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Brief History of Radiation Effects
Ettore Majorana Center/Erice connections

• 1946 First paper on potential importance of radiation damage (E.P.
Wigner, J. Appl. Phys. 17 (1946) 857)
– 1st observation of amorphization (“metamict state”) of minerals occurred in late

19th century

• Enrico Fermi International School on Radiation Damage in Solids held
in Rome (Academic Press, 1962)

• International School on Radiation Effects in Materials, University of
Illinois, Champaigne-Urbana, USA [J. Nucl. Mater. 216 (1994)]



What is “dpa”?
• 1 displacement per atom (dpa) corresponds

to stable displacement from their lattice
site of all atoms in the material during
irradiation near absolute zero (no
thermally-activated point defect diffusion)
–Initial number of atoms knocked off their

lattice site during neutron irradiation is ~100
times the dpa value
• Most of these originally displaced atoms hop
onto another lattice site during “thermal spike”
phase of the displacement cascade (~1 ps)

• At non-zero temperatures, many of the created defects recombine so
that the net surviving defect fraction is low (<10% NRT dpa)

• Requirement for advanced structural materials in fusion and Gen IV
fission reactors (~100 dpa exposure):
– ~99.9% of “stable” displacement damage must recombine
–“off-the-shelf” materials typically exhibit 90-99% recombination of

“stable” damage

R.E. Stoller



The Equivalency of Displacement Damage Produced by Fission
and Fusion Neutrons on dpa basis has been clearly demonstrated

Fission
(0.1 - 3 MeV)

A critical unanswered question is the effect
of higher transmutant H and He

production in the fusion spectrum

5 nm
Peak damage state in
iron cascades at 100K

 50 keV PKA
(ave. fusion)�

10 keV PKA
(ave. fission)

MD computer simulations show that subcascades and
defect production are comparable for fission and fusionSimilar defect clusters produced by fission and

fusion neutrons as observed by TEM

Fusion
(14 MeV)

Similar hardening behavior confirms the equivalency
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Experimental evidence for nanoscale melting during
atomic collisions has been obtained
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Outline
• Overview of major microstructural temperature regimes
and impact on properties

• Low temperature damage production (below recovery
Stage V)
–Comments on electron microscope imaging techniques for small

defect clusters
–Copper as a representative FCC metal
–BCC vs. FCC differences

• Effect of irradiation temperature on radiation effects



Radiation Damage can Produce Large Changes in
Structural Materials

• Radiation hardening and embrittlement (<0.4 TM, >0.1 dpa)
• Irradiation creep (<0.45 TM, >10 dpa)
• Volumetric swelling from void formation (0.3-0.6 TM, >10 dpa)
• High temperature He embrittlement (>0.5 TM, >10 dpa)

• All of these property changes are determined by microstructural
evolution during irradiation



Some radiation effects nomenclature

• Electrical resistivity recovery stages
– Stage I: initiation self-interstitial atom migration (correlated and uncorrelated)
– Stage II: long-range migration of SIA clusters and SIA-impurity complexes
– Stage III: longstanding controversy; near universal agreement that it is associated

with vacancy migration
– Stage IV: migration of vacancy clusters and vacancy-solute complexes
– Stage V: thermal dissociation of (displacement cascade-produced) vacancy

clusters

• Note: recovery stage temperatures are not unique; they depend on
annealing time (e.g., displacement damage rate)

• SFT=stacking fault tetrahedron
• Loop =faulted or perfect dislocation loop (collapsed layer of vacancies

or interstitials)
• Void= 3-dimensional vacancy cluster
• Cavity=3D vacancy cluster that may contain impurities (typically He)



Comparison of Stage I recovery behavior in Cu



Correlated in-cascade recombination reduces surviving
defect fraction due to freely migrating interstitials

Stage I Stage III







Quantification of small defect clusters is best
performed using weak beam microscopy

• Dark-diffracting defects are visible in
suitably-thin foil regions
• Differentiation between SFTs and
partially dissociated loops requires
observation at B=001 and B=110

Cu, Cu, TTirrirr=90=90˚̊C, 0.5 dpaC, 0.5 dpa



Small defect clusters are not visible in
foils with thickness above ~40 nm
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Defect cluster microstructure in Cu
irradiated to 1 dpa at low temperature (~90˚C)



Visible microstructure depends on observation conditions
Medium-high magnification,

thin region
Medium magnification,

thicker region
Low magnification,

thickest region

Neutron irradiated Cu,
14 dpa, 210˚C



Essential steps for accurate measurement of defect
cluster densities

• Use very thin regions (t<40 nm)
to count SFTs and small defect
clusters (d<3 nm), using total
magnifications >500 kx

• Count larger (d>3 nm) defect
clusters vs. foil thickness in
“thicker” foil regions (50-200
nm)

• Check for possible defect cluster
invisibility and/or loss of glissile
clusters to foil surface by
analyzing areal cluster density
vs. foil thickness
– Plot should linearly extrapolate to

the origin



Dose Dependence of Defect Cluster Accumulation
(Tirr>Stage I)

• Early studies reported “nearly linear”
dose dependence despite significant
deviation from linearity
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• Dose dependence even for early
TEM studies of irradiated pure
metals is better described by square
root accumulation behavior

Copper



Dose Dependence of Defect Cluster Accumulation

• Data analysis based on unsaturable trap model indicates freely migrating
interstitial fraction is fi~11%
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•Data analysis indicates freely migrating interstitial 
fraction is fi~11% dpaNRT (good agreement with MD)
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Electrical resistivity is very sensitive to solute clustering
events (overwhelms radiation defect resistivity increase)



Defect clusters in neutron irradiated copper (low T)



Evidence for direct formation of SFTs in
displacement cascades in irradiated copper

• SFTs are observed at doses as low as ~10-5 dpa (lowest dose
investigated)
– Observed in both bulk and thin-foil neutron irradiated specimens, with

comparable densities at low doses

• SFT density is proportional to dose up to cluster densities where
significant annihilation due to mobile interstitials or cascade
overlap processes occur

• SFT density is similar in irradiated pure Cu and Cu-100 ppm B
alloy containing a high cavity density (cavity sink strength
~1015/m2)

• SFT mean size is approximately constant for doses ranging over ~6
orders of magnitude (10-5 to 10 dpa)



Copper and nickel neutron-irradiated to ~0.1 dpa at 230˚C
CopperCopper NickelNickel



Comparison of defect cluster evolution in neutron
irradiated Cu and Ni (low T)



Defect cluster density in neutron-irradiated stainless
steel coarsens slightly between 0.06 and 0.5 dpa

Tirr=120˚C



0.70 dpa0.70 dpa0.0001 dpa0.0001 dpa 0.012 dpa0.012 dpa

25 nm25 nm

Black Spot Defect Cluster evolution in
neutron-irradiated Cu at 70˚C



0.0001 dpa0.0001 dpa 0.0012 dpa0.0012 dpa 0.012 dpa0.012 dpa 0.12 dpa0.12 dpa 0.70 dpa0.70 dpa

100 nm100 nm

Dislocation loop evolution in
neutron-irradiated Cu at 70˚C

Peak loop density occurs at ~0.01 dpa



Dislocation loop formation is enhanced in Cu alloys
irradiated below Stage V

~1 dpa, 100˚C, LAMPF

CopperCopper Cu-5%Cu-5%MnMn Cu-5%NiCu-5%Ni



Dislocation loop formation is enhanced in Cu alloys
irradiated below Stage V
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Alloying effect on Cu dislocation loop formation appears to be minor
above Stage V



Comparison of 20 keV cascades in iron and copper
based on molecular dynamics simulations

Fe Cu

•  Similar embedded atom type interatomic potentials, edge length of simulation
cells are 50ao.
•  Note higher level of in-cascade clustering in more-compact copper cascade.
•  Defect survival (relative to NRT) is lower in copper than in iron.

R.E. Stoller



Comparison of the defect cluster accumulation
behavior of irradiated Cu and Fe
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• Visible defect cluster
densities are >10x lower for
Fe than Cu

• Cu clusters are vacancy-type;
Fe clusters are interstitial-type

• Dominant vacancy-type
clusters in Fe (nanovoids) is
not visible via TEM
– Can be detected by positron

annihilation spectroscopy

• Since vacancies are not tied
up in planar defect clusters
below Stage V in BCC
metals, void swelling can
occur at low temperature



0.0001 dpa0.0001 dpa 0.0008 dpa0.0008 dpa 0.009 dpa0.009 dpa 0.80 dpa0.80 dpa

Dislocation loop evolution in
neutron-irradiated Fe at 70˚C

Loop density increases with 
dose up to ~0.8 dpa

Visible defect clusters in Fe are not produced directly in
displacement cascades



Formation of dislocation loop rafts in Fe after
neutron irradiation to 0.8 dpa at 70˚C



Experimental observation of dislocation loops

e- - irradiation
T above recovery stage III
all loops are interstitial in
natureAl

Cu Ni

Fe Zn (basal plane)



Defect microstructure in irradiated MgAl2O4 spinel



Faulted loops in neutron irradiated stainless steel



Temperature dependence of defect cluster
density in neutron irradiated metals
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Void swelling in stainless steel would occur for neutron irradiation temperatures as low as 250˚C
based on vacancy cluster Stage V, but interstitial loops provide high sink strength to 300-350˚C





Stage V
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Voids in Cu-100 ppm B irradiated at 182˚C in ORR (1 dpa)



Copper irradiated at 300˚C in ORR fission reactor (1 dpa)

• Voids are not spatially
correlated with network
dislocations



Void-free regions surrounding twin boundaries in Cu-100
ppm B irradiated in ORR fission reactor (1 dpa)



Variation of void swelling vs. distance from
grain boundaries in pure well-annealed Al
irradiated with fission neutrons at 120°C.
Note enhancement in swelling in a relatively
wide zone near the grain boundaries (after
Singh 1999).
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Voids and helium bubbles in Cu-100 ppm B
irradiated at 350˚C in ORR fission reactor (1 dpa)



There is a critical size and a critical number of gas atoms beyond
which a bubble converts to a void and grows without limit

L.K. Mansur

p-2γ/r



L.K. Mansur





Swelling Resistant Alloys For FBRs Were
Developed

• Lowest swelling is observed in body-centered cubic alloys (V alloys, ferritic steel)
• Materials science strategy used for stainless steel can be applied to new alloys
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Packan & Farrell (1982)



Effect of He preimplantation method on cavities in ion-irradiated
austenitic stainless steel (625˚C, 70 dpa)

No helium

1400 appm He
Hot preinject 
at 625˚C

1400 appm He
Cold preinject 
at 20˚C

1400 appm He
Coimplant 
at 625˚C

Packan & Farrell (1982)

K. Farrell & E.H. Lee







Swelling Resistant Alloys can be developed by Controlling the
He Cavity Trapping at Precipitates

200 nm200 nm



Void Swelling of Ferritic Steels is Low up to ~100 dpa,
Although Further Work is Needed to Examine He

Effects

F82H (36 appm He) 10B-doped F82H (330 appm He)

HFIR irradiation at 400˚C to 51 dpa



He grain boundary cavities in austenitic stainless steel: effect of
annealing time and applied stress at 750˚C

Braski 

8 h8 h 18 h18 h 60 h60 h

19.6 19.6 MPaMPa

0 0 MPaMPa

D.N. Braski



Helium Embrittlement of Grain Boundaries Occurs at High
Temperatures
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He trapping at nanoscale precipitates within grains is key for inhibiting He embrittlement

However……..  The formation and microstructural stability of these precipitates is
strongly affected by irradiation parameters, in particular the He/dpa ratio

The Degradation of Creep-Rupture Properties and Ductility Can Be Catastrophic



Defect cluster patterning is a common occurrence in
several metals irradiated at intermediate temperatures

• Loop patterning observed in Ni, Mo, (Cu, Al)
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Defect cluster patterning in proton-irradiated Cu
(2 dpa, ~100˚C)

Jäger & Trinkaus
J Nucl Mat 205(1993)394 



Void patterning in ion-irradiated Nb

Kulcinski & Brimhall
ASTM STP 529 (1973) 258

For review on patterning, see Ghoniem, Walgraef & Zinkle, J Comp-Aided Mat Des 8 (2001) 1



Partial void patterning in Cu-10%Ni irradiated to 14 dpa

Zinkle & Singh, 
JNM 283-287(2000)306
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Summary of precipitate
formation  in irradiated
austenitic stainless steel

Onset of precipitate formation
occurs at low doses (<5 dpa)

Main precipitate formation
occurs between 400 and 750˚C

Some recent observations of
precipitation at high doses at
temperatures below 400˚C



Summary of precipitate
density in irradiated
austenitic stainless steel

Most precipitates are formed after
low doses (<10 dpa)

Some precipitates are not observed
until high doses (e.g., sigma phase)





Summary of precipitation in irradiated stainless steel



Examples of typical microstructures observed in neutron-
irradiated V-4Cr-4Ti alloys

Analytical microscopy
reveals Ti-rich precipitates
with Fm3m space group
(Baker-Nutting precipitate-matrix
orientation)



Summary and Conclusions
• Defect clusters (SFTs, dislocation loops) are typically produced

directly in displacement cascades in FCC metals
– Direct in-cascade defect cluster formation only occurs for high-Z BCC

metals
– Details of dislocation loop evolution depends on particular metal, solute

content

• Planar defect clusters (SFTs, dislocation loops) are typically the
most common defect cluster in metals irradiated at T<0.3TM
– Nanoscale cavities are also commonly formed in BCC metals
– Dislocation loops typically interact to form network dislocation structure

at moderate doses

• Cavity formation is important in irradiated metals between 0.3
and 0.6 TM
– Details of temperature dependence of swelling are different for BCC and

FCC metals
– Significant void swelling (~1%/dpa) occurs in copper without a well-

developed dislocation network

• Formation of He bubbles on grain boundaries is of concern at
high irradiation temperatures


