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Introduction

* Present-day and planned fusion power systems utilize ceramic materials,
taking advantage of their unique range in properties

* Examples include:
— Diagnostic Systems
— Electrical Breaks and Insulator Coatings
— RF Feedthroughs and Optical Windows
— First Wall Tiles
— Structural Components

* Phenomena recently being studied include:
— Point defect migration energies

— Microstructure and property changes due to ionizing and displacive
damage

— Thermal transport
— Irradiation-induced strain, amorphization and lattice recovery
— Simulation of high helium levels on thermophysical properties



Experimental evidence for nanoscale melting during atomic
collisions has been obtained
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Estimation of Interstitial Migration Energies in Ceramics

* Dislocation loops do not form near grain boundaries and free surface
due to insufficient point defect supersaturation
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Estimation of Interstitial Migration Energies in Ceramics
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*Solve steady-state equations: ;(
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Irradiation Induced Strain and Amorphization

amorphization

Volumetric Swelling (%)
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Flux dependence shows recovery stages are not associated
with long range point defect migration (F<0.5 T< 380 K)
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Unlike many ceramics, resultsimply immobility of
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Effect of annealing on the properties of bulk amorphous SiC

« Amorphization causes large changes
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Physics of phonon transport & scattering are
being investigated in neutron-irradiated ceramics

Thermal resistance of different phonon scattering
[K (T)]_l — [ 1 n 1 n 1 n 1 centers can be simply added if their characteristic
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Defect Resistance, 1/K (m-K/W)

Insight into Defect Production and Thermal Stability
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Defect Resistance, 1/K | (m-K/W)
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Insight into Thermal and Defect Processes : Alumina

1 _(3n)(w)c¢ 1 WRn,,
Krd vac 2KB VZ vac Krd loop KB

» Following this analysis, maximum vacancy concentration can be calculated
and compared with optical F-center measurements.

» 1/K,4 can be broken into vacancy, loop (and void) terms.

Vacancy (vppm) 0.001 dpa 0.01 dpa
Concentration
From 1/K,q4 1000 2000
From F+ Center 9 26
(Atobe-87)

 Large discrepancy indicates that majority of thermal conductivity degradation
inalumina (T, = 60°C) is dominated by loops. Thisisreinforced by increased

Irr

difficulty inannealing of defects at higher doses.
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Thermal Defect Resistance for Predicting Conductivity
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« Maximum thermal conductivity can be estimated for any material based on

1/K,, measured from an “ideal” material.

o Maximum irradiated thermal conductivity for SIC is estimated to be ~ 10 W/m-K

at 500°C, ~37 W/m-K at 700°C.



Ionizing Radiation can induce myriad effects in ceramics

* Radiation-induced increases in electrical conductivity

* Defect annealing and coalescence (ionization-induced
diffusion)

—Athermal defect migration is possible in some materials

* Defect production
—Radiolysis (Si0,, alkali halides)
—Ion track damage (“swift heavy ions”)



Radiation-induced conductivity
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Radiation-Induced Electrical Degradation
RIED studies on single crystal alumina at 450-530°C
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 Studies performed in early 1990°s suggested that catastrophic RIED might occur
in ceramic insulators irradiated with an applied electric field >50 V/mm at 300-
550°C

* Fission reactor (HFBR and HFIR) irradiations were utilized to investigate
behavior at higher doses (>10- dpa)



Reactor in-situ test technique was in general conformance to ASTM
standards for measuring resistance of insulating materials (D257-91)
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Permanent Electrical Degradation was not Observed
in Al,O; Specimens Irradiated up to Doses of ~3 dpa

103

10

Electrical Conductivity (S/m)

-

<
[BEN
o

107
10”7
10°°

107

f‘ﬂ/// 77 W/
Upper L|m|t or Fu5|on RF Heatln System
%ﬂﬂﬂmﬂﬂﬂﬂﬂﬂ ,{5

107

1.8MeV € =
/ fission neutrons -
‘30"0 (ind. RIC)
500°C

E>100 V/mm during irradiation

— — - Patuwathavithane et al 1995 | 1

Hodgson 1991,1994
Zong et al 1994
— - — - - Shiiyama et al 1996
—@— HFIR TRIST-ER1

107

104 102 10% 10! 10° 101

Dose (dpa)

* Earlier reports of RIED are attributed to experimental artifacts
(electron beam charging and surface conduction or microcracking

effects)



Loop Density (m?)

Loop Diameter (nm)

Investigation of ionization-induced diffusion in ceramics
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Highly ionizing radiation (dE;, . /dx > 7 keV/nm)
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introduces new damage production mechanisms
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The high electronic stopping powers associated with fission
fragment recoil ions can produce pronounced effects

* MgAl,O, irradiated with 72 MeV I" ions experiences a
crystalline phase change and then amorphization when
dE/dx).>8 keV/nm

— Volumetric expansion AV/V~35% due to amorphization will cause severe
stresses and cracking

— Amorphization occurs readily up to 500°C
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Will these ionizing radiation effects also occur in fusion reactors?



New (metastable) crystalline phase occurs in
MgAl, O, during 72 MeV ion irradiation
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Comparison of low-magnification microstructures
of ceramics irradiated with 710 MeV Bi ions
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Summary of threshold ionizing radiation levels
for defect production in ceramics

Material Thermal Threshold dE/dx). for ion
conductivity track damage
(W/m-K)
MgAlz()4 20 8 keV/nm
B-Si3N4 29 15 keV/nm
ALO; 32 ~20 keV/nm
AIN 177 >34 keV/nm
SiC 350 >34 keV/nm

* Threshold dE/dx), is comparable or higher than the ionizing radiation
fields anticipated in fusion reactors

» Studies on effect of radiation-induced thermal conductivity
degradation on threshold dE/dx for track formation are in progress

- radiation-induced degradation of K, may cause a reduction in the
threshold dE/dx), value



Helium Transmutation in Silicon Carbide

« High energy fusion neutron cause spallation He to be formed. Up to 1 atom %.
?? What is the effect of high helium concentration on properties of SiC ?7?
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Probability of Failure (%)

Similar to neutron irradiation, He causes hardening and strengthening of SiC
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SUMMARY

» Examination of irradiated ceramics is providing valuable
fundamental materials science information

—Point defect migration energies
— Properties of amorphous materials
— Phonon scattering physics

* lonizing radiation can induce numerous phenomena in ceramics
— Radiation induced conductivity
— Ionization induced diffusion
— Defect production
* Helium causes hardening in ceramics such as Si1C at intermediate
temperatures

— He effects at higher temperatures (e.g., near 1000°C for SiC) need further
investigation (effect on cavity swelling, etc.)



