ]. 

he terminal solid solubility of hydrogen in Zr around 300 °C (rele- 

ant temperature for BWR operation) is approximately 100–150 wt 

pm [16] . This fraction is exceeded during operation and eventu- 

lly leads to the formation of hydrides. 

Atom probe tomography (APT) is a powerful microstructural 

haracterization technique that is uniquely capable of reconstruct- 

ng the 3D position and chemical identity of millions of detected 

ons from a specimen and has a chemical sensitivity in the in range 

f a few ppm for all elements [19] , and 3D spatial resolution be-

ow 1 nm [20] . APT has been used to investigate Zr fuel cladding

ith respect to irradiation-induced clustering of alloying elements 

 8 , 9 , 21-23 ], oxidation [ 24 , 25 ], and hydride formation [ 24 , 26-28 ].

ince APT can detect hydrogen, it is the only experimental method 

apable of characterizing its distributions in materials in 3D on the 

ear-atomic scale [ 29 , 30 ]. However, quantitative hydrogen analy- 

is by APT is challenging since residual hydrogen (gas) is always 

resent in the analysis chamber. The hydrogen from the residual 

as cannot be distinguished from the “real” hydrogen originating 

rom the specimen (unless deuterium has intentionally been intro- 

uced into the specimens). Additionally, the amount of hydrogen 

easured can vary significantly depending on measurement condi- 

ions [31] and is influenced by specimen preparation [28] . Focused 

on beam (FIB) is now the most commonly used specimen prepa- 

ation technique for APT [32] . This preparation method can induce 

ormation of hydride phases in metals and alloys, most notably 

i [33] and Zr [ 34 , 35 ]. It has been observed e.g. in commercially

ure Ti [36] (by APT & transmission electron microscopy (TEM)) 

nd Zircaloy-4 [28] (by APT) [35] (by TEM). When it does not lead 

o hydride formation it can nevertheless lead to higher hydrogen 

oncentrations (e.g. in Ti6246 [36] , Zircaloy-4 [28] ). FIB milling at 

ryogenic temperatures has been shown to suppress hydride for- 

ation, likely due to the lowered mobility of hydrogen [ 28 , 35 , 36 ]. 

We analyzed a total of 79 Zr data sets from Zircaloy-2 and Al- 

oy 2 (a derivative of Zircaloy-2 with increased Fe and Cr content) 

n standard (commercial) heat treatment condition as well as α- 

nnealed Zircaloy-2 . APT specimens were lifted out by FIB at am- 

ient temperature and sharpened by FIB at ambient temperature 

r under cryogenic conditions, and we additionally analyzed data 

rom earlier studies on electropolished specimens. Unlike most re- 

ent APT investigations on Zr [ 8 , 9 , 21-23 , 26-28 , 37 ], we also used

oltage instead of laser pulsing to promote the quality and appear- 

nce of crystallographic information. These were used to aid in the 

etermination of the captured phases and provide more accurate 

haracterization of clustering. 

. Materials 

The compositions of the investigated materials in unirradi- 

ted condition given by the manufacturer (Sandvik AB, Sweden) 

re provided in Table 1 . We investigated material from Zircaloy-2 

ladding tubes with heat treatment code LK3 ( LK for Swedish ‘ låg 

orrosion ’, meaning: low corrosion; 3 designates the third iteration 

n the development of the heat treatment [38] , which exhibits an 

ptimized SPP size leading to more uniform corrosion and lower 
Table 1 

Chemical compositions (wt%) of the analyzed materi

manufacturer, Sandvik AB, Sweden, for Zircaloy-2 LK3 

[39] ). 

Alloy designation Fe Cr Ni 

Zircaloy-2 LK3 0.18 0.13 0.061 

Alloy 2 LK3 0.36 0.18 0.063 

α-annealed Zircaloy-2 0.17 0.11 0.07 

2 
PU compared to LK2 ) as well as α-annealed Zircaloy-2 (770 °C) 

oupons with different cooling rates (details for APT investigations 

n the latter, see [5] ; the material is the same as that investigated

n [39] ). Additionally, we investigated material from cladding tubes 

ade of Alloy 2 (heat treatment LK3 ), which is a modification of 

ircaloy-2 (similar to HiFi TM ) that contains more Fe and Cr to re- 

uce HPU. Cladding tubes ( Zircaloy-2 LK3 and Alloy 2 LK3 ) were an- 

lyzed in as-produced, in autoclaved and in irradiated conditions. 

he irradiated tubes had been exposed to 2082 days of operation 

n the BWR Oskarshamn 3 ; the coolant saturation temperature was 

86 °C (samples from fueled region: fast neutron fluence 24 ×10 25 

 m 

−2 / 38 dpa; samples from plenum region: 5.4 ×10 25 n m 

−2 /

.6 dpa; we used the conversion factor for BWRs from [40] to cal- 

ulate damage levels from fluences). Average hydrogen concentra- 

ions of the cladding tubes post operation were ∼ 1.2 at% ( Alloy 2 

K3 ) and ∼ 1.8 at% ( Zircaloy-2 LK3 ) measured by hot vacuum ex- 

raction. Zircaloy-2 coupons were analyzed in unirradiated condi- 

ion. 

. Experimental 

FIB-based specimen preparation on irradiated, as-produced and 

utoclaved materials was performed using an instrument of type 

EI Versa 3D DualBeam . Annular milling was conducted at 30 kV 

ith decreasing nominal currents from 1 nA to 50 pA. To remove 

eam damage and implanted Ga near the surface, final low kV 

leaning [41] was performed at 5 kV and 48 pA for approximately 

0 s and 2 kV and 28 pA for approximately 120 s. Lamellas for 

canning transmission electron microscopy (STEM) were prepared 

ith the same instrument. Some tip specimens were sharpened at 

150 ± 2 °C in a Tescan GAIA3 equipped with a Leica VCT500 cryo- 

tage. The cold-finger temperature was approximately – 183 °C. 

nnular milling was conducted at 30 kV in steps, with currents 

rom 1 nA to 45 pA. Low-kV cleaning was performed at 5 kV with 

0 pA for 60 s. After sharpening, the tips were left in the instru- 

ent until room temperature was reached (usually overnight) and 

ransferred to the load lock of the APT instrument at ambient con- 

itions in less than five minutes. 

The number of collected ions in voltage pulsing APT on cryo- 

IB sharpened specimens was significantly lower than that of those 

harpened at room temperature. 10 out of 12 cryo-FIBed tips that 

ould be measured fractured between 10 0,0 0 0–60 0,0 0 0 ions, one 

fter approximately 2 million and one after 6 million ions (ini- 

ial runs were conducted at 70 K, due to very short runs we then 

sed 80 and 90 K). Room-temperature (RT) FIB sharpened tips nor- 

ally ran for at least a few million ions and up to approximately 

5–20 million for the largest data sets. Data sets with less than 

0 0,0 0 0 ions or with significant Ga implantation were not included 

n the hydrogen analysis, leaving 7 cryo-FIBed data sets that were 

ncluded in the analysis. 

Some data from two earlier publications were evaluated, where 

ips had been prepared by RT-FIB [5] and electropolishing [42] . 

n the electropolished specimens, no hydride formation was ob- 

erved. Further information regarding the electropolishing prepa- 

ation protocol can be found in [42] . 
als in as-produced condition (provided by the 

and Alloy 2 LK3 ; for α-annealed Zircaloy-2 from 

Sn O C (wt ppm) Si (wt ppm) 

1.49 0.12 143 91 

1.31 0.12 120 90 

1.36 0.13 132 90 



D. Mayweg, J. Eriksson, O. Bäcke et al. Journal of Nuclear Materials 581 (2023) 154 4 4 4 

w

s

l

r

r

l

e

f

a

a

i

h

t

p

i

e

r

m

a

t

(

g

I

r

t

s

t  

fi  

u

t

i

H  

t  

d

s

s

i

o

L

s

l

e

a

t

t

e

4

4

m

i

t

i

(

m

o

f

a

t

l

1

p

2

δ
t

t

p  

a

t

b

F

H

w

t

g

(  

d

p

f

i

h

a

r

t

4

d

b

a

7

w

w

d

s

Z

t

w

a

g

d

i

F

a

w

f

w

l

l

b

p  

F

i

a  

o  

r

c

a

i

o

o

Most APT was performed using an Imago LEAP 30 0 0X HR (laser 

avelength 535 nm), only analyses of tips after prior EELS mea- 

urements were performed in a Cameca LEAP 60 0 0XR (laser wave- 

ength 266 nm) . Voltage mode was used with a pulse repetition 

ate of 200 kHz, 15 or 20% pulse fraction (PF) and target detection 

ates of 0.0 01–0.0 02 ions/pulse. The latter values are comparatively 

ow and were used to avoid rapid voltage increases that result in 

arlier fractures. The setpoint temperature was usually 70 K. For a 

ew experiments, we set the temperature to 50 and 60 K for part of 

 run to obtain clearer crystallographic features and to 80–90 K to 

chieve longer runs, respectively. The runs on electropolished spec- 

mens were conducted between 40 and 130 K. The comparatively 

igh temperatures were used to reduce the risk of specimen frac- 

ure during removal of the surface oxide shell stemming from the 

reparation process. On tips from the region near the oxide-metal 

nterface laser pulsing APT was conducted (mostly laser pulse en- 

rgy of 0.3–0.4 nJ) since the oxide is non-conductive and cannot be 

un in voltage pulsing mode. A table of runs including the deter- 

ined hydrogen fraction and experimental parameters is provided 

s supplementary material. 

We performed ranging for each data set or sub-volume (e.g. 

o exclude oxides/high O regions) individually. Reconstruction 

voxel size 1 ×1 ×1 nm, delocalization 3 ×3 ×1.5 nm), with crystallo- 

raphic calibration and elemental quantification were performed in 

VAS 3.6.14 . For high hydrogen voltage runs the time-of-flight cor- 

ection was performed using the ZrH 

++ peak at 45.5 Da, otherwise 

he default settings were used. We calculated the image compres- 

ion factor from indexed poles and k-factor from spatial distribu- 

ion maps (SDMs) [43] . Based on the Zr +++ /Zr ++ ratio we used a

eld of 30 V/nm instead of the IVAS default of 28 V/nm [44] . We

sed AP Suite 6.3 for reconstruction and analysis of the composi- 

ions for the experiments performed with the LEAP 60 0 0XR. Peaks 

ncluded in the hydrogen analysis of voltage pulsing runs were H 

+ , 
 2 
+ , ZrH 

+++ , ZrH 

+ (highlighted in Fig. 2 ), laser pulsing runs addi-

ionally included Zr 2 H 3 
+++ , ZrH 

+ , ZrH 2 
+ , ZrOH 

+ and ZrOH 2 
+ . Peak

econvolution was performed by the built-in function in IVAS to 

olve the overlap between Zr ++ (Zr +++ ) and ZrH 

++ (ZrH 

+++ ) in 

pectra from voltage pulsing and additionally ZrH 

+ and ZrH 2 
+++ 

n spectra from laser pulsing measurements. 

Field evaporation images (FEIs, often called field desorption maps 

r simply hit maps in the literature) were created using MAT- 

AB® codes ( [45] and [46] ) and WinWulff® [47] was used for 

tereographic projection overlays. While the ion projections from 

ocal electrode atom probes (LEAPs) more closely represent an 

quidistant-azimuthal projection, the stereographic projection en- 

bles an adequate approximation for the purposes of indexing for 

he angular fields of view captured ( < 70 °) [48] . 

STEM and EELS were performed utilizing a transmission elec- 

ron microscope FEI Titan 80–300 equipped with a GIF Tridiem 866 

nergy filter operated at 300 kV. 

. Results 

.1. Electron microscopy of irradiated fuel cladding 

Figure 1 (a) shows a backscattered electron (BSE) image of a 

etal-oxide interface from an irradiated Alloy 2 sample. The ox- 

de exhibits cracking parallel to the interface, typical for Zircaloy-2 

ype cladding [49] . Hydrides are observed inside the metal, mostly 

n the vicinity of the oxide. Fig. 1 (b) shows a STEM micrograph 

Z-contrast) of a TEM foil (thickness of approximately 0.8 inelastic 

ean free paths) from irradiated Zircaloy-2 prepared by RT-FIB. It 

riginates from a depth of ∼ 2 μm below the metal-oxide inter- 

ace and is horizontally aligned with it. Regions of low intensity 

re hydrides. The large hydride (gray dot) with an angle of ca. 30 °
o the horizontal direction is wider than 100 nm and several μm 
3 
ong. It resembles the morphology of the hydrides seen in Figure 

 (a). Fig. 1 (c) shows the plasmon peaks of EELS spectra from the 

ositions indicated by colored dots. 

The spectrum from the large hydride (gray) shows a shift of ∼
.5 eV with respect to α-Zr (green) and is therefore identified as 

-hydride [50–52] . The purple spectrum in Figure 1 (c) also iden- 

ifies a δ-hydride, while the red and blue spectra likely correspond 

o γ -hydride [35] or are caused by an interface effect shifting the δ
eak to lower values [53] . It is likely that (all) the smaller hydrides

re artifacts from FIB preparation (most likely to occur during final 

hinning steps to thicknesses < 150 nm), as shown for Zircaloy-4 

y Hanlon et al. [35] . The morphology of these small hydrides in 

igure 1(b) appears to be similar to that shown in reference [35] . 

owever, there are noteworthy differences between the referenced 

ork and that presented here, i.e., hydrides likely did not form in 

he same way in the two studies. The cladding material we investi- 

ated contains much larger (likely δ- [54] ) hydrides before milling 

 Fig. 1 (a) and the one marked with a gray dot in (b)) that formed

uring operation and/or the (years long) cooling in a spent fuel 

ool. The strip material investigated by Hanlon et al. was quenched 

rom 400 °C in order to precipitate γ -hydride, which transformed 

nto δ-hydride upon RT-FIB thinning. Since we did not see small 

ydrides in the initial steps of FIB thinning, we conclude that those 

re introduced in the final steps. Although only δ-hydride has been 

eported to form during RT-FIB preparation here EELS has shown 

hat potentially also γ -hydride formation can occur. 

.2. H quantification from APT and EELS measurements 

Representative mass-to-charge spectra of two voltage runs are 

epicted in Fig. 2 . Both tips were prepared by Ga-FIB as can 

e seen from the peaks at 34.5 and 69 Da (representing Ga ++ 

nd Ga + ions, respectively). The spectrum shown in Fig. 2 (a) ( ∼
.5 ×10 6 ions) stems from a tip sharpened at room temperature 

hile the spectrum shown in (b) ( ∼ 5.2 ×10 6 ions) stems from a tip 

here sharpening was conducted at approximately – 150 °C. Hy- 

rogen containing ionic species are highlighted in the plots. In the 

pectrum from the RT-FIB sharpened tip, H 

+ -, H 2 
+ -, ZrH 

++ - and 

rH 

+++ -peaks of significant magnitude are present. Note that in 

his specific spectrum, CH 

+ was detected as well. This ionic species 

as however not found in all tips sharpened at room temperature 

nd furthermore is only a small contribution to the overall hydro- 

en fraction. In the spectrum from the cryo-FIBed tip in (b) hy- 

rogen was only detected as H 

+ , ZrH 

++ and as CrH 

++ (the latter 

s unique to this specific spectrum, since the data set contains an 

eCr-SPP). 

The H 

+ -peak in (a) is the highest peak in this spectrum and is 

lmost two orders of magnitude higher than the H 

+ -peak in (b) 

here the Zr 3 + -peaks are the highest. The relative field was lower 

or the specimen in (a) than for that in (b) (Zr +++ /Zr ++ ratios 

ere 1.6 and 21.3, respectively, both constituting a field slightly 

arger than 30 V/nm [44] ). The much lower number of ions col- 

ected from the cryo-FIBed tips with low hydrogen fractions might 

e caused by higher stresses exerted on these tips (Zr has been re- 

orted previously not to run well in voltage pulsing APT [ 55 , 56 ]).

e, Cr and Ni were almost exclusively detected as doubly charged 

ons avoiding overlaps as typically found in laser pulsing APT (Sn 

++ 

nd Ni + , ZrC 

++ and Cr + ; ZrO 

++ and Fe + ). In addition, we did not

bserve a double peak or long tail at 28 Da as often found in laser

uns indicating that CO 

+ is not present here [42] . Hence, we could 

onfidently assign this peak exclusively to Fe ++ . Because of the rel- 

tively higher electric field environment, a larger fraction of the 

ons from alloying elements were detected as compared to previ- 

usly reported laser pulsing measuremenst, where Fe and Cr were 

nly partly detected as doubly charged ions [42] and CO 

+ is present. 
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Fig. 1. a) Backscattered electron (BSE) image (31 ° tilted) of the metal-oxide interface of an Alloy 2 sample after 2082 days exposure in a BWR. Porosity and cracks are visible 

in the oxide scale. Both grain boundary and transgranular hydrides are present in the metal. (b) STEM-high angle annular dark field (HAADF) image showing hydrides of 

different sizes, the formation of the small ones is likely caused by FIB milling. (c) EELS spectra showing plasmon peaks that are representative of α-Zr (green, top) and 

hydrides (below). 

Fig. 2. Mass-to-charge spectra from two APT tips (both irradiated Alloy 2 ) measured in voltage pulsing mode. The spectrum in (a) stems from a tip that was sharpened at 

room temperature and analyzed at 70 K with a pulse fraction of 20%. The spectrum in (b) stems from a tip that was sharpened at –150 °C and measured at 90 K and pulse 

fraction of 15%. The ionic species used in the calculation of the hydrogen fraction are marked by red outlines. 

4 
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Fig. 3. Hydrogen fractions in Zr fuel cladding materials ( Zircaloy-2 and Alloy 2 in different conditions) measured by APT. (a) are measurements in voltage and (b) laser 

mode. Included are irradiated and unirradiated materials prepared by RT- and cryo-FIB (– 150 ± 2 °C) as well as via electropolishing (see symbols at the top). Error bars 

representing the counting statistics were omitted since they are smaller than the marker dimensions. The inset is an enlarged view of the low hydrogen values measured in 

voltage pulsing mode. 
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Figure 3 shows the measured hydrogen fractions from the APT 

ata that we collected. Data sets that contained oxide or SPPs 

ere cropped and only the hydrogen fraction of the Zr matrix was 

etermined. The results are grouped by the different preparation 

ethodologies and material conditions. Preparation methodologies 

re RT/cryo-FIB sharpening, and electropolishing. Material condi- 

ion here only refers to irradiated (not differentiated between the 

8 and 8.6 dpa materials) and unirradiated material since mea- 

ured hydrogen fractions were independent of the alloy composi- 

ion and differences in neutron dose. Icons at the top represent 

ifferent preparation methodologies and APT modes: (a) voltage 

nd (b) laser measurements. Voltage pulsing APT of RT-FIB sharp- 

ned tips (from all materials listed above) contain roughly 50 at% 

ranging from ∼ 45–53 at%) hydrogen in the case of irradiated and 

nirradiated materials alike (red and orange diamonds). Note the 

wo half-filled red diamonds ( ∼ 7 and ∼ 2.5 at% hydrogen) repre- 

enting data acquired from measurements that continued after mi- 

rofractures had occurred. Voltage pulsing of cryo-FIBed tips (irra- 

iated Alloy 2 , light blue diamonds, and one tip unirradiated Alloy 

 , dark blue diamond) and electropolished samples (one tip unir- 

adiated Zircaloy-2 , green diamond) results in measured hydrogen 

ractions of ∼ 0.2 – 1.5 at% (see inset in Fig. 3 ). Very low hydro-

en fractions of < 0.5 at% were measured in sub-volumes that did 

ot include low index poles and had low amounts of Ga implan- 

ation ( < ∼ 0.3 at%). Laser pulsing measurements of electropol- 

shed tips (light green diamonds) result in hydrogen fractions of 

1 at% hydrogen (one outlier at ∼ 6 at%, likely due to the rel- 
5 
tively high temperature of 130 K, which was used in order to 

run through” the oxide shell formed during preparation). Laser 

easurements of RT-FIB milled tips (pink and dark blue triangles) 

ange from ∼ 20–45 at% hydrogen (averaged over each entire data 

et). Laser measurements of cryo-FIBed specimens were not con- 

ucted. Interpretation of measured hydrogen fractions from volt- 

ge pulsing measurements shown in Fig. 3 at first glance seems 

traightforward: RT-FIB sharpened tips contain ∼ 50 at% hydrogen 

ndependent of alloy composition and irradiation dose and there- 

ore appear to represent the hydrogen concentration of the mate- 

ial. The measured hydrogen fraction can however be slightly in- 

uenced by the experimental parameters used in APT [57] and not 

ll detected hydrogen originates from the specimen. The measured 

ydrogen fraction depends predominantly on the time between 

ulses [58] . We varied the pulse frequency (and therefore the time 

etween pulses during which contaminant hydrogen can interact 

ith a tips’ surface) in one experiment to study the influence of 

his parameter on the measured hydrogen fraction: at a pulse fre- 

uency of 200 kHz, the hydrogen fraction was measured to be 49.7 

t%. A reduction in pulse frequency to 20 kHz led to an increase of 

he measured hydrogen fraction to 52.3 at%. Linear extrapolation to 

nfinite pulse fraction [58] (i.e., zero time between pulses) results 

n an estimated hydrogen fraction of 49.4 at%. This means that at 

he pulse frequency of 200 kHz, which we routinely used, below 

 at% hydrogen is then estimated to originate from other sources 

e.g., residual gas molecules in the chamber or humidity picked up 

uring transfer). In addition to the rather small effects that lead 
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o overestimation of hydrogen it has been reported by Chang et al. 

31] that significant losses of hydrogen occurred in voltage puls- 

ng of a Ti - hydride. In this specific case it was a deuteride formed

n a gaseous deuterium atmosphere (TiD 1.92–1.99 , FCT, approx. 65.8 

t%–66.6 at% D) but that observation does not change the fun- 

amental insight with respect to the analysis of hydrogen having 

 mass of 1 amu. The reported values of the deuterium fraction 

ere 46–50 at% in voltage pulsing, hence there was an underes- 

imation of 15–20 at% with respect to the expected stoichiometry. 

everal potential causes for loss of hydrogen (D) are mentioned by 

hang et al. [31] : first, delayed co-evaporation of hydrogen con- 

aining (molecular) ions; second, ions evaporating sometime after 

he pulse and third, potential formation of neutral ions by disso- 

iation of molecular ions. From the assessment of ion correlation 

istograms [59] we found some evidence of co-evaporation of ion 

airs or delayed evaporation as shown by Chang et al. [31] . How- 

ver, it was less severe than in the referenced work and it is not 

lear if this provides a sufficient explanation for a comparable loss 

f hydrogen (compare the plot in [31] and Figure S4 in the supple- 

entary material). 

It is noteworthy that we saw a much lower fraction of multiples 

easured in our LEAP 30 0 0X HR (35–42% multiple hits; detection 

fficiency 37%) although the nominal hydrogen concentration in 

he deuteride from Chang et al. and the here presented δ-hydride 

s quite similar (approximately 66–67 at%). In the newer generation 

EAPs used by Chang et al. the number of multiples were reported 

o be 60%–65% for the instrument with a reflectron (LEAP 50 0 0XR: 

etection efficiency 50%) and 70%–75%, respectively for the straight 

ight-path instrument (LEAP 50 0 0XS: detection efficiency 80%). It 

s unclear if this observation is related to the instrument or to a 

ore general difference in the field evaporation behavior of Ti- and 

r-hydrides (for example TiH 2 molecular ions are mostly observed 

n analyses of Ti-hydrides, while for Zr it is mostly ZrH) possibly 

n combination with differing experimental parameters that do not 

llow for a direct comparison. However, for the quantification of 

ydrogen fractions the difference in detected multiple event seems 

ot to be relevant since the underestimation of hydrogen is similar 

or all instruments. 

To overcome this ambiguity with respect to the actual hydrogen 

raction we performed EELS measurements on tips prior to APT ex- 

eriments. The result from the only successful measurement where 

oltage and laser pulsing were performed on the same specimen 

fter EELS measurements is presented in Fig. 4 . 

Figure 4 (a) depicts a HAADF STEM image (stitched from two 

icrographs since the inhomogeneous thickness makes the adjust- 

ent of brightness and contrast challenging) of an APT tip of ir- 

adiated Alloy 2 , sharpened by RT-FIB milling. The regions from 

hich EELS spectra were collected are marked by the numbered 

ectangles. The plasmon peaks of the EELS spectra from the po- 

itions in Fig. 4 (a) are shown in (b) in the same colors. As ex-

ected, the number of counts becomes lower with increasing spec- 

men thickness, which is noted as mean free path (MFP) above the 

ectangles in Fig. 4 (a). The main peak in spectrum 1 is at approxi-

ately 19.3 eV, while a “shoulder” indicating a further peak is lo- 

ated at approximately 16.9 eV. These positions correspond to δ- 

ydride and α- Zr, respectively [52] . Spectrum 2 and 3 with their 

local) maxima at 17.0 eV exhibit shoulders around 19.2 eV, while 

he maximum of spectrum 4 is located at 17.0 eV. The depicted 

pectra provide conclusive evidence for the presence of a δ-hydride 

52] , which is most clear for the thinnest regions of the specimen. 

oing down the shank the transformation seems to be only partial 

s can be concluded from the presence of peaks characteristic of 

-hydride and α- Zr in spectrum 2 and 3. 

The APT measurements conducted after recording of the EELS 

pectra only captured a small volume close to the apex. This 

ip was run in voltage mode (70 K, pulse fraction 15%, only ap- 
6 
rox. 140,0 0 0 ions were collected since the success rate of volt- 

ge pulsing measurement after TEM-imaging was very low) and 

hen in laser mode (1.5 ×10 6 ions, 70 K, 50 pJ, 266 nm laser wave-

ength). Hydrogen quantification resulted in approximately 46 at% 

nd 28 at% for voltage and laser pulsing mode, respectively. EELS 

pectra from three further tips showed the presence of δ-hydride 

t or near the apex. Of these tips two were measured in laser puls- 

ng APT (one tip was lost during transfer and two had SPPs near or 

t the apex, one can be found in the supplementary material, see 

igure S1). 

The results presented in Fig. 4 make it very unlikely that the 

easured hydrogen fractions close to 50 at% from voltage puls- 

ng APT ( Fig. 3 ), which is close to that expected in γ -hydride [13] ,

re representing the materials’ actual composition. The EELS spec- 

ra instead show the presence of δ-hydride that has a higher hy- 

rogen fraction. This observation agrees with the work from Han- 

on et al. [35] as explained in Section 4.1 . As mentioned in detail

bove, the deviation of the measured hydrogen fraction from the 

xpected hydride stoichiometry in APT has previously been shown 

y Chang et al. [31] . When considering our own observations pre- 

ented above together with the insights from the literature, it is 

ost likely that our APT data also represent a significant underes- 

imation of hydrogen of approximately (15–20 at%) and that RT-FIB 

nduces the formation of δ-hydride in APT tips from Zr. 

We did not find a significant difference between irradiated and 

nirradiated cladding (red and orange diamonds in Fig. 3 (a)). The 

wo half-filled red diamonds in Fig. 3 (a) (run continued after spec- 

men microfracture) support the notion that FIB-induced hydrides 

re only present within a few hundred nm from the tips’ apexes 

s was evident from the EELS analysis in Fig. 4 . 
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Fig. 5. Field evaporation images (FEIs) from voltage measurements on Zr fuel 

cladding materials from (a), (b) RT-FIB, (c) cryo-FIB sharpened and (d) electropol- 

ished tips. (a) and (b) are δ-hydride (FCC); (c) and (d) are α-Zr (HCP). Stereographic 

projections of the respective phase are overlain onto the FEIs. Great and small cir- 

cles on the Wulff nets are marked in steps of 15 ° and 10 ° respectively, in (d) they 

are omitted since only one pole is visible and so the field of view cannot be deter- 

mined. 
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Final sharpening by FIB conducted at cryogenic temperatures 

liminated the largest portion of hydrogen as was discussed for 

he spectra depicted in Fig. 2 and so did electropolishing. How- 

ver, even the lowest measured hydrogen fractions of ∼ 0.2–0.5 at% 

that roughly agree with the estimated fraction of hydrogen not 

rigination from the sample in a δ-hydride tip as described above) 

till significantly exceed the solubility of hydrogen in Zircaloy-2 

 ∼ 1 wt ppm [17] at room temperature) and, for comparison, are 

lso higher than the amount of hydrogen found by APT in steels 

here we often measure ∼ 0.1 at% in voltage pulsing. Whatever 

he reason for the still significant amount of hydrogen – whether 

t originates from within the specimens or the analysis chamber–

he fraction is far lower than in known Zr hydrides, leading us to 

onclude that the measured volumes with low hydrogen fractions 

re most likely α-Zr. 

Results from laser pulsing APT measurements (Figure 3(b)) have 

uch larger scatter as the measured hydrogen fraction depends 

ore strongly on the analysis conditions (especially laser pulse en- 

rgy) [31] and, in addition, the hydrogen distribution within the 

olumes is inhomogeneous as has been shown for Zr-hydrides in 

 26 , 28 ] and Ti-deuterides [31] . Visual assessment by isoconcentra- 

ion surfaces shows that the local concentration ranges approxi- 

ately 20–80 at% with the high concentration volumes being on 

he side opposite from where the laser illuminates the specimens 

see supplementary material Figure S1). These inhomogeneities are 

ikely caused by surface diffusion and inhomogeneous evaporation 

nd therefore laser pulsing is not recommended when attempt- 

ng hydrogen analysis [31] . However, despite the large scatter in 

aser pulsing measurements (which makes analyses targeting hy- 

rogen practically impossible), like voltage runs they show that RT- 

IB sharpening leads to high hydrogen fractions. As the specimens 

nalyzed in laser mode were prepared in the same manner as the 

T-FIBed specimens analyzed in voltage mode, it is reasonable to 

ssume that these specimens are of the same phase, particularly 

hen coupled with the evidence from EELS data in Fig. 4 . 

.3. APT crystallography 

APT data sometimes contains valuable crystallographic informa- 

ion that can aid the analysis; crystallographic features are most 

learly visible in voltage pulsing. Fig. 5 depicts FEIs from voltage 

ulsing APT on unirradiated (a), (b) and irradiated specimens (c), 

d) that were sharpened by different methods: (a) and (b) by RT- 

IB, (c) by cryo-FIB milling, and (d) by electropolishing. Measured 

ydrogen fractions are noted above the FEIs. All FEIs show density 

ariations due to local magnification effects, i.e., altered ion trajec- 

ories caused by electric field differences across terraced specimen 

urfaces. Regions of high-density variation correspond to crystal- 

ographic features. The FEIs in Fig. 5 (a) and (b) show three- and 

our-fold symmetry both of which are not found in HCP structures. 

EIs are overlain with stereographic projections from δ-hydride (a), 

b) and α-Zr (c), (d). The supplementary material (see Figure S2 

nd S3 with further details) also provides overlays with the stere- 

graphic projections of γ -hydride, which we initially assumed to 

e more likely to be present based on the hydrogen quantification 

esulting in ∼ 50 at%. 

Additionally, interplanar spacings along different poles were 

easured during crystallographic calibration of the data sets (using 

 section of the voltage curves with approximately 2,0 0 0,0 0 0 ions)

hown in (b) and (c). These interplanar spacings listed in Table 2 

nd show a good agreement between theoretical (calculated from 

attice parameters given in [12] ) and measured values. 

The FEIs from specimens with significant hydrogen fraction and 

ole and zone line symmetries not found in HCP α-Zr add to the 

vidence that they correspond to hydride phases. Fig. 5 (a 1 ) shows 

n FEI of the average distance (in mm, symbol S ) between con- 
7 
ecutive hits on the detector (created with the MATLAB code from 

46] ) for a RT-FIBed specimen (unirradiated Alloy 2) with a mea- 

ured hydrogen fraction of 50 at%. At first sight the zone-line sym- 

etry around the dominant pole could be mistaken to be six-fold. 

lotting specific ionic species (Zr +++ -ions in Fig. 5 (a 2 ) and multiple 

vents in (a )) however, shows three-fold symmetry characteristic 
4 
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Table 2 

Comparison of the values of interplanar spacings measured from spatial distribution 

maps (SDMs) and those calculated from the crystal structures of δ-hydride and α-Zr 

for several poles in Fig. 5 . 

Pole 

Interplanar spacing, 

theoretical (pm) 

Interplanar spacing 

from SDMs (pm) 

Deviation 

(%) 

Fig. 3 (b) δ-hydride 

(002) 239.0 240 < + 1 

(202) 169.0 159 + 6 

(204) 106.9 115 + 8 

(024) 106.9 105 – 2 

(113) 144.1 149 – 6 

Fig. 3 (c) α-Zr 

(0002) ∗ 257.5 238 – 8 

(0 ̄1 12) 189.5 191 + 1 

(0 ̄1 13) 146.3 151 + 3 

( ̄1 103) 146.3 154 + 5 

(11 ̄2 2) 136.8 128 – 6 

∗ This SDM might be influenced by distortion of trajectories near the edge of the 

data set. 
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or a {111} pole in an FCC (or potentially near three-fold for FCT) 

rystal structure. In the overlay with the stereographic projection 

epicted in Fig. 5 (a 3 ) of δ-hydride, the poles and zone line posi-

ions fit well (slightly better than γ -hydride, see supplementary 

aterial). Fig. 5 (b) is another example from RT-FIBed material (ir- 

adiated Zircaloy-2 ) with a measured hydrogen fraction of 50 at%. 

t exhibits a different crystallographic orientation than shown in 

a) as can be seen in the Zr ++ -FEI in (b 1 ). This image clearly re-

eals the positions of multiple poles and zone lines and the over- 

ain stereographic projection in (b 2 ) with the fourfold (002) pole 

orresponding to δ-hydride fits very well (see Table 2 ), as do the 

atios between the interplanar spacings of major poles that were 

alculated from SDMs [60] . The evidence based on hydrogen frac- 

ion and the crystallographic pattern shown in the FEI again con- 

rm that the phase captured is δ-hydride. 

The FEI depicted in Fig. 5 (c 1 ) shows the density of single ion

etection events across the detector space from an irradiated Al- 

oy 2 specimen sharpened at cryogenic temperature (– 151 °C). The 

easured hydrogen fraction in the APT dataset was comparatively 

ow (0.7 at%). Zone lines and poles are visible and the overlay with 

he stereographic projection in (c 2 ) of α-Zr fits well. Additionally, 

he measured interplanar spacings agree well with the expected 

alues of α-Zr (see Table 2 ). We conclude therefore that the phase 

aptured is α-Zr. Fig. 5 (d) depicts an FEI from an electropolished 

pecimen (unirradiated Zircaloy-2) , also with low measured hydro- 

en fraction (0.8 at%). This FEI (d 1 ) was created using only Zr +++ 

ons. An SDM at the center of the high-density region revealed pe- 

iodicity of the ion count in this direction, thus representing a pole 

osition; the zone lines are characteristic of a six-fold (0 0 02) pole. 

he low Zr +++ /high O region at the lower left (compare with small 

nset, where O containing ions are plotted) has a high O fraction of 

30 at%. This is an artifact from the electropolishing process that 

reates a shell of oxide (and O saturated α-Zr) at the surface of the 

ip. This compositional difference partially obscures the zone lines. 

he stereographic overlay of HCP α-Zr on the Zr +++ -FEI fits well, 

owever, and in combination with the chemical composition con- 

rms that the measured volume is likely α-Zr. Note that in Fig. 5 (c)

nd (d) a clear difference in the appearance of the (0 0 02) poles in

he α-Zr FEIs can be observed. We attribute this to the fact that the 

xperiments were conducted at different temperatures [61] ((c) at 

pproximately 90 K and (d) at approximately 130 K). 

Small deviations in the pole and zone line positions compared 

o the stereographic projection overlays can also be observed, e.g., 

n Fig. 5 (c 2 ). An equidistant-azimuthal projection model [48] might 

ave provided a more accurate fit to the crystal patterns observed 

n the FEIs but there is a lack of software currently available to 
8 
o this. Development of software to do an equidistant-azimuthal 

verlay falls outside the scope of the presented study. However, 

he stereographic projection overlays used here provide an approx- 

mate fit to sufficiently index the crystallographic identity of poles 

nd zone lines. Small deviations also observed in the measured 

lane spacings compared to the nominal plane spacings shown 

n Table 2 can be attributed to simplifying assumptions used in 

he tomographic reconstruction algorithm. After crystallographi- 

ally calibrating the reconstructions [62] , deviations of the mea- 

ured plane spacings from the theoretical values are expected, as 

reviously reported in studies such as [ 63 , 64 ]. 

. Discussion 

Recent APT studies of Zr have mostly used laser pulsing and 

ncluding hydrogen in the analyses has largely been omitted [ 5 , 8- 

0 , 21 , 22 , 65 , 66 ]. Studies in which it was analyzed – with respect to

euterides (i.e., hydrides grown after artificial introduction of deu- 

erium into the material) in Zircaloy-4 [ 26 , 28 ] – showed some am- 

iguity with respect to the hydride phases, the measured hydro- 

en (or deuterium) fractions and the influence of FIB-sharpening. 

hat is, in some cases large hydrogen (or deuterium) fractions, in- 

icating a phase transformation into a hydride, were found while 

n other cases such a behavior was not observed. In addition, the 

rystallographic features that were present, were not sufficiently 

lear to distinguish between FCC ( δ-hydride) and FCT ( γ - and ε- 

ydride) [28] . In the here presented investigations, we employed 

oltage APT to improve data quality, especially with respect to the 

rystallographic information [67] , to be able to confidently deter- 

ine the hydride phase by analyzing APT data. Since there was 

mbiguity with respect to the measured hydrogen composition, we 

onducted correlative APT and EELS measurements that provided 

vidence for the presence of δ-hydride. Hence, APT is indeed un- 

erestimating the hydrogen fraction as reported e.g. by Chang et al. 

31] . An advantage of voltage pulsing is that the measured hydro- 

en fraction is relatively consistent between specimens compared 

o laser pulsing. In addition, the reduced number of molecular ions 

nd overlapping peaks allow for more reliable analysis of the com- 

osition. As mentioned above, in the present case this especially 

oncerns hydrogen (to a lesser extent Fe, Cr and Ni). One disad- 

antage of using voltage pulsing in comparison to laser pulsing is 

he smaller the size of data sets that usually is obtained since the 

igher voltage leads to earlier specimen fracture. 

.1. α-Zr → hydride transformation 

We have provided evidence that – for Zircaloy-2 type mate- 

ials – RT-FIB sharpening leads to a transformation from α-Zr 

nto δ-hydride. In assessing the presented results combining EELS 

nd crystallographic features in the FEIs we showed that although 

easured chemical composition deviates significantly from the ac- 

ual composition, δ-hydride can be identified with high confi- 

ence. Cryo-FIB sharpening and electropolishing do not cause such 

 transformation. This is in good agreement with the behavior of 

ircaloy-4 [28] and Ti-alloys [36] . The here investigated materials 

owever seem to be even more prone to a FIB-induced formation 

f hydrides. Unlike Zircaloy-4 and Ti where the α-phase is often 

resent after RT-FIB prep [ 36 , 68 , 69 ] we saw δ-hydride formation

n every APT tip when sharpened at room temperature irrespec- 

ive of the hydrogen concentration of the bulk material. The direct 

ormation of stable δ-hydride in bulk material depends mainly on 

he cooling rate [70] . It forms at comparatively slower cooling rates 

ompared to γ -hydride, which subsequently can transform into 

[ 71 , 72 ] . For sub-μm sized material, such as TEM foils and APT

ips, internal stresses slowing down such a process likely do not 

lay a role and might allow for a fast formation of δ-hydride. As 
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Fig. 6. Reconstructions from APT measurements on irradiated Alloy 2 fuel cladding 

(38 dpa). (a) α-Zr (cryo-FIB preparation, 15 nm slice) and (b) δ-hydride (RT-FIB). 

Both exhibit clustering of Fe, Cr and Ni (colored pink, blue and green, respectively) 

at < a > -loops, which are aligned in layers on average spaced 14 and 19 nm apart. 

They are parallel to the (former) basal planes. The depiction shows the layers edge- 

on. FEIs the α-Zr (0 0 02) pole in (c) and a δ-hydride {111} pole in (d). In the α-Zr an 

SPP was partially captured as can be seen on the lower left in (a). The layer marked 

by the black arrow in (a) is analyzed in more detail later in this section. 
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ited above there exists evidence that γ -hydrides in thin TEM foils 

ransform into δ-hydrides during RT-FIB milling [35] and recently 

ano-sized hydrides with a δ-hydride core and γ -hydride rim were 

eported [53] . The formation mechanism of δ-hydrides observed in 

ur work might therefore occur via an initial α-Zr → γ -hydride 

ransformation as proposed by Carpenter [73] . This transforma- 

ion is realized by shear on alternating basal planes and hydrogen 

toms taking tetrahedral sites [13] . The magnitude of shear caused 

y Shockley partials of type 1 / 3 < 10 ̄1 0 > is approximately 0.1 nm

nd the transformation goes along with a volume increase of 12.3% 

74] compared to pure α-Zr. The transformation relies on hydrogen 

iffusion, which in the present case likely is facilitated through the 

nergy inputted by the ion beam [36] . The final γ → δ transforma- 

ion then, which is associated with a total volume increase (com- 

ared to α-Zr) of 17.2% [74] , is then expected to occur via com-

ression along the c-axis and an expansion along the a-axes of the 

-hydride. 

.2. Comparison of clusters in α-Zr and δ-hydride 

Irradiation-induced clustering of mainly Fe, Cr and Ni in 

ircaloy-2 fuel cladding occurs when these alloying elements (ini- 

ially are located in Zr 2 (Fe,Ni)- and Zr(Fe,Cr) 2 -SPPs) are redis- 

ributed inside the material and segregate to dislocation loops. 

Since Cr diffuses much slower than Fe and Ni [75] , the distribu- 

ion of Cr throughout the material is more inhomogeneous [5] and 

herefore Cr concentrations are highest close to dissolving SPPs. In 

eneral, the cluster appearance is expected to vary strongly de- 

ending on the SPP composition, the received dose, the temper- 

ture and most importantly with the distance to SPPs [76] . Due to 

he fact that hydrogen has been excluded from most prior cluster- 

ng analyses of APT data [ 8-10 , 22 , 77 ] the question arises whether

he observed FIB-induced hydride formation is relevant for analyz- 

ng irradiation-induced clustering in such alloys. The phases of the 

econstructions displayed in Fig. 6 were identified by the presented 

ethods to determine the hydrogen fraction and the crystallo- 

raphic features: α-Zr in Fig. 6 (a) and δ-hydride in Figure 6 (b), 

oth from Alloy 2 (38 dpa). The FEI in Fig. 6 (c) shows the charac-

eristic six-fold (0 0 02) pole from HCP α-Zr associated with a hy- 

rogen fraction of ∼ 1.0 at% in the Zr matrix. The FEI in Fig. 6 (d)

ndicates the presence of δ-hydride similar to Fig. 5 (a) and which 

s supported by the measured hydrogen fraction of 49.8 at%. Both 

ips exhibit clustering of Fe, Cr and Ni (pink, blue and green, re- 

pectively) at what are assumed to be a-loops. Clusters are aligned 

n parallel layers, which are depicted with an edge-on view. Layers 

ave a mean distance of 16 ±4 nm in the α-Zr (a) and 19 ±4 nm (b)

n the δ-hydride (calculated from 1D concentration profiles in the 

0 0 02] and a 〈 111 〉 direction, i.e., the layer spacing is slightly larger

n the δ-hydride. The position of the (0 0 02) pole in (c) is approx-

mately 30 ° off the center of the FEI in (c). This is in good agree-

ent with the inclination of the layers and confirms that clusters 

re aligned parallel to basal planes. Due to the transformation into 

-hydride, layers in the tip shown in Figure 6 (b) are now parallel 

o one set of {111} planes, instead of (0 0 02) planes which is consis-

ent with an orientation relationship often observed between α-Zr 

nd δ-hydride [70] . 

Although there are clearly visible differences in the appearance 

f the clusters with respect to size, shape, composition and num- 

er this is explained (at least in part) by the presence of the SPP 

isible in the α-Zr volume. Clusters near the SPP have the high- 

st Cr fraction, while almost no Cr is present after about 100 nm 

istance, which can be explained by the lower diffusivity of Cr 

ompared to Fe [75] . Cr is less evenly distributed than Fe and Ni

n the δ-hydride volume, too, being mostly located near the apex 

f the reconstructed volume. The clearly visible difference in clus- 

er composition (FeCr- vs. FeNi-cluster) is in accordance with pre- 
9 
ious observations [ 1 , 9 , 22 ]. Due to the compositional differences,

hat are found throughout most, if not all, APT measurements of 

rradiation-induced clustering in Zircaloy-2 type fuel cladding [9] a 

irect comparison of (few) APT data sets or individual layers or 

lusters can only yield insights that leave some uncertainty since 

lustering shows great variability even within individual data sets. 

In the data set depicted in Figure 6 (b) we found a small vol- 

me exhibiting a low hydrogen fraction ( < 1 at%), meaning that 

t is not transformed into hydride. This volume is displayed in 

ig. 7 (a) and (c). The low-hydrogen region is clearly visible in (a) 

here all hydrogen containing ions are displayed in dark yellow. 

t is furthermore highlighted in (c) by a 4.5 at% hydrogen ICS. Hy- 

rogen declines from about 48 at% to below 1 at% (top); at the 
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Fig. 7. Two layers of clusters in a hydrided data set where a small region was not transformed, (a) depicts all detected hydrogen-containing ions as well as Fe, Cr and Ni, 

(b) uses ICSs to highlight clusters and the low hydrogen region (black). (c) shows proxigrams of the hydrogen ICS shown in (c). 
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ame time the O and Sn fractions (these elements remain mostly 

n solid solution) roughly double (bottom graph). What is addition- 

lly noteworthy with respect to the transformation is that no re- 

ection of Sn can be observed, as was seen for hydride growth in 

26] . This speaks for a displacive transformation with hydrogen as 

he only mobile species. The clusters that extend from the hydride 

nto the Zr region seem not to be affected. The decrease in Fe that 

s observed in the proxigram is caused by the fact that the α-Zr 

wedge” in Fig. 7 is located in-between the two layers of clusters, 

hich contain the transition metal alloying elements. 

To provide some measure of comparison we took an attempt 

t quantitatively analyzing layers with similar visual appearance. 

ig. 8 depicts examples of clustering within one well-defined indi- 

idual layer from (a) α-Zr ( Alloy 2, 38 dpa) and one from (b) FIB-

nduced δ-hydride ( Zircaloy-2, 38 dpa). Although stemming from 

hese two different alloys, we believe that this comparison makes 

ense, which we expound upon in this section. 

The layer shown in Fig. 8 (a) stems from the cryo-FIB sharpened 

ata set shown in Fig. 6 (a) (marked by a black arrow), which has

he highest Cr fraction of all data sets that we investigated ( ∼ 0.41 

t%, excluding the SPP, hydrogen excluded). The layer in Fig. 8 (b) 

tems from the data set with the highest Cr fraction ( ∼ 0.16 at%, 

ith hydrogen excluded from the analysis) that we measured in 

oltage mode on RT-FIB sharpened tips (out of almost 30 voltage 

un data sets from irradiated Alloy 2 and Zircaloy -2). Clusters in 

oth layers exhibit similar spheroidal shapes as has been reported 

reviously for Cr-rich clusters from laser pulsing atom probe [8–

0] . The Fe:Cr ratio in the layer shown in Fig. 8 (a) is roughly 1:1

hile it is approximately 1:3 in the layer depicted in Fig. 8 (b). As

xplained above, these ratios are on the high Cr side and repre- 

ent only a small difference compared to the scatter in the Fe:Cr 

atio of clusters found in reactor irradiated Zircaloy-2 fuel cladding 

f different fluences [9] . The layers depicted in Fig. 8 are viewed 

long the [0 0 02] (a) and <111> direction (b). Fig. 8 (a 1 ) and (b 1 ) dis-

lay all Fe, Cr and Ni ions detected inside the volumes (thickness 

2 nm). The images in (a 2 ) and (b 2 ) additionally depict Fe + Cr + Ni

soconcentration surface (ICSs), which show qualitative similarity. 

ote that the equivalent of the 4 at% ICSs in α-Zr (a 2 ) are 2 at%

CSs for these elements in δ-hydride (b 2 ) since roughly 50 at% 
10 
ydrogen was added by FIB preparation in the latter. (a 3 ) and 

b 3 ) depict 24 and 23 clusters, respectively, which were extracted 

ased on the ICSs depicted in (a 2 ) and (b 2 ). The result from clus-

er analysis using the maximum separation method [78] (param- 

ters: N min = 10; d max = 0.65 nm, which was chosen since for 

oth layers analyzed it was a local minimum in a number den- 

ity vs. d max parameter sweep [79] with step size 0.05 nm; and 

 = d erosion = 0.45 nm) are displayed in Fig. 8 (a 4 ) and (b 4 ). Based

n this cluster identification, 28 clusters were detected in each of 

he layers and Fe and Cr fractions of 11 and 18 at% for the clus-

ers in α-Zr and 38 and 15 at% for those in δ-hydride (with hydro- 

en excluded from the composition) were found. Note that these 

alues deviate from the values given above for the volume incor- 

orating the whole layer due to the uneven distribution within 

he volumes. 

Figure 9 shows the results from the quantitative cluster anal- 

sis of the clusters visually presented in Fig. 8 (a 4 ) and (b 4 ) by a

lotting the ratio (Fe + Cr + Ni)/Zr over the number of total ions 

er cluster. Hydrogen was excluded from this analysis. It exhibits 

 similar distribution for both analyzed volumes and confirms the 

ualitative similarity that was found by visual inspection as shown 

bove. 

The volume increase that is associated with the observed trans- 

ormation in our view does not affect the general approach to 

luster analysis, since their number density, composition, size and 

hape of clusters scatter significantly more within individual spec- 

mens or within individual grains ( Fig. 6 and e.g. [ 5 , 8-10 , 21 , 22 ]).

he same is valid for the atomic displacements due to the trans- 

ormation, which is approximately 0.1 nm for Zr positions. Assum- 

ng this is the magnitude that the solute atoms located in clusters 

re displaced by as well, this will likely not be noticeable due to 

imitations of the spatial resolution in APT, which is especially de- 

raded in clusters [20] . 

Previous APT studies on this matter, where δ-hydride speci- 

ens have been analyzed, are thus still valid. It might even be 

eneficial to analyze the δ-hydride phase, since the number of 

ollected ions is much larger for hydrided specimens (even exclud- 

ng the collected hydrogen ions making up about half on the total 

umber) due to the relative ease with which field evaporation can 
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Fig. 8. Comparison of clusters of Fe (pink), Cr (blue) and Ni (green) in (a) α-Zr and 

(b) δ-hydride. The images at the top depict all Fe, Cr and Ni ions from one individ- 

ual layer of α-Zr and δ-hydride with views on the (0 0 02) and a {111} plane, respec- 

tively. Both volumes extend 12 nm into the image plane. Clusters contain mostly 

Fe and Cr. The images in (a 2 ) and (b 2 ) show Fe + Cr + Ni ICSs as indicated. (a 3 ) and 

(b 3 ) depict the volumes extracted via these ICSs and (a 4 ) and (b 4 ) are the visual 

representation of the results from cluster analysis using the maximum separation 

method. 
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Fig. 9. Quantitative description of clustering for the layers shown in Fig. 8 . The plot 

shows the ratios of the sum of solute (Fe, Cr and Ni) ions to Zr ions over the total 

number of ions per cluster. 
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e triggered as compared to α-Zr tips. This likely includes alloys 

ther than those of Zircaloy-2 type like Zircaloy-4 and Zr-Nb alloys 

lthough both show a lesser tendency to exhibit hydrides after 

T-FIB [28] . 

Since the fraction of measured hydrogen in cryo-FIBed tips was 

n some cases clearly below 1 at% (similar to the bulk content 

f the irradiated material, in which, however, most hydrogen is 

ocated in hydrides), such an experimental procedure might en- 

ble improved hydrogen analyses, e.g., confirming hydrogen trap- 

ing sites. Preparation at cryogenic temperatures is furthermore 

elpful if hydrides that are present in, e.g., autoclaved or irradi- 

ted ( Zircaloy-2 type) fuel cladding before FIB milling are targeted 

o be analyzed by APT. Recent advances with hydrogen charg- 

ng, cryogenic preparation and transfer under cryogenic conditions 

80] should also be exploited in future work. 
11 
. Conclusions 

In summary, we conclude our investigations as follows: 

• The compositional information gathered from voltage APT (ap- 

prox. 50 at% hydrogen, close to the composition of γ -hydride) 

is not sufficient to identify the correct FIB-induced hydride 

phase in the here investigated Zr materials. 
• The APT data deviate from the actual composition, as evidenced 

by EELS measurements, which proved the presence of δ-hydride 

( ∼ 60–66,7 at% hydrogen) based on the plasmon peak position. 
• Careful assessment of the crystallographic information (FEIs and 

interplanar spacings) contained in APT data then revealed a 

closer agreement with δ-hydride rather than γ -hydride. 
• The hydrogen-fraction of the tips sharpened at cryogenic tem- 

perature of approximately −150 °C was close to or even below 

1 at%. These tips’ crystallography was in excellent agreement 

with α-Zr. 
• We did not find that the α-Zr to δ-hydride transformation in- 

duced by the ion beam at room temperature has an observ- 

able effect on cluster size, shape or composition. Therefore, APT 

analyses that are undertaken to characterize clustering do not 

rely on sample preparation at cryogenic temperatures. 
• For APT analysis targeting hydrogen, including hydrides, it is 

necessary to employ FIB sharpening at cryogenic temperature. 

It is furthermore advised to use voltage pulsing, in contrast 

to laser pulsing, since the measured hydrogen fraction is more 

consistent. Employing such measures might open an opportu- 

nity to gain further insight into the hydrogen related degrada- 

tion mechanisms of Zr alloys at operation in nuclear reactors 

that have been inaccessible to direct observation in the past. 

upplementary material 

Further information on the hydrogen distribution in laser puls- 

ng APT, crystallographic analysis and hydrogen loss as well as a 

able of conducted APT runs (represented by the data points in Fig- 

re 3) are available in the supplementary material. 
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