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Radiation Damage can Produce Large Changes in Ceramic Materials

Amorphization and disordering (<0.2 T,,, >0.1
dpa)

e Thermal conductivity degradation and defect
cluster swelling (<0.35T,,, >0.01 dpa)

* Phase instabilities from radiation-induced
precipitation (0.3-0.6 T,,, >10 dpa)

 Irradiation creep (<0.45T,,, >10 dpa)
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Volumetric swelling from void formation (0.3-0.6
Ty, >10 dpa)

2
after'S.J. Zinkle, Chpt. 3'in'Comprehensive Nuclear Materials (Elsevier, 2012)




Overview of dose dependence for different amorphization
mechanisms

Model predictions Experimental observations
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Microstructure Map for Irradiated CVD SiC
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Effect of neutron irradiation on volumetric swelling of
SIC
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Effect of neutron irradiation on room temperature flexural
strength of SIC

Mormalized Strength
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Comparison of point defect swelling behavior in

Irradiated metals and ceramics

Yolumetric swelling {%)
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Large variation in
magnitude of point defect
swelling in materials

Metals typically have point

defect swelling values near

0.1% (Al, Cu, Ag, Au),

compared to 1-5% for

ceramics

— Implies shorter point defect
recombination radii or
reduced barriers for

recombination in metals
Versus ceramics



Effect of low temperature neutron irradiation on
volumetric swelling in BeO
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Effect of fission neutron irradiation near 75°C on the
anisotropic swelling and mechanical strength of BeO
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Pronounced strength reduction when macroscopic swelling exceeds ~0.5-1%



Effect of grain size and volumetric swelling on threshold
microcracking in polycrystalline BeO

Effect of BeO QGrain 8ize on the Meutron Fluenee te Produce Flexura_l Strength of B?O \./S' Volumetzrllc )
Microcracking during Neutron Irradiation at 50-100°C expansion (20 um grain size, 1.5x10%/m?)
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Anisotropic lattice expansion and grain boundary cracking
In neutron-irradiated Al,O,
T, =75-100°C
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Microcracking and strength degradation observed for volumetric swelling >3-4% . .



Neutron radiation-induced lattice expansion in Al,O,

~1
T,,=75-100°C; max dose ~0.5 dpa dose ~10 dpa
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Effect of neutron irradiation on flexural strength of Al,O,
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" 1.D Fiber Composite (UFC) i
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Dimensional Change in 1-D Graphite Composite

1-Dimensional Composﬂe
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Swelling (%)
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H-451 Nuclear Graphite
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Effect of Temperature and Swelling of Nuclear Graphite

Volume Change, %
Qo (9)] N N o N NN (@) Co 8

L
o

18

H-451 @ 600°C

10 dpa 20dpa 30dpa 40dpa
®
8 H-451 @ 900°C
@
l_.“'l o ’

YN

A At

A A‘f
A A sy A

Neutron Dose (10

22

3

nfcm?) [E>50 KeV]

e initial <c> swelling
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for higher initial
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Effect of Irradiation on Strength of Nuclear Graphite
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Effect of Irradiation on Strength of Nuclear Graphite
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Effect of neutron irradiation on volumetric swelling of
Al,O,
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Effect of neutron irradiation on volumetric swelling of
single crystal Al,O; and MgAl,O,

Based on data by Clinard et al. and Garner et al.
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Cavity microstructure of 1 MeV He ion irradiated
MgAl,O, at 650°C

Cavity formation observed in
irradiated midrange region >1um
from the peak implanted zone

H ' £
23 S.J. Zinkle, Nucl. Instrum.|
for the U.S. Department of EnergyMeth_ B (2012) in preSS



Preferential cavity formation on dislocation loops in dual
lon beam Irradiated MgAlI,O, at 650°C
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Grain boundary cavitation in dual ion beam irradiated
MgAl,O, at 650°C

2 MeV Al +
200-400 keV He

26 dpa,
3900 appm He
at ~0.8 um depth
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Grain boundary cavitation in dual ion beam irradiated
MgAl,O, at 650°C

2 MeV Al +
200-400 keV He

26 dpa,
3900 appm He
at ~0.8 um depth

26 Managed by UT-Battelle
for the U.S. Department of Energy
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Effect of low temperature neutron irradiation on thermal
conductivity of BeO
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Effect of neutron irradiation on thermal conductivity of
Al,O,
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Thermal Conductivity Degradation in High-
conductivity Carbon Composite

|
Ve
"i'i.

\

\

g

|

[—
= T
=)
=
=
| =]
|
|

NGNP
Temperature Range 1

4 ] ' ] ' ] ' ] ' ] ' ] ' ] ' ] ' ] '
E | | | | | | | | -
I _.-
E 0001 d .
= 3 P nen-irradiated
E _- 0.005 dpn\ —
hLL T L L
B. 001 dpa s =
______ = e -
2 L==().05 dpa _____T_:-—— -_i-:: ----- = “
[ ] dpame—— i _/E
E - -_.---1"-'-1- A -
S L -

. L
300 400 500 o600 700 8GC S0 1000 1100 1200
tion Temperature (°C)




Effect of neutron irradiation on thermal conductivity of

SIC

30 Managed by UT-Battelle
for the U.S. Department of Energy
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What Is the best parameter to characterize radiation-induced

degradation of the thermal conductivity of ceramics?

thermal conductivity
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Thermal Conductivity of Ceramics
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Adopting Thermal Defect Resistance

Thermal defect resistance

Thermal defect resistance
due to low vacancy
production

1 3z | Qwg,

K, 2k, A v

The motivation for using thermal defect resistance is that radiation-induced defects,
such as vacancies and clusters, have resistances ' (or square root dependent)
to their concentration and are additive. This gives an easy way to compare stability of
ceramics under irradiation.

L.L. Snead, S.J. Zinkle & D.P. White, J. Nucl. Mater. 340 (2005) p. 187
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Vacancies
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Evolution of swelling and thermal conductivity in
Irradiated SiC
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Irradiation-induced Thermal Defect Resistance in SIC

—rr—rrrr—r
Irradiation
Temperature

=]
s

F
=

==
[ |

Thermal Defedt Resistance (1/Krd(Wim-K))

0.001-
Rohm Ilaas CVD 5iC E
0.001 0.01 0.1 1 10
Neutron Damage (dpa)

36

£lkl
3040

IIIIII|I IIIII| L
Eohm Haas UV 510 1

A1
SO0
alKx]
E0K]

- n
0 Sl inng
= d F = H

n.o1 n.o1 1 1 11

Neutron Dameage (dpa)

Thermal defect resistance
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swelling is constant independent of
irradiation temperature (200-800°C)
suggesting single defect type
controlling phonon scattering
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Irradiation-Induced Thermal Defect Resistance of

SIiC
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Hexoloy contains boron, which
disrupts grain boundary under
irradiation. GE SiC and CVD SiC are
both high-purity SiC.
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Radiation Environments Anticipated for
Ceramic Components in the ITER

Superconducting
First Wall Magnet
RF Feedtrhoughs Neutral Beam
Plasma Windows RF Windows l:su]ﬂmm
Curre:t Breaks  _ {09 dpals <1070 dpas
<10 dpa/s <100 Gy/s <1 Gy/s
_ _ 10* Gy/s
Diagnostics
Active Coil
<10 dpa’s
10° Gy/s

< 1x10'® n/m2-s
< 1x10'8 y/m?-s

39




Effect of 1onizing irradiation on the electric conductivity
of ceramic insulators
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Effect of 1onizing irradiation on the electric conductivity
of ceramic insulators

25°C, pulsed neutron irradiation
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Effect of 1onizing irradiation on the electric conductivity
of ceramic insulators
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Temperature-dependent electrical conductivity of Al,O,
with and without 1onizing radiation
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Radiation Induced Conductivity in
Selected Powder Ceramic Insulated Cables
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Radiation Induced Conductivity (In-situ) for different grades of

SIC
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the conduction band
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Dielectric loss tangent of ceramic insulators
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Effect of irradiation on the dielectric properties of ceramic
Insulators
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Loss Tangent Database of Irradiated Al,O,

Loss Tangent
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Conclusions

 Neutron and gamma radiation can produce significant property
changes (degradation) in ceramics

o Strength degradation typically occurs for anisotropic (e.g., HCP)
crystal structures

— Graphite is more resilient than BeO, Al,O,

 Most pronounced changes typically occur in physical properties
(e.g., thermal conductivity)

e Electrical conductivity of insulators exhibits marked prompt
Increases during exposure to ionizing radiation

— Effect is small for semiconductors
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