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Abstract	  
An	  atom	  probe	  tomography	  study	  of	  the	  microstructure	  of	  a	  Zircaloy-‐2	  material	  
subjected	  to	  9	  annual	  cycles	  of	  BWR	  exposure	  has	  been	  conducted.	  Upon	  
dissolution	  of	  secondary	  phase	  particles,	  Fe	  and	  Cr	  are	  seen	  to	  reprecipitate	  in	  
large	  numbers	  of	  clusters	  and	  particles	  of	  1-‐5	  nm	  sizes	  throughout	  the	  Zr	  metal	  
matrix.	  Fe	  and	  Sn	  were	  observed	  to	  segregate	  to	  ring-‐shaped	  features	  in	  the	  
metal	  that	  are	  interpreted	  to	  be	  <c>-‐component	  vacancy	  loops.	  This	  implies	  that	  
these	  two	  elements	  play	  a	  major	  role	  in	  the	  irradiation	  growth	  phenomenon	  in	  
Zr	  alloys,	  which	  is	  believed	  to	  be	  caused	  by	  the	  formation	  of	  <c>-‐loops.	  Similarly	  
to	  autoclave-‐corroded	  Zr	  alloys,	  the	  formation	  of	  a	  sub-‐oxide	  layer	  of	  
approximate	  composition	  ZrO	  was	  observed.	  On	  the	  other	  hand,	  no	  oxygen	  
saturated	  metal	  phase	  was	  detected	  underneath	  the	  oxide	  scale.	  
	  
	  
	  

Introduction	  
Zirconium	  alloys	  have	  been	  used	  as	  fuel	  cladding	  in	  nuclear	  reactors	  for	  over	  50	  
years	  due	  to	  their	  combination	  of	  desirable	  properties,	  in	  particular	  a	  low	  
thermal	  neutron	  capture	  cross-‐section.	  Long-‐term	  exposure	  to	  reactor	  core	  
environments	  leads	  to	  significant	  changes	  in	  the	  material	  properties,	  arising	  
from	  the	  microstructural	  changes	  that	  occur	  when	  fast	  neutrons	  interact	  with	  
atoms	  in	  the	  cladding.	  Each	  neutron-‐atom	  collision	  may	  create	  higher	  order	  
displacements	  in	  cascades	  affecting	  more	  than	  200	  lattice	  points	  [1].	  Vacancies	  
and	  self-‐interstitials	  that	  are	  generated	  in	  the	  cascades	  coalesce	  into	  <a>-‐type	  
loops,	  and	  upon	  prolonged	  exposure,	  <c>-‐component	  vacancy	  type	  loops	  also	  
start	  to	  develop.	  A	  high	  density	  of	  loops	  causes	  significant	  hardening	  of	  the	  
material	  as	  dislocation	  slip	  is	  impeded.	  The	  nucleation	  of	  <c>-‐component	  
vacancy	  loops	  has	  also	  been	  linked	  to	  accelerated	  growth	  of	  the	  fuel	  cladding	  
tubes	  [2].	  	  



The	  distribution	  of	  alloying	  elements	  in	  the	  cladding	  materials	  is	  also	  greatly	  
affected	  by	  the	  fast	  neutron	  fluence.	  Transition	  metal	  elements	  that	  are	  added	  to	  
the	  Zircaloys	  and	  some	  other	  zirconium	  alloys	  have	  low	  solubility	  in	  α-‐Zr	  and	  
form	  intermetallic	  precipitates	  (SPPs).	  In	  Zircaloy-‐2,	  two	  principal	  families	  of	  
SPPs	  are	  present,	  namely	  Zr(Fe,	  Cr)2	  and	  Zr2(Fe,	  Ni).	  The	  Zr(Fe,	  Cr)2	  type	  
precipitates	  are	  known	  to	  go	  from	  crystalline	  to	  amorphous	  when	  subjected	  to	  
irradiation	  [3,	  4],	  which	  has	  been	  attributed	  to	  accumulation	  of	  irradiation-‐
induced	  defects	  destabilizing	  the	  crystalline	  structure	  [5].	  Amorphization	  is	  
accompanied	  by	  gradual	  dissolution	  of	  the	  precipitates,	  and	  towards	  the	  end	  of	  
the	  fuel	  rod	  lifetime	  the	  size	  and	  number	  of	  SPPs	  have	  been	  greatly	  reduced.	  The	  
ultimate	  fate	  of	  Fe,	  Cr	  and	  Ni	  after	  leaving	  SPPs	  has	  not	  been	  fully	  established,	  
although	  observations	  of	  reprecipitation	  manifested	  in	  various	  types	  of	  
secondary	  precipitates	  have	  been	  made	  [6].	  It	  has	  also	  been	  shown	  that	  Fe	  can	  
segregate	  to	  and	  stabilize	  <c>-‐loops	  under	  electron	  irradiation,	  although	  no	  
evidence	  of	  this	  was	  seen	  for	  neutron	  irradiated	  samples	  [7].	  High	  densities	  of	  
<c>-‐loops	  have	  also	  been	  observed	  in	  the	  vicinity	  of	  Fe-‐depleted	  SPPs	  in	  
irradiated	  Zircaloy-‐4	  [8].	  
	  
In	  this	  study,	  the	  redistribution	  of	  alloying	  elements	  in	  a	  Zircaloy-‐2	  material	  
subjected	  to	  9	  annual	  cycles	  of	  in-‐reactor	  exposure	  is	  analyzed	  using	  atom	  probe	  
tomography	  (APT).	  Development	  in	  instrumentation	  in	  recent	  years	  has	  brought	  
a	  surge	  of	  interest	  in	  APT	  for	  Zr	  alloy	  applications,	  prompting	  several	  
publications	  on	  basic	  metallurgy	  and	  autoclave	  corrosion	  properties	  [9-‐14].	  The	  
aim	  of	  this	  study	  is	  to	  elucidate	  how	  irradiation	  affects	  the	  distribution	  of	  
alloying	  elements	  in	  Zircaloy-‐2.	  This	  knowledge	  may	  contribute	  to	  a	  greater	  
understanding	  of	  some	  of	  the	  critical	  limiting	  phenomena	  for	  the	  lifetime	  of	  
nuclear	  fuel	  cladding,	  such	  as	  irradiation	  growth,	  breakaway	  corrosion	  and	  
accelerated	  hydrogen	  pick-‐up.	  
	  

Material	  
The	  investigated	  material	  in	  this	  study	  was	  a	  Zircaloy-‐2	  cladding	  tube	  of	  the	  
Westinghouse	  designated	  LK3™	  type.	  The	  nominal	  composition	  of	  the	  alloy	  is	  
presented	  in	  Table	  1.	  
	  
Table	  1:	  Nominal	  composition	  of	  the	  investigated	  material	  in	  wt.%	  or	  wppm,	  with	  Zr	  as	  balance.	  

	  
Sn	  (%)	   Fe	  (%)	   Cr	  (%)	   Ni	  (%)	   Si	  (ppm)	   O	  (ppm)	   N	  (ppm)	  

	  
1.32	   0.17	   0.10	   0.05	   70	   1300	   50	  

	  
The	   heat	   treatment	   of	   LK3™	   is	   described	   by	   the	   normalized	   heat	   treatment	  
parameter	  A,	  defined	  as	  [15]	  
	  

A	  =	  Σ	  ti	  exp(-‐Q/RTi)	  
	  
where	  i	  corresponds	  to	  the	  ith	  heat	  treatment	  after	  β-‐quenching	  at	  the	  
temperature	  Ti	  (K)	  during	  the	  time	  ti	  (h),	  R	  is	  the	  gas	  constant	  and	  Q	  the	  
activation	  energy	  (63	  kcal/mol	  or	  264	  kJ/mol).	  



The	  accumulated	  heat	  treatment	  parameter	  log	  A	  is	  -‐13.9,	  giving	  it	  an	  average	  
final	  SPP	  diameter	  prior	  to	  reactor	  operation	  of	  approximately	  84	  nm.	  LK3™	  has	  
been	  in	  use	  in	  BWR	  reactors	  for	  more	  than	  20	  years	  and	  vast	  amounts	  of	  data	  
exist	  on	  its	  behavior	  during	  operation.	  The	  basic	  metallurgy	  and	  the	  autoclave	  
corrosion	  properties	  of	  the	  material	  have	  been	  extensively	  characterized	  with	  
various	  microscopy	  techniques	  and	  APT	  in	  previous	  studies	  [12,16,17].	  Prior	  
transmission	  electron	  microscopy	  studies	  have	  been	  carried	  out	  on	  the	  same	  fuel	  
rod	  allowing	  for	  comparison	  with	  the	  presented	  results,	  and	  extensive	  
characterization	  data	  are	  presented	  elsewhere	  [18].	  	  
	  
The	  degree	  of	  irradiation	  is	  also	  described	  in	  [18],	  as	  follows.	  The	  average	  rod	  
burnup	  was	  78.7	  MWd/kgU	  with	  a	  sample	  fast	  neutron	  fluence	  (E	  >	  1	  MeV)	  of	  
16.5x1025	  n/m2.	  The	  axial	  location	  of	  the	  sample	  was	  1218-‐1308	  mm	  from	  the	  
bottom	  end.	  At	  this	  high	  fluence,	  only	  the	  largest	  SPPs	  remain	  intact.	  The	  SPP	  
number	  density	  has	  decreased	  from	  6.4x1019	  m-‐3	  in	  the	  unirradiated	  material	  to	  
1.0x1019	  m-‐3.	  The	  average	  oxide	  thickness	  of	  the	  sample	  was	  45	  μm	  and	  the	  rod	  
hydrogen	  content	  was	  approximately	  660	  wppm	  (about	  6	  at.%).	  At	  the	  time	  
when	  the	  material	  was	  retrieved	  from	  the	  reactor,	  an	  acceleration	  in	  the	  
instantaneous	  hydrogen	  pick-‐up	  and	  rod	  growth	  was	  observed.	  The	  measured	  
total	  (lifetime	  average)	  hydrogen	  pick-‐up	  fraction	  was	  30%,	  and	  the	  total	  rod	  
growth	  was	  42	  mm.	  

Experimental	  procedures	  
Samples	  were	  prepared	  by	  first	  cutting	  a	  5	  mm	  segment	  of	  the	  de-‐fuelled	  tube,	  
which	  was	  subsequently	  polished	  in	  a	  hot-‐cell	  at	  an	  angle	  to	  the	  tube	  surface	  to	  
produce	  a	  section	  where	  the	  metal-‐oxide	  interface	  was	  clearly	  visible.	  APT	  
specimens	  were	  fabricated	  by	  the	  established	  lift-‐out	  procedure,	  using	  a	  
combined	  focused	  ion	  beam	  scanning	  electron	  microscope	  workstation	  [19].	  
Two	  lift-‐outs	  were	  performed	  yielding	  a	  total	  of	  10	  APT	  samples.	  The	  analyzed	  
regions	  were	  located	  in	  the	  Zr	  metal	  in	  the	  close	  vicinity	  of	  the	  metal-‐oxide	  
interface,	  at	  distances	  of	  approximately	  0.5-‐3	  μm	  from	  the	  oxide.	  It	  should	  be	  
noted	  that	  as	  the	  samples	  were	  retrieved	  from	  the	  outermost	  regions	  of	  the	  
metal,	  the	  distribution	  of	  alloying	  elements	  may	  differ	  slightly	  in	  the	  tube	  
interior,	  particularly	  with	  regards	  to	  hydrogen.	  
	  
APT	  analysis	  was	  performed	  using	  a	  local	  electrode	  atom	  probe	  of	  model	  Imago	  
LEAP	  3000X	  HR.	  Field	  evaporation	  is	  initiated	  with	  either	  voltage	  pulsing	  with	  a	  
20%	  pulse	  fraction	  at	  200	  kHz,	  or	  laser	  pulsing	  using	  a	  green	  laser	  (λ=	  532	  nm)	  
with	  pulse	  energy	  0.25	  nJ	  at	  200	  kHz.	  The	  temperature	  of	  the	  specimen	  during	  
the	  experiments	  was	  held	  at	  70	  K	  and	  the	  pressure	  in	  the	  analysis	  chamber	  was	  
approximately	  10-‐9	  Pa.	  APT	  data	  were	  analyzed	  using	  the	  Cameca	  IVAS	  3.6.6	  
software.	  	  
	  

Results	  
From	  the	  10	  samples	  that	  were	  produced,	  a	  total	  of	  15	  APT	  analyses	  were	  
obtained	  where	  more	  than	  10	  million	  ions	  were	  collected	  in	  each	  analysis.	  Some	  
samples	  did	  not	  fracture	  during	  analysis	  and	  could	  be	  re-‐sharpened	  up	  to	  five	  
times,	  yielding	  vast	  amounts	  of	  data.	  The	  results	  obtained	  using	  laser	  pulsing	  



were	  reproduced	  in	  voltage	  pulsing	  mode,	  thus	  ensuring	  that	  no	  artifacts	  were	  
induced	  by	  the	  heating	  during	  laser	  pulsing.	  	  
	  
Due	  to	  the	  relatively	  large	  volumes	  of	  data	  that	  were	  obtained,	  all	  analyses	  
contained	  at	  least	  one,	  and	  in	  some	  cases	  several	  grain	  boundaries.	  Interestingly,	  
the	  chemistry	  was	  typically	  significantly	  different	  on	  each	  side	  of	  the	  boundaries.	  	  
In	  the	  vicinity	  of	  grain	  boundaries,	  zones	  that	  appear	  to	  be	  entirely	  depleted	  in	  
alloying	  elements	  are	  usually	  found.	  The	  regions	  appear	  only	  on	  one	  side	  of	  the	  
boundary	  (see	  Figures	  1-‐3)	  and	  typically	  extend	  for	  approximately	  5-‐10	  nm.	  
Within	  these	  depletion	  zones,	  even	  the	  otherwise	  omnipresent	  Sn	  can	  be	  absent.	  
	  

Fe	  distribution	  
The	  grain-‐to-‐grain	  variation	  is	  particularly	  pronounced	  for	  Fe.	  Some	  analyses	  
contain	  very	  little	  Fe,	  but	  at	  least	  some	  minor	  concentrations	  are	  always	  
measured.	  As	  exemplified	  in	  Figure	  1,	  the	  distribution	  is	  typically	  not	  
homogeneous.	  Instead,	  small	  clusters	  of	  0.5-‐10	  nanometer	  sizes	  are	  seen	  to	  be	  
aligned	  along	  planes	  within	  the	  Zr	  matrix	  (Figure	  2).	  The	  distance	  between	  these	  
planes	  is	  typically	  10	  nm.	  The	  Fe	  concentrations	  within	  these	  clusters	  do	  not	  
indicate	  fully	  developed	  precipitates	  of	  a	  Fe-‐rich	  phase,	  as	  the	  measured	  
concentrations	  rarely	  exceed	  5	  at.%.	  	  
	  
As	  has	  previously	  been	  observed	  in	  APT	  studies	  of	  unirradiated	  Zr	  alloys	  [9,12],	  
significant	  amounts	  of	  Fe	  are	  also	  found	  in	  some,	  but	  not	  all,	  metal	  grain	  
boundaries.	  In	  some	  analyses,	  ring-‐shaped	  features	  of	  Fe	  were	  observed	  (Figure	  
3).	  No	  such	  features	  have	  been	  encountered	  in	  our	  studies	  of	  unirradiated	  
Zircaloy-‐2.	  This	  is	  an	  indication	  that	  the	  rings	  arise	  from	  segregation	  of	  Fe	  to	  the	  
edge	  of	  dislocation	  loops,	  most	  likely	  <c>-‐component	  vacancy	  loops.	  The	  
diameters	  of	  the	  rings	  observed	  in	  this	  study	  are	  typically	  20-‐50	  nm,	  which	  is	  
slightly	  smaller	  than	  reported	  <c>-‐loop	  sizes	  from	  TEM	  studies	  [2,	  8].	  However,	  
it	  should	  be	  noted	  that	  the	  limited	  volumes	  of	  APT	  analyses	  precludes	  detection	  
of	  large	  loops	  in	  their	  entirety.	  	  
	  

Cr	  distribution	  
Similar	  to	  Fe,	  Cr	  exhibits	  a	  strong	  grain-‐to-‐grain	  variation	  where	  some	  regions	  
are	  entirely	  depleted	  whereas	  others	  have	  a	  high	  concentration.	  Unlike	  the	  
distribution	  of	  Fe,	  which	  is	  found	  in	  every	  analysis,	  some	  regions	  contain	  
virtually	  no	  Cr	  at	  all.	  Cr	  is	  almost	  exclusively	  found	  in	  nano-‐sized	  precipitates	  
and	  clusters	  aligned	  along	  parallel	  planes	  within	  certain	  zones	  of	  the	  material	  
(see	  Figure	  2	  and	  3).	  The	  local	  concentration	  of	  Cr	  within	  the	  particles	  can	  be	  as	  
high	  as	  25	  at.%.	  A	  concentration	  profile	  across	  the	  interface	  between	  a	  Cr-‐rich	  
particle	  and	  the	  surrounding	  Zr	  matrix	  is	  presented	  in	  Figure	  4.	  	  
	  
The	  number	  density	  and	  the	  composition	  of	  the	  Fe-‐	  and	  Cr-‐rich	  clusters	  vary	  
from	  analysis	  to	  analysis.	  The	  highest	  number	  density	  was	  found	  in	  the	  analysis	  
that	  is	  shown	  in	  Figure	  2.	  An	  estiblished	  cluster	  search	  algorithm	  [20]	  was	  used	  
to	  determine	  the	  maximum	  density	  of	  clusters	  in	  this	  region,	  using	  the	  
parameters	  dmax=0.7	  nm	  and	  Nmin=10.	  The	  resulting	  number	  density	  was	  
calculated	  to	  be	  (8±2)x1023	  m-‐3.	  This	  is	  approximately	  a	  factor	  of	  10	  higher	  than	  



the	  expected	  number	  densities	  of	  <a>-‐type	  dislocation	  loops	  after	  a	  similar	  
neutron	  irradiation	  dose.	  The	  build-‐up	  of	  layers	  of	  particles	  resembles	  the	  
arrangement	  of	  <a>-‐loops	  seen	  with	  TEM	  [2,	  21-‐24]	  and	  it	  is	  therefore	  possible	  –	  
but	  not	  certain	  -‐	  that	  there	  is	  some	  correlation	  between	  the	  clustering	  and	  such	  
defects.	  In	  particular	  there	  is	  agreement	  between	  the	  size	  and	  number	  densities	  
of	  clusters	  and	  the	  small	  prismatic	  loops	  that	  were	  observed	  in	  Zircaloy-‐2	  by	  
Idrees	  [24].	  The	  clusters	  are	  arranged	  in	  parallel	  planes,	  similar	  to	  the	  
“corduroy”-‐like	  contrast	  of	  aligned	  <a>-‐loops	  that	  has	  been	  observed	  in	  TEM	  
studies	  [2].	  This	  could	  indicate	  that	  Fe	  and	  Cr	  clusters	  nucleate	  along	  the	  
dislocation	  line	  or	  within	  the	  strain	  field	  of	  such	  defects.	  No	  grain	  boundary	  
segregation	  or	  ring-‐shaped	  features	  of	  Cr	  was	  observed	  in	  any	  of	  the	  analyses	  in	  
this	  study.	  
	  

Sn	  distribution	  
In	  unirradiated	  material,	  Sn	  has	  a	  uniform	  matrix	  distribution	  and	  is	  believed	  to	  
be	  substitutionally	  dissolved	  in	  α-‐Zr.	  All	  analyses	  in	  this	  study	  have	  overall	  Sn	  
contents	  close	  to	  the	  nominal	  composition	  of	  the	  material.	  As	  can	  be	  seen	  in	  
Figure	  1	  and	  2,	  some	  grain-‐to-‐grain	  variation	  in	  the	  Sn	  distribution	  occurs.	  
Interestingly,	  in	  regions	  where	  significant	  Fe	  and	  Cr	  clustering	  is	  observed,	  Sn	  
appears	  to	  be	  homogeneously	  distributed	  in	  the	  matrix	  with	  only	  weak	  signs	  of	  
clustering.	  Conversely,	  some	  Fe-‐	  and	  Cr-‐lean	  regions	  exhibit	  Sn	  clustering	  of	  a	  
few	  nanometer	  sizes,	  implying	  that	  they	  may	  be	  associated	  with	  <a>-‐loops.	  
However,	  unlike	  Cr,	  significant	  amounts	  of	  Sn	  are	  also	  found	  dissolved	  in	  the	  
matrix	  surrounding	  the	  clusters.	  	  
	  
As	  is	  the	  case	  for	  Fe,	  Sn	  is	  also	  found	  in	  the	  ring-‐shaped	  features	  that	  are	  
understood	  to	  be	  <c>-‐component	  loops	  (see	  Figure	  6).	  However,	  they	  do	  not	  
appear	  to	  segregate	  simultaneously,	  as	  only	  one	  of	  either	  Fe	  or	  Sn	  is	  observed	  in	  
any	  given	  loop.	  
	  

Ni	  distribution	  
Little	  Ni	  is	  found	  in	  the	  analyzed	  samples.	  Some	  small	  amounts	  are	  sometimes	  
found	  along	  with	  Fe	  and	  Cr	  in	  clusters	  aligned	  on	  parallel	  planes.	  In	  one	  of	  the	  
analyzed	  samples	  (see	  Figure	  2),	  a	  high	  concentration	  of	  Ni	  is	  found	  in	  a	  50	  nm	  
planar	  region,	  in	  which	  Fe,	  Cr	  and	  Si	  are	  also	  enriched.	  From	  our	  studies	  of	  
unirradiated	  Zircaloy-‐2,	  we	  know	  that	  Ni-‐type	  precipitates	  typically	  contain	  
significant	  amounts	  of	  Si.	  This	  is	  an	  indication	  that	  the	  feature	  in	  question	  is	  the	  
remains	  of	  a	  prior	  Zr2(Fe,	  Ni)-‐type	  precipitate,	  that	  has	  been	  dissolved	  by	  the	  
radiation.	  No	  indications	  of	  grain	  boundary	  or	  <c>-‐dislocation	  loop	  segregation	  
of	  Ni	  were	  observed	  in	  the	  analyses.	  
	  

Hydrogen	  distribution	  
All	  analyses	  contain	  large	  amounts	  of	  hydrogen,	  with	  concentrations	  varying	  
between	  20	  and	  66	  at.%.	  This	  is	  an	  order	  of	  magnitude	  more	  than	  the	  sample	  
average	  (660	  wppm)	  and	  reflects	  the	  tendency	  of	  hydrogen	  to	  form	  a	  hydride	  
rim	  close	  to	  the	  outer	  cladding	  wall.	  Most	  of	  the	  hydride	  rim	  forms	  during	  cool-‐
down	  from	  the	  operating	  temperature	  to	  room	  temperature.	  The	  spatial	  



distribution	  is	  typically	  homogenous	  throughout	  each	  analysis,	  which	  suggests	  
that	  each	  analysis	  runs	  through	  a	  single	  hydride	  phase,	  out	  of	  the	  different	  
hydride	  phases	  that	  are	  present	  close	  to	  the	  metal-‐oxide	  interface.	  No	  elevated	  
hydrogen	  concentrations	  are	  measured	  in	  or	  in	  the	  vicinity	  of	  defects	  such	  as	  
<a>-‐	  or	  <c>-‐loops	  or	  around	  grain	  boundaries.	  
	  

Oxygen	  ingress	  
No	  oxygen	  was	  found	  in	  the	  vicinity	  of	  the	  defect	  structures	  of	  clusters	  and	  loops.	  
One	  analysis	  was	  obtained	  across	  the	  interface	  between	  the	  sub-‐oxide	  ZrO	  phase	  
and	  the	  metal	  underneath.	  The	  oxygen	  concentration	  profile	  across	  the	  phase	  
boundary	  is	  presented	  in	  Figure	  7.	  The	  oxygen	  concentration	  drops	  rapidly	  from	  
50	  at.%	  in	  the	  sub-‐oxide	  to	  a	  few	  atomic	  percent	  and	  reaches	  its	  base	  level	  of	  less	  
than	  1	  at.%	  about	  50	  nm	  into	  the	  Zr	  metal.	  Despite	  the	  proximity	  of	  all	  analyses	  
to	  the	  oxide	  scale,	  very	  low	  overall	  O	  concentrations	  are	  measured	  in	  all	  analyses	  
in	  the	  metal.	  No	  alloying	  element	  appears	  to	  be	  rejected	  by	  the	  sub-‐oxide	  front.	  

Discussion	  

Alloying	  element	  distribution	  
As	  is	  expected,	  the	  distribution	  of	  alloying	  elements	  in	  the	  cladding	  is	  
significantly	  altered	  after	  prolonged	  in-‐reactor	  exposure.	  No	  SPPs	  of	  the	  sizes	  
that	  are	  observed	  in	  the	  fresh	  material	  were	  encountered	  in	  any	  of	  the	  analyses	  
due	  to	  the	  small	  total	  analyzed	  volume.	  We	  know	  from	  TEM	  of	  the	  same	  cladding	  
tube	  that	  SPPs	  still	  exist	  in	  the	  material	  [18],	  but	  none	  were	  detected	  in	  our	  
analyses.	  Instead	  precipitation	  of	  small	  secondary	  particles	  occurs	  in	  large	  
numbers	  in	  the	  matrix.	  Due	  to	  the	  low	  solubility	  of	  Fe	  and	  Cr	  in	  the	  Zr	  matrix,	  a	  
driving	  force	  for	  reprecipitation	  counteracts	  a	  randomized	  distribution	  induced	  
by	  the	  collision	  cascades.	  The	  reprecipitation	  is	  significantly	  more	  pronounced	  
for	  Cr	  than	  Fe.	  Fe	  is	  found	  both	  in	  solid	  solution	  and	  in	  clusters,	  whereas	  Cr	  is	  
found	  almost	  exclusively	  in	  clusters	  and	  precipitates.	  This	  is	  somewhat	  
surprising	  as	  Cr	  is	  believed	  to	  diffuse	  slower	  than	  Fe	  and	  Ni	  [25].	  This	  indicates	  
that	  the	  number	  density	  of	  nucleation	  sites	  is	  very	  high	  and	  diffusion	  distances	  
therefore	  so	  short	  that	  kinetics	  is	  not	  a	  limiting	  factor.	  Fe	  appears	  to	  have	  some	  
non-‐negligible	  solubility	  in	  the	  Zr	  matrix,	  or	  alternatively	  be	  affected	  by	  the	  
radiation	  to	  a	  larger	  extent	  than	  Cr,	  as	  its	  kinetics	  for	  precipitation	  should	  be	  
faster.	  	  
	  
Alignment	  of	  evenly	  distributed	  small	  precipitates	  in	  the	  basal	  plane	  in	  Zircaloy-‐
2	  has	  been	  reported	  previously	  by	  Griffiths	  [2].	  It	  was	  inferred	  that	  the	  distance	  
between	  the	  planes	  is	  not	  related	  to	  elastic	  interaction	  between	  adjacent	  
particles,	  as	  such	  structures	  are	  not	  found	  in	  unirradiated	  heat-‐treated	  material.	  
The	  segregation	  layers	  in	  this	  study	  also	  bears	  a	  striking	  resemblance	  to	  the	  
corduroy-‐like	  build-‐up	  of	  dislocation	  loops	  around	  precipitates	  in	  the	  TEM	  
micrographs	  that	  are	  presented	  by	  Valizadeh	  et	  al.	  [18].	  	  
	  
Recent	  ab-‐initio	  calculations	  by	  Christensen	  et	  al.	  showed	  that	  Fe	  atoms,	  to	  a	  
greater	  extent	  than	  Cr,	  Ni	  and	  Sn,	  attract	  vacancies	  in	  the	  Zr	  lattice	  [26].	  It	  is	  
possible	  that	  the	  apparent	  high	  concentrations	  of	  dissolved	  Fe	  atoms	  throughout	  
the	  matrix	  are	  rather	  Fe-‐vacancy	  pairs.	  Similarly,	  Christensen	  and	  co-‐workers’	  



calculations	  suggest	  strong	  attractions	  between	  Zr	  self-‐interstitials	  and	  Fe,	  Cr	  
and	  Ni,	  which	  would	  imply	  that	  they	  should	  segregate	  to	  both	  vacancy	  and	  
interstitial	  type	  <a>-‐loops.	  	  
	  
It	  is	  interesting	  to	  note	  the	  large	  differences	  in	  chemistry	  and	  precipitation	  
across	  grain	  boundaries.	  Large	  numbers	  of	  clusters	  accumulate	  on	  one	  side	  of	  
the	  boundary,	  whereas	  a	  depletion	  zone	  exists	  on	  the	  other.	  Similar	  results	  have	  
recently	  been	  published	  from	  in	  situ	  irradiation	  TEM	  studies	  [24],	  although	  the	  
depletion	  zone	  was	  there	  reported	  to	  be	  wider	  than	  what	  is	  observed	  here.	  This	  
may	  be	  an	  effect	  of	  the	  strong	  anisotropy	  of	  diffusion	  in	  α-‐Zr,	  where	  for	  instance	  
the	  activation	  energy	  of	  diffusion	  for	  self-‐interstitials	  is	  almost	  a	  factor	  of	  3	  
higher	  in	  the	  <a>-‐directions	  than	  in	  the	  <c>-‐direction	  [27].	  As	  Fe,	  Ni	  and	  Cr	  
exhibit	  mobilities	  that	  are	  associated	  with	  interstitial	  diffusion	  [28],	  it	  is	  
reasonable	  to	  assume	  that	  like	  self-‐interstitials	  these	  alloying	  elements	  move	  
preferentially	  in	  the	  basal	  plane.	  Extensive	  data	  on	  the	  large	  differences	  in	  the	  
build-‐up	  of	  radiation-‐induced	  defects	  within	  and	  between	  grains	  have	  also	  been	  
obtained	  from	  transmission	  electron	  microscopy	  studies	  [29].	  	  
	  
The	  Zr2(Fe,	  Ni)	  particles	  are	  larger	  than	  the	  Zr(Fe,	  Cr)2	  particles,	  and	  have	  a	  
lower	  number	  density.	  Due	  to	  the	  very	  limited	  volumes	  that	  are	  included	  in	  an	  
APT	  analysis,	  and	  the	  low	  Ni	  content	  of	  the	  material,	  the	  probability	  of	  
encountering	  a	  region	  close	  to	  a	  prior	  Zr2(Fe,	  Ni)	  SPP	  is	  palpably	  slim.	  As	  
expected,	  little	  Ni	  is	  found	  in	  the	  analyses	  with	  one	  exception.	  A	  majority	  of	  the	  
Ni	  appears	  to	  remain	  in	  SPPs	  even	  after	  long-‐term	  exposure.	  This	  is	  in	  good	  
agreement	  with	  the	  findings	  of	  Valizadeh	  et	  al.	  [18],	  who	  examined	  the	  same	  rod	  
and	  found	  that	  crystalline	  Zr2(Fe,	  Ni)	  particles	  are	  still	  present	  after	  9	  annual	  
reactor	  cycles.	  Even	  though	  the	  Ni	  content	  of	  Zr-‐2	  is	  very	  low,	  it	  is	  known	  to	  have	  
a	  major	  impact	  on	  hydrogen	  pickup,	  specifically	  on	  the	  accelerating	  
instantaneous	  pickup	  fraction	  at	  high	  burnup.	  
	  

Defect	  structures	  
In	  most	  cases	  APT	  analysis	  does	  not	  give	  explicit	  crystallographic	  information.	  
This	  makes	  it	  difficult	  to	  unequivocally	  identify	  the	  nature	  of	  the	  defects	  that	  are	  
observed	  in	  this	  study.	  The	  distinct	  segregation	  of	  Fe	  and	  Cr	  to	  clusters	  or	  
precipitates	  in	  parallel	  planes	  has	  a	  number	  density	  that	  correlates	  with	  the	  size	  
and	  density	  of	  prismatic	  loops	  seen	  by	  Idrees	  [24]	  and	  it	  is	  possible	  that	  they	  are	  
nucleated	  on,	  or	  in	  the	  strain	  field	  of,	  such	  defects.	  However,	  unlike	  the	  ring-‐
shaped	  segregation	  around	  vacancy	  <c>-‐component	  loops,	  the	  Fe	  and	  Cr	  
nanoclusters	  typically	  have	  a	  shape	  close	  to	  spherical	  geometry.	  <a>-‐loops	  can	  
be	  of	  both	  vacancy	  and	  interstitial	  type,	  but	  the	  segregation	  to	  these	  clusters	  
does	  never	  appear	  as	  rings.	  This	  may	  be	  due	  to	  the	  very	  small	  size	  of	  the	  
dislocation	  loop,	  or	  an	  indication	  that	  the	  segregation	  occurs	  to	  the	  strain	  field	  
around	  the	  loop	  rather	  than	  to	  the	  dislocation	  line.	  As	  can	  be	  seen	  in	  Figure	  8,	  Cr	  
clusters	  appear	  to	  have	  nucleated	  on	  the	  loop,	  but	  not	  along	  the	  dislocation	  line.	  
Idrees	  compared	  the	  <a-‐>-‐loop	  density	  in	  Zircaloy-‐2	  with	  pure	  Zr,	  and	  concluded	  
that	  alloying	  elements	  play	  an	  important	  role	  in	  their	  nucleation	  [24].	  APT	  
analysis	  allows	  for	  more	  specific	  investigation	  of	  the	  nature	  of	  the	  loop	  
segregation.	  Sn,	  Fe	  and	  Cr—not	  Ni—would	  appear	  to	  be	  the	  most	  important	  



elements	  for	  <a>-‐loop	  stabilization	  if	  the	  assumption	  that	  the	  clusters	  are	  
associated	  with	  these	  defects	  is	  correct.	  	  
	  
The	  ring-‐shaped	  segregation	  features	  in	  the	  structure	  are	  interpreted	  to	  be	  <c>-‐
component	  loops,	  as	  the	  ring-‐shaped	  segregation	  of	  Fe	  or	  Sn	  indicates	  that	  they	  
have	  a	  vacancy	  character.	  However,	  the	  diameters	  of	  the	  rings	  observed	  in	  this	  
study	  are	  somewhat	  smaller	  than	  what	  is	  typically	  seen	  for	  <c>-‐loops	  elsewhere	  
[2,8,18].	  The	  dislocation	  loop	  in	  Figure	  8	  is	  located	  in	  the	  same	  plane	  as	  the	  
layers	  of	  Cr	  and	  Fe-‐rich	  particles	  (see	  Figure	  10).	  There	  are	  strong	  indications	  
that	  these	  layers	  are	  located	  on	  basal	  planes,	  as	  such	  segregation	  structures	  have	  
been	  reported	  previously	  [2,18].	  If	  this	  is	  true,	  the	  Burgers	  vector	  of	  the	  
dislocation	  loop	  in	  Figure	  10	  lies	  in	  the	  <0002>	  direction,	  and	  we	  can	  thus	  make	  
the	  reasonable	  assumption	  that	  it	  is	  a	  <c>-‐loop.	  
	  
The	  local	  chemistry	  where	  the	  loop	  is	  formed	  appears	  to	  determine	  the	  
segregating	  species.	  This	  implies	  that	  the	  defects	  exist	  continuously	  and	  
reasonably	  homogenously	  throughout	  the	  grains,	  and	  the	  proximity	  to	  a	  prior	  
SPP	  determines	  their	  chemistry.	  The	  rings	  are	  predominantly	  observed	  for	  Fe	  
and	  in	  some	  cases	  also	  for	  Sn.	  It	  can	  therefore	  be	  assumed	  that	  these	  two	  
elements	  play	  a	  role	  in	  the	  evolution	  of	  <c>-‐loops.	  Some	  analyses	  contain	  no	  Cr	  
or	  Ni	  and	  very	  little	  Fe.	  In	  such	  regions,	  Sn	  is	  observed	  to	  segregate	  to	  various	  
defects.	  In	  the	  initial	  stages	  of	  the	  cladding	  lifetime,	  Sn	  could	  play	  a	  more	  
important	  role	  as	  it	  is	  homogenously	  distributed	  in	  the	  matrix,	  whereas	  Fe	  and	  
Cr	  still	  remain	  in	  SPPs.	  However,	  the	  gradual	  dissolution	  of	  particles	  forces	  more	  
and	  more	  Fe	  and	  Cr	  into	  the	  metal	  matrix	  and	  the	  impact	  of	  these	  elements	  on	  
the	  <c>-‐loop	  evolution	  may	  therefore	  increase	  with	  fluence,	  with	  consequences	  
for	  irradiation	  growth	  during	  the	  later	  stages	  of	  the	  cladding	  lifetime.	  The	  role	  of	  
Ni	  in	  this	  scenario	  is	  not	  clear,	  since	  we	  observed	  too	  few	  Ni	  atoms	  to	  draw	  any	  
conclusions.	  
	  

Hydrogen	  ingress	  
Hydrogen	  quantification	  with	  APT	  is	  notoriously	  difficult,	  as	  it	  is	  not	  possible	  to	  
separate	  the	  corrosion	  products	  from	  adsorbed	  H2	  gas	  from	  the	  vacuum	  chamber	  
[30].	  However,	  the	  hydrogen	  concentrations	  measured	  in	  this	  study	  are	  so	  high	  
that	  one	  may	  confidently	  assume	  that	  the	  vast	  majority	  can	  be	  attributed	  to	  
actual	  hydride	  phases	  in	  the	  material.	  As	  the	  tips	  were	  very	  resistant	  to	  fracture	  
during	  analysis,	  the	  experimental	  conditions	  could	  be	  optimized	  in	  order	  to	  
reduce	  gas	  adsorption	  onto	  the	  specimen	  [30].	  	  
	  
As	  at	  least	  20	  at.%	  hydrogen,	  and	  in	  some	  cases	  up	  to	  66%,	  is	  measured,	  it	  is	  safe	  
to	  assume	  that	  the	  analyses	  run	  through	  various	  hydride	  phases.	  This	  is	  
expected,	  as	  the	  terminal	  hydrogen	  solubility	  (which	  is	  approximately	  200	  
wppm	  at	  673	  K	  (400°C)	  [31])	  is	  exceeded	  in	  the	  material	  already	  during	  reactor	  
operation	  temperatures.	  Hydrides	  are	  expected	  to	  precipitate	  close	  to	  the	  oxide,	  
as	  this	  is	  the	  coolest	  part	  of	  the	  tube.	  Therefore,	  it	  is	  feasible	  that	  the	  hydride	  
phases	  that	  are	  present	  in	  the	  material	  have	  formed	  already	  during	  operation.	  
Solubility	  at	  room	  temperature	  is	  very	  low,	  and	  significant	  precipitation	  of	  
hydrides	  is	  expected	  to	  occur	  throughout	  the	  tube	  as	  the	  temperature	  decreases	  



after	  shutdown	  of	  the	  reactor.	  Although	  such	  a	  high	  hydrogen	  content	  was	  
recorded	  that	  the	  analyses	  must	  have	  passed	  through	  hydride	  phases,	  we	  still	  
observe	  features	  that	  most	  likely	  have	  formed	  in	  Zr	  metal.	  This	  suggests	  that	  the	  
hydride	  inherits	  the	  microstructural	  features	  of	  the	  metal	  upon	  precipitation.	  No	  
evidence	  for	  hydrogen	  interaction	  with	  loops	  and	  defects	  could	  be	  found	  in	  this	  
study,	  although	  the	  hydrogen	  mapping	  with	  APT	  is	  too	  inaccurate	  to	  draw	  any	  
conclusions	  on	  the	  matter.	  
	  
At	  the	  time	  when	  the	  analyzed	  cladding	  tube	  was	  removed	  from	  the	  reactor,	  a	  
significant	  acceleration	  in	  the	  hydrogen	  pick-‐up	  kinetics	  had	  occurred	  [18].	  The	  
reason	  for	  this	  increase	  in	  pick-‐up	  rate	  is	  not	  yet	  very	  well	  understood,	  and	  is	  
subject	  to	  intense	  study.	  Clearly,	  it	  is	  related	  to	  Ni,	  since	  close	  to	  Ni-‐free	  relatives	  
in	  the	  same	  family	  of	  alloys,	  do	  not	  show	  such	  an	  accelerated	  hydrogen	  pickup.	  In	  
a	  recent	  paper	  by	  Lindgren,	  it	  is	  proposed	  that	  hydrogen	  moves	  through	  the	  
oxide	  in	  hydroxylated	  grain	  boundaries,	  and	  the	  availability	  of	  cathodic	  sites	  
inside	  the	  oxide	  scale,	  where	  protons	  may	  be	  reduced	  to	  H2,	  ultimately	  
determines	  the	  rate	  of	  hydrogen	  pick-‐up	  [32,	  33].	  As	  all	  alloying	  elements	  in	  
Zircaloy-‐2	  are	  more	  noble	  than	  Zr	  itself,	  the	  SPPs	  are	  likely	  to	  be	  active	  cathodic	  
sites	  in	  the	  oxide	  while	  they	  are	  still	  close	  to	  or	  in	  direct	  contact	  with	  the	  
underlying	  metal.	  The	  dissolution	  of	  SPPs	  will	  reduce	  the	  availability	  of	  cathodic	  
sites	  in	  the	  oxide	  where	  H2	  can	  evolve,	  such	  that	  hydrogen	  is	  allowed	  to	  
penetrate	  deeper	  into	  the	  oxide	  and	  will	  be	  absorbed	  by	  the	  metal.	  Calculations	  
by	  Lindgren	  et	  al.	  indicate	  that	  in	  such	  a	  scenario,	  Ni	  should	  increase	  the	  
hydrogen	  pickup	  fraction,	  while	  Fe	  should	  reduce	  it.	  The	  late-‐life	  acceleration	  of	  
hydrogen	  pickup	  in	  Zircaloy-‐2,	  however,	  remains	  to	  be	  addressed	  in	  a	  
mechanistic	  perspective.	  
	  

Oxygen	  ingress	  
The	  existence	  of	  a	  sub-‐oxide	  layer	  of	  approximate	  composition	  ZrO	  has	  been	  
reported	  on	  numerous	  occasions	  for	  Zr	  alloys	  [34-‐38]	  and	  was	  observed	  in	  these	  
analyses	  as	  well.	  The	  fact	  that	  no	  rejection	  of	  alloying	  elements	  occurs	  ahead	  of	  
the	  advancing	  oxide	  front	  suggests	  that	  the	  overall	  composition	  of	  alloying	  
elements	  in	  the	  oxide	  is	  similar	  to	  that	  of	  the	  metal.	  The	  observed	  oxygen	  
gradient	  suggests	  that	  the	  sub-‐oxide	  layer	  is	  no	  thicker	  than	  some	  50	  nm.	  
	  
In	  autoclave-‐tested	  materials,	  an	  oxygen	  saturated	  metal	  layer	  containing	  
approximately	  30	  at.%	  O	  is	  typically	  present	  under	  the	  sub-‐oxide	  scale	  [37,39].	  It	  
is	  interesting	  to	  note	  that	  this	  is	  not	  found	  in	  the	  analysis	  of	  the	  interface	  region	  
in	  this	  study.	  A	  comprehensive	  mathematical	  treatment	  of	  the	  expected	  oxygen	  
gradient	  from	  the	  oxide	  front	  and	  into	  the	  metal	  has	  been	  made	  by	  Béranger	  and	  
Lacombe	  [40].	  In	  this	  model,	  the	  oxygen	  gradient	  depends	  chiefly	  on	  the	  oxygen	  
diffusivity	  in	  the	  metal.	  In	  the	  light	  of	  these	  calculations,	  the	  abrupt	  drop	  in	  
oxygen	  concentration	  under	  the	  sub-‐oxide	  could	  therefore	  be	  interpreted	  as	  a	  
result	  of	  an	  increase	  in	  the	  oxygen	  diffusivity,	  which	  could	  be	  caused	  by	  
irradiation	  and/or	  an	  increasing	  hydrogen	  concentration.	  Due	  to	  the	  fast	  
diffusion	  kinetics,	  oxygen	  would	  have	  sufficient	  mobility	  to	  distribute	  in	  the	  Zr	  
bulk,	  as	  opposed	  to	  forming	  extensive	  gradients	  under	  the	  metal-‐oxide	  interface.	  
The	  diffusion	  profile	  is	  also	  dependent	  on	  the	  oxidation	  rate,	  i.	  e.	  the	  velocity	  of	  



the	  moving	  oxide	  front.	  The	  acceleration	  of	  the	  oxide	  growth	  may	  cause	  an	  
instantaneous	  oxidation	  rate	  in	  excess	  of	  the	  diffusion	  rate	  of	  oxygen	  in	  the	  
metal,	  thus	  not	  allowing	  for	  significant	  gradients	  in	  the	  metal	  underneath.	  This	  
explanation	  appears	  less	  likely	  for	  the	  investigated	  sample,	  since	  the	  in-‐reactor	  
oxidation	  rate	  was	  relatively	  low,	  also	  late	  in	  life.	  
	  

Conclusions	  
An	  atom	  probe	  tomography	  study	  has	  for	  the	  first	  time	  been	  conducted	  on	  
irradiated	  Zircaloy-‐2,	  that	  has	  been	  subjected	  to	  9	  annual	  cycles	  of	  BWR	  
exposure.	  The	  Zr	  matrix	  region	  close	  to	  the	  metal-‐oxide	  interface	  was	  
investigated	  with	  the	  view	  to	  determine	  how	  the	  alloying	  elements	  are	  
redistributed	  after	  prolonged	  neutron	  irradiation	  and	  SPP	  dissolution.	  The	  main	  
conclusions	  that	  may	  be	  drawn	  are	  as	  follows:	  
	  

1. Large	  portions	  of	  the	  metal	  contain	  a	  dense	  distribution	  of	  Fe	  and	  Cr-‐rich	  
clusters	  and	  precipitates	  of	  approximately	  1-‐5	  nm	  sizes,	  nucleated	  on	  
parallel	  planes	  in	  the	  structure.	  The	  size	  of	  the	  particles	  correlates	  well	  
with	  what	  is	  expected	  for	  <a>-‐loops	  in	  Zircaloy-‐2,	  and	  it	  is	  possible	  that	  
they	  precipitate	  at,	  or	  in	  the	  strain	  field	  of,	  such	  defects.	  	  

2. Fe	  appears	  to	  have	  a	  non-‐negligible	  solubility	  in	  the	  Zr	  matrix,	  whereas	  Cr	  
was	  found	  exclusively	  in	  small	  clusters	  and	  precipitates.	  Sn	  is	  essentially	  
homogenously	  distributed,	  but	  signs	  of	  defect	  segregation	  were	  
sometimes	  observed.	  

3. Fe	  and	  Sn	  were	  observed	  to	  segregate	  to	  ring-‐shaped	  features	  in	  the	  
metal,	  interpreted	  to	  be	  <c>-‐component	  vacancy	  loops.	  These	  alloying	  
elements	  can	  therefore	  be	  assumed	  to	  play	  a	  key	  role	  in	  the	  evolution	  of	  
the	  <c>-‐loops,	  and	  therefore	  also	  in	  the	  breakaway	  growth	  phenomenon	  
that	  occurs	  in	  Zircaloy-‐2	  after	  prolonged	  in-‐reactor	  exposure.	  

4. A	  large	  grain-‐to-‐grain	  variation	  in	  terms	  of	  alloying	  element	  distribution	  
was	  observed.	  The	  chemistry	  varies	  significantly	  across	  grain	  boundaries,	  
with	  some	  zones	  nearly	  devoid	  of	  any	  Fe,	  Cr	  or	  Ni,	  whereas	  large	  amounts	  
are	  found	  in	  an	  adjacent	  grain.	  This	  is	  attributed	  to	  strongly	  anisotropic	  
diffusion	  of	  alloying	  elements.	  

5. The	  existence	  of	  a	  sub-‐oxide	  phase	  that	  has	  been	  widely	  reported	  for	  
autoclave-‐corroded	  material	  was	  observed	  also	  in	  the	  irradiated	  Zircaloy-‐
2.	  However,	  unlike	  autoclave-‐tested	  Zr	  alloys,	  the	  irradiated	  material	  did	  
not	  appear	  to	  have	  extended	  oxygen	  gradients	  in	  the	  metal	  underneath	  
the	  oxide	  front.	  Irradiation-‐induced	  increase	  in	  oxygen	  diffusivity	  in	  the	  
metal	  could	  explain	  the	  lack	  of	  oxygen-‐saturated	  α-‐Zr	  phase	  that	  is	  
normally	  seen	  in	  autoclaved	  samples.	  
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Figures	  

	  
Figure	  1:	  Distribution	  of	  Fe	  atoms	  (blue),	  Cr	  atoms	  (purple)	  and	  Sn	  atoms	  
(green)	  in	  two	  adjacent	  grains	  in	  the	  Zr	  metal.	  Note	  that	  a	  high	  number	  of	  Fe	  and	  
Cr	  clusters	  are	  present	  in	  the	  grain	  to	  the	  left,	  where	  Sn	  is	  distributed	  
homogenously.	  To	  the	  right	  of	  the	  grain	  boundary,	  few	  clusters	  exist	  and	  Sn	  is	  
instead	  seen	  to	  segregate	  to	  defects.	  The	  size	  of	  the	  box	  is	  140x140x140	  nm3.	  





	  
Figure	  2:	  Distribution	  of	  alloying	  elements	  Fe	  (a),	  Cr	  (b),	  Sn	  (c),	  Ni	  (d)	  and	  Si	  (c)	  
in	  a	  typical	  APT	  analysis.	  The	  size	  of	  the	  box	  is	  360x140x140	  nm3.	  Note	  the	  
segregation	  structure,	  in	  which	  clusters	  are	  aligned	  in	  parallel	  planes	  for	  Fe,	  Cr	  
and	  Ni.	  To	  the	  upper	  left	  of	  the	  box	  is	  likely	  the	  remains	  of	  a	  prior	  Zr2(Fe,	  Ni)	  SPP.	  
The	  apparent	  change	  in	  plane	  angle	  along	  the	  axis	  of	  the	  analysis	  is	  an	  artifact	  of	  
the	  reconstruction.	  



	  
Figure	  3:	  Distribution	  of	  Fe	  and	  Cr	  in	  an	  APT	  analysis.	  Fe	  (left)	  is	  seen	  to	  
segregate	  to	  a	  grain	  boundary	  and	  an	  assumed	  <c>-‐component	  loop,	  but	  not	  to	  
clusters.	  Cr	  (right)	  is	  not	  residing	  in	  the	  grain	  boundary	  or	  the	  <c>-‐loop	  but	  has	  
formed	  a	  large	  number	  of	  nano-‐sized	  clusters.	  The	  size	  of	  the	  box	  is	  
400x170x170	  nm3.	  



	  
Figure	  4:	  (a)	  displays	  three	  Cr	  particles	  in	  the	  Zr	  matrix.	  For	  clarity	  Cr	  (purple)	  
and	  Fe	  (dark	  blue)	  atoms	  are	  enlarged	  compared	  to	  Zr	  atoms	  (turquoise).	  (b)	  
shows	  a	  proximity	  histogram	  of	  the	  concentration	  profile	  from	  the	  Zr	  matrix	  into	  
the	  large	  particle	  in	  the	  middle	  of	  (a).



	  

Figure	  5:	  (a)	  displays	  the	  distribution	  of	  alloying	  elements	  across	  a	  grain	  
boundary.	  Sn	  atoms	  are	  blue,	  Cr	  atoms	  green	  and	  Fe	  atoms	  red.	  The	  size	  of	  the	  
box	  is	  140x140x140	  nm3.	  A	  concentration	  profile	  across	  the	  length	  of	  the	  tube	  in	  
(a)	  for	  Fe,	  Cr	  and	  Sn	  is	  displayed	  in	  (b).	  The	  arrow	  indicates	  the	  direction	  of	  the	  
profile.	  



	  
Figure	  6:	  Segregation	  of	  Sn	  to	  assumed	  <c>-‐component	  loops	  in	  the	  Zr	  metal.	  The	  
size	  of	  the	  box	  is	  140x140x180	  nm3.

	  



Figure	  7:	  O,	  H	  and	  Zr	  concentration	  profiles	  from	  the	  sub-‐oxide	  and	  into	  the	  Zr	  
metal.	  

	  
Figure	  8:	  Segregation	  of	  alloying	  elements	  around	  a	  dislocation	  loop,	  interpreted	  
to	  be	  of	  <c>-‐component	  character.	  Fe	  atoms	  are	  blue,	  Cr	  atoms	  are	  purple	  and	  Sn	  
atoms	  are	  green.	  

	  
Figure	  9:	  (a)	  shows	  a	  side	  view	  of	  the	  layered	  structure	  of	  the	  Fe	  (blue)	  and	  Cr	  
(purple)	  particles	  in	  the	  structure.	  The	  distance	  between	  the	  planes	  is	  



approximately	  10	  nm.	  (b)	  shows	  a	  top	  view	  of	  a	  single	  layer.

	  

	  
Figure	  10:	  In-‐plane	  view	  of	  a	  Fe	  decorated	  dislocation	  loop.	  The	  direction	  of	  
burgers	  vector	  is	  indicated	  by	  the	  arrow,	  and	  dashed	  lines	  indicate	  layers	  of	  Cr	  
clusters	  that	  are	  assumed	  to	  be	  nucleated	  on	  basal	  planes.	  Fe	  atoms	  are	  blue	  and	  
Cr	  atoms	  purple.	  

	  
	  
	  


