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Quantification of small defect clusters 1s best
performed using weak beam microscopy

 Dark-diffracting defects are visible in
suitably-thin foil regions
* Differentiation between SFTs and
‘ 3 partially dissociated loops requires
¢ ’ ; observation at B=001 and B=110
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Small defect clusters are not visible in
foils with thickness above ~40 nm

Measured size distribution for copper
irradiated with 14 MeV neutrons
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Essential steps for accurate measurement of defect
cluster densities

Defect cluster density in Cu

* Use very thin regions (t<40 nm) irradiated in HFIR at 70°C to 0.7 dpa
to count SFTs and small defect TT .
clusters (d<3 nm), using total [ [ —o—Areal density m2)
magnifications >500 kx M= §§§ mad

* 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
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N=1.41x1024 m-3
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Areal number density (1016 m-2)
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Dose Dependence of Defect Cluster Accumulation

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

accumulation behavior
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Dose Dependence of Defect Cluster Accumulation

Comparison of Dose Dependence of Electrical Resistivity and
Defect Cluster Density in 14 MeV Neutron Irradiated Copper
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Defect clusters 1n neutron 1rradiated copper (low T)

COMPARISON OF DEFECT CLUSTER ACCUMULATION Measured Average Image Width of Defect
IN NEUTRON-IRRADIATED NICKEL AND COPPER Clusters in Neutron and lon-Irradiated Copper
[l R et LI 53 1 B | N R B i
b T,y=0.2100.3 Ty, 3 e R I rr—r—rrr
[ L Ti”.=20 to 20000
1024 |- I
& : Copper —
: 4
£ E
> =
s 1023 . o I ]
GC) [ g 3 - O oO—o——
e © . ® " X A " o
® Q ® o . Fay
3 1o=F 3 B sl i
O L “Q_J" L
o Q
D B - (= o  Zinkle et al (1985)
q‘-"_’ 21 v % E iiirr]ilt(;?wi( 219 gsgé)
[ 10 E o 1 A Zinkle&Singh (1992) §—
[ E A  Edwards et al (1994) -
v Daietal (1995)
m Singh et al. (1999)
s - ® Zinkle&Gibson (1999)
1020 L L L iill 1 Ll L i i1l L L L Liil L ||1| L Ll 1 11l 0 L L1l 11 11111 L llllllli 1 IlJJIiII 1 lIIiJJl' 11 1 a1l
105 10+ 103 10-2 101 100 0.0001 0.001 0.01 0.1 1 10 100
Damage Level (dpa) Damage Level (dpa)

OAK RIDGE NATIONAL LLABORATORY /\C\

U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Comparison of defect cluster evolution in neutron
irradiated Cu and N1 (low T)

EVOLUTION OF DEFECT CLUSTER MORPHOLOGY IN NICKEL

- 100

100 I e
‘ TR 200-230°C |
; | A
80
e
.5 60 k —r— -
g \ /;,
Ll_ 4
C o) /,‘( ]
| —e— Kojima et al (1992) ‘ h\.
F| —a— Zinkle&Snead (1995)
20 |+ - -
O | ' e . c/ﬁju EEEERTT PR SR
0.0001  0.001 0.01 0.1 1

80
60
40

120

Damage Level (dpa)

OAK RIDGE NATIONAL LLABORATORY

U. S. DEPARTMENT OF ENERGY

Dislocation Loop Fraction (%)

SFT FRACTION IN NEUTRON IRRADIATED COPPER
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Black Spot Defect Cluster evolution in

neutron irradiated Cu at 70 C
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Dislocation loop evolution 1n
neutron- 1rrad1ated Cuat70°C
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Comparison of the defect cluster accumulation
behavior of 1rradiated Cu and Fe
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0.2% Yield Strength (MPa)

Dose Dependence of Radiation Hardening in Copper
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Radiation Hardening in Copper: Seeger vs. Friedel
relationships

- Two general models are available to describe radiation
hardening (Ac) in metals:

—Dispersed barrier model (Seeger, 1958)--valid for strong obstacles

Ao = Moub~ Nd

Where M=Taylor factor
a=defect cluster barrier strength
u=shear modulus
b=Burgers vector of glide dislocation
N, d=defect cluster density, diameter

—Friedel 1963 (also Kroupa and Hirsch 1964) weak barrier model:

Ao =t MubdN*"
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Ao =Moub~/Nd vs. Ao =—MubdN*"

Shear Strength of Cu Single Crystals Irradiated 8
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TEMPERATURE-DEPENDENT DEFECT CLUSTER
DENSITY IN NEUTRON-IRRADIATED METALS
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Temperature dependence of defect cluster
density 1n neutron irradiated metals
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Temperature Dependence of SFT Density in
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Dislocation channeling in Fe deformed following
neutron 1rradiation at 70°C to 0.8 dpa
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Elongation (%)

Effect of Irradiation Dose and Strain on
Detormation Modes of FCC Metals

A. Okada et al. Mater. Trans. JIM 30 (1989) 265

Deformation Mode Diagram for Neutron-irradiated Au

20 ———

L Au
14 MeV nirrad. |
: TinrT1est=295 K |
15 o N e seeeseeeeeee oo i
| /Unlform elongation limit |
10 [T s s e ' """"" . """"""""""" . """""""" . """""""" =
Cell Structure . Dislocation 1

. channels
[ ~0.3 pm
5 H --------------------------------------------- L B -
~0.5 ym
O | |

0 . R
0.0001 0.001

| IOI.01

Displacement Damage (dpa)

OAK RIDGE NATIONAL LLABORATORY

U. S. DEPARTMENT OF ENERGY

Elongation (%)

Deformation Mode Diagram for Neutron-irradiated Ni
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Deformation mode map for 316 SS neutron-
irradiated at 65-100°C and tested at 25 °C

K. Farrell et al. ORNL/TM-2002/66 (2002)
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Deformation mechanisms in FCC metals

Def tion Map for 316 Stainl Steel : : .
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MD and TEM 1n-situ deformation studies are investigating
fundamental dislocation-defect cluster interactions
- Dislocation pinning and defect cluster annihilation
3.5¢6 Cu atoms, 136 vac SFT (L=4nm),
T=300 K, strain rate=5e6/s

In-situ TEM observation "

. . . Y. Matsukawa
Molecular Dynamics simulation (Y. Osetsky) ( )/\<-\
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Investigation of dislocation interactions with SFT's
SFT annihilation by a single dislocation

o - T 3
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Investigation of dislocation interactions with SFTs

Dislocation pinning by small
SFTs (no annihilation)
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Investigation of dislocation annihilation of SFT's

2nd Dislocation | 374 Dislocation

Moving Direction  Frame 0545,
of Dislocations

Dislocation
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Investigation of dislocation annihilation of SFTs
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Effect of Dislocation-SFT Interaction Height (136-
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Conclusions

* Microstructural investigations are a key tool for fundamental
understanding of defect accumulation and defect cluster-
dislocation interactions in irradiated materials

— Differences between FCC, BCC metals: fraction and morphology of p
defect clusters _

— Differences between different FCC metals (e{g’,‘éu VS. Nl)

— Details of dose dependence still need to be un FQ stood
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