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CERAMiICS FOR APPLICATIONS IN FUSION SYSTEMS®

F. W. CLINARD, JR.

University of California, Los Alamos Scientiflic Laboratory, Los Alamos, H.M, 87545

Six critical applicatlons for ceramics in fusion systems are raviewad, and structural and
electrical problem areas discussed. Fusion neutron radiation affects in ceramics are con-

slderad in relation to fission neutron studies.

for further evaluation.
1. INTRODUCT 10N

Caramics are required for a numbar of critical
applications in magnetically-confined fusicn
systems. Detalls of design,materisls require=
mants, and oparating conditions have not yat
been fully identifled for power reactors, where
materials problems will be most severe., Howevaer,
ceramic applications have beean defined in suffi-
cient detall to aliow assessment of anticipated
naterial problems (1] and deavelopment of a plan
for thelr solution (2]. It Is the intent of this
papor to review cthese prohlems in the context of
fusion reactor requirements.®* First, ceramic
applications and anticlpacad operating conditions
are briefly described. Then major structural
and electrical probiem areas are dlscussed, and
special problems related to Pusion neutron
affects cited. In the last section prospects
for cercmics in fusion systems are sunmar!zed
and candidate materials proposed for further
evaluation and development.

2. CERAMIC APPLICATIONS IN FUSIQON SYSTEMS

Most requiremencs for ceramics in fuslon
davices arise from the need for electrical
insulators, which In turn results from the
characteristically large appiied or induced
electrical and magnatic fialds of these machines.
A major potentiai application not requiring in=
sulating propartias |s that for a low=Z flrst
wall or liner, Critlcal ceramic appilcations
area described in the following sectlon,

2.1 Insulators for RF heatling systems

Plasma temperature can be rgised to ignition
by appllcations of radio frequency (RF) power.
RF heating designs vary considersbly with fre-
quency and fusion system under consideration
(frequencies from 106 co 11!! Hz are feasible).
Proposed conflguratlions include ceramic=f11led
waveguides, coaxial power leads with insulator-
costed antennss inside the first wall, and
hollow waveguides with ceramic windows separa=

Twork parformed under the auspices of the U, S.
Qapartment of Energy.

nOthar reviews which addrass various aspects of
this toplc are citad In referances 3-8.

A number of caniidate materials are proposed

ting pressurized and evalucated seactlions. Mod-
erate alactric fields (0.1 to | kV/mm) are
anticipated; howavar, a very low loss tangent
(v107%) may be required. Base-line operating
temperature for the ceramics is ator below that
of the blanket (~800-1000 K), but heating affects
from Irradiation and RF energy losses may lead
to high operating temperatures and thermal
stresses. First-wall=like nautron fluxes {(e.g.,
1013 n/m2.s for a 2 MW/m? reaccor) will ba en-
countered with some designs. Structural damage
from neurrons can be expected, with possible
additional deterioration from exposure to ions
and neutral fuel gases.

2.2 Neutral beam Injector insulactors

Neutral beam Injectors are used to fuel and
heat the plasma. These devices are located
outside the blanket, 3o that their insylators
will be axposed to only moderata neutron fluxes
(on tha orderof 101% <105 n/mZ.3). The insulators
can bs water cooled to keep their temparaturs
below 500 K, but significant thermal streises
may resulc, Since injectors are high voltage
devices, high aelectric fialds (perhaps 5 kV/mm)
must be withstocd., A rasistivity of at least
1080+m I3 needad to control ohmic neatingaeffects.
Insulators can be shieslded from hydrogeanic ions;
however, « gamma flux of ~10% Gy/h may bae en=
councerad.

2.3 Toroidal current break

Propar coupling of magnetic Fieids to t

plasma raquires that the alectrical contii "ty
of a metallic tcrus be interrupcad oy & high=
reasistance section (the current break). A

number of ideas for the configuration of a cera-
mic break have been proposed; monolithic ring,
plnlmn-:prnynd_lnyor, and sagmented ceramic
fnserts are examples. Operating temperature will
ha that of the blanket, with nautron fluxaes
varylng from near that of the flrst well to
perhaps 100 times lower depending on !ocation

of thelnsulator within the blanket, All designs
spacify that the caramic be put unde compres-
sion, but additional stressas may arise from
differential expansion effacts. Rasis=lvity

and dielaztric strength requirements will ta
nodest, 10 that structural integrity is the !
crimary concarn,



2.4 Magnetic coll insulators

Magnetic fislds used to compress and confine
the plasma are generated by large supercenducting
and normally-conducting coils., For some appli-
cations organic insulators will suffice, bu:‘ i
coils operating in a significant radiation fie
groat.rpthln ~?07'6y'or9~101§ n/ms)“wirr
require caramic insulation. The most severs en-
vironment will be encountered by the poloidal
fleid cofl, which may be located in a high
neutron flux region near the first wall, Voltage
across magnetic coil insulators is a few kilo-
volts at mosc, so that dielectric strength re-
qui rements ars not savere. However, high
stresses induced by the cperation of large coils
will be Imposed on the ceramics, so that the
likaiy failure mode is structural rather than
electrical.

2.5 Direct converter insulators

Mirror reactor designs specify the use of a
direct converter to recover the energy of ions
which escape magnetic confinement., Such a de-
vica may also be used to collect the energy of
charged particles in neutral beam injector
systems. The direct converter oparatss at a
high voitage (perhaps 180 kV de¢), and raguires
elactrital fesdthroughs each capable of standing
off a significant fraction of this voltage.
Insignificant neutron flux is expected at the loca=
tion of these fesdthroughs, but ion impingement
and lonizing radiation may be significant unless
effective shielding can be developed. Operating
temperatures as high as 1300 K are possible if
thermal conversion as well as direct conversion
is utilized, However, problems with electrical
properties will probably require that this tem=
peratures be raduced by water cooling, Thermal
stresses are thersefore expected to be large.

2.6 Low=Z first wall/liner

An Important application proposed for caramics
in fusion reactors s that of a first wall struc-
ture or liner. Advantages of low-Z ceramics,
when compared with most mecals, inc)ude reducad
plasma impurity effects, low inducecd radicacti-
vity, high operating temperatures, and low cost.
Sinee in this application good insulating propere
tias are not required, ceramics such es SiC can
be considered. Firsc-wall ceramics wiil be ex=
posed to & high flux of neutrons, ion and neutral
gas bombardment, and intensa electromagnetic ra-
diation. Large thermal stresses will result from
the high heat flux. If a radlatively=cooled
liner is used, operating temperatures will be
very high (perhaps 2000 X), so that vapor pres=
sure will become a consideration, A convective-
ly=cooled wall will operate at a temperature
nearer that of the blanket, but add tional
stresses will result from structural constraints
and coolant pressures (5].

3. CERAMIC PERFORMANCE IN A FUSION ENVIRONMENT

3.1 Structural properties

3.1.1 Swelling

Neutron=induced swelling of from zero to
several percent has been observed in ceramics,
depending on material, dose, and irradia~
tion temperature. Growth is attribytable either
to the creation of new lattice sites or to the
presance of point defects which dilate the lat-
tice. In the former case, defect aggregates
such as voids and dislocation loops can typical-
ly be observed by transmission slectron micro-
scopy (TEM). Figurs | shows aligned voids in
irradiated Al, 04, along with dislocation tangles
attributed to the growth and interaction of in~
terstitial loops [3]. This material was irradi-
ated in the EBR-I! fission reactor at 1100 N to a
dose of 2.1 x 1026 n/m2 (€, > 0.1 MaV), or 220
dispiacements per atom (dpa).

Radiation damage processes in !nsulating cera=
mics can be complex, due to electrostatic effects
and the prasence of two or more sublattices. For
example, in Al;03 voids must be composed of a
stoichinmetric ratio of aluminum and oxygen
vacancies (10]. If only oxygen vacancies coales-
ed, the result would be an inclusion of aluminum
metal, whereas if aluminum vacancies condensed
an oxygen fluid inclusion would be formed. The
process of cation colloid formation has been
observad in irradiated NaCl [11], Ofslocation
loap structures can similarily be complex; slec-
trostatic ¢ffects allow only certain anion=
cation stacking sequences to be stable {12],
These cansiderations suggest that the ratio of
dpa rates on the two sublattices can affect the
nature of aggregated defects formed,

When swalling is attributable to lattice dila-
tion by point defects (ar other fine=scale

Fig. 1. 100 A dia voids in neutron=irradlated
Al203 (188,000x) (9].



defacts) growth caiculated from x-ray peak
shifts agress with that messured macroscopl-
cally. This is the case with SiC. where
swalling of ~3X at RT Is observes but no
aggregated defects are seaen in TEM [13].
Apparently large concentrations of point da=
facts can be stabla In this ceramic lactice.

Considering the complexity of radiation effects
in ceramics, it |ls not curorising cthat tempera-
ture-cdapendence of swalling is unpredictabla.
Whercas most metals show a swelling peak in the
temparature range 0.4 to 0.6 of the absoluts
mealting temparature Ty, ceramics often do rnot.
Figure 2 presents swalling as a function of
temperature for tive ceramics which show peaks
ranging from 0.21 to 0.53 Tm {12]. It Is clasr
that unt!] damage mechanksms in ceramics are
fully understood, temperature-deapemdence of
swalling cannot be predicted but must be dater-
mined experimencally.
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Fig, 2. Tempersture-dependence of swelling for
five caramics (12].

Swelling behavior of a number of candidate
caramics for fusion applications has been evalu-
ated in elavatad-tempersture fission reactor
irrediation studies In EBR=-11, Results after
irradiation at 1015 K to 2.8 x 1025 a/m (E, >
0.1 MaV) show that MgAl,0,, Y;Al¢0;,, Y,04,
¥,09-132r0,, Si4N,, Si,0N,, and gl“il 0, Ng -
SiY.O3 all swnl?cd less than 0.5 vol %, whereas
Al,0,and Ba0 swelled in the ranga of | to 3
vol%¥ [14]. irradistion at 925 and 1100 K to
doses between “1=2 x 1045 n/m? gave the follow-
ing approx'mate results [15):

o lass than 0.5 vol X swellling for MgAl,0,,

Y]A'SOLI’ Si;0N,, and SiyAl20aNg=5%8Y,0,

e 0.5 tc 1.5 vol i swalling for SijNy, Y,04,

and Y;05-1%2r0,

o 1 to !0 ol X swelling of Al,07 and B8a0.

Thus a number of ceramics exhibit good dimension-
al stability to rather high fission neutron doses
at the temperatures evaluated. However, non-
cubic polycrystalline ceramics are subject to
Internal cracking aven at low swelling lavels if
grein growth |s anisotropic. For example poly-
crystalline Bed, which expands preferentially
along thr ¢ axls at 375 K, suffers drascic
weakening at doses greater chan 2 x 10%% n/m?

(En > | MeV) and bulk swelling valuesof ~l vol%
(16]. Therefore aven small dimensional changes
can have sarlous consequences for non-cubic
ceramics, unless single=cryscal forms are used.*

3.1.2 Strength

Tensile fracture strength of ceramics is /2
characterized by the relationship o, «(2Ey,/¢c) "5,
where £ = Young's moduius, v¢ = fracture energy,
and ¢ = size of crack-initiating flaw (eicher
surface or bulk). Cracks can grow slowly untl!
fracture conditions are achieved, a process
known as static fatigue. Room-temperacture bend
screngths for typical nigh-aquality refractory
mater!als range from ~2to9 x 108 N/m?, but a
large factor of safety must be used in design
to take into account the statistical nature of
flaw size discributions and static fatigue.
Temperature-dependence of sctrength for refractory
ceramics Is not large, so that room-temperature
strength values are often roughiv applicabie up
to blanket temperatures and beyond. Brittle
material design usu.'ly calls for ceramics to
be placed in compression, but high=strength
materials such as SijN, and SiC parform well
under flexural stress conditions.

Progress has veen made in recent years in
develaopment of caeramic microstructures that in-
crease strangth. For example, Bansal and Hauer
attalned an increasa of +50% for non-stoichio=
metric spinel (Mg0+3.5 Al.03) by pracipitation
strengthening [18]. Results such as these sug-
gest that aven stronger ceramics than those pra-
sently considered high=strength materials will
be developed in the futurs.

The most 1lkely sourcss of strangth change
in a fusion environment are surface damage (from
ion irradiation, neutral gas erosion, or avaoora-
tion) and bulk damage (from neutron irradiacion).
Surface damage can alter flaw size, while bulk
damage may affect eicher flaw 3ize or fracture
energy. Since tachnological ceramics typicall
contain significant surface and intarnal flaw:
resulting from fabrication, the fusion anvirca=-
ment will not necessarily have a major effert
on the flaw size tearm In the strength aqua‘ion.
Excaptions may be microcracking (from ani‘otropic
grain expansion), void formation at grair, boun-
daries, grain boundary grooving (from cremical
erosion, and surface smoothing (from icn or
chemical sputtering). In the last case
strengthening would be expected,

“With the advent of economical metho.s for con-
tinous growth of singla crystals (7], caramics
made by these techniques have become candidata
macerials for fusion applicatio.s,



Neutron Irradiacion can alter fracture toughness
(ZE'rf)l/2 by introducing microstructural changas.
Hurley [19] found that room=-temparature fracture
tcughnass (as well &1 hardness) of single-rrystal
Al1,04 Irradiated to 2.8 x 1043 a/m2 (Eq > 0.1 MeV)
at 1015 K was significantly increased by the pra=-
sence of volds and dislocation targlas. MgAl,0,,
which showed no aggregatad damage, and Y3Al«0,;,
whicn contalned only damage clusters, exhibited
e~sentizily no change In fracture toughness.
Simi'arly, cubic phase polycrystalline SIC,
which contalined fine-scale damage unresoivable by
TEM, did not show a significant strength changa
after irradiation to 2.8 x 1025 n/m? (€, > 0.18
MeV) at 903 and 1293 K (13]. On the other hand,
polycrystalline Mg0 (cubic) exhibited an en- '
hanced tendency toward transgranular fracture
after neutron lrradlation, suggesting a decreased
fracture toughness {20]. Damage microstructure
In M50 is characterized by dislocatlion !oops and
tangles [2)]. The bohavior of Mg0 remalins un-
explained and may be atypical of ceramics.

The discussion to this point has dealt onlv
with post-irradiation strength. However, cara-
mics usad in applications that involve opaerating
temperatures at or above those of the blankat
with concurrent strass may be subject to in=situ
creep. This must ba takan into account by de-
signers’, both because of dimensional changes
and bacause creep can induce flaws which lead to
fracture (22]. The additlion of neutron damsge
may cause significant changes in creep behavior.
In-reactor tests of UQ, show.that creep rate
below ~1500 K is increased by flssion damages,
an offect attributed to the migration of in-
terstitials to dislocations and consequent
anhancemant of dislocation mobility [23]. Never-
theless, & gradual incresse in density cf Irre-
diacion=induced damage could impede cislocation
motion [24], so that creep rate may show a de-
crease after lung time paeriods.

3.1.3 Thermal conductivity

Thermal conductlon In aelectrically=insulating
caramics at low and moderate rtemparaturas is by
phonon transport (propajaction of elastic waves).
Phonoa conduction iy highest for ceramics with
simple lattice structures in whizh the difference
in atomic w~eight of anion and cation species i3
small. The importanca of thermal conductivity
to *usion applications iy that high values resul:
in lower operating temperatures and thermal
stresses. Some typical thermal conductivity
values for polycrystalline ceramics are shown in
tha following table:

Therma!l Conductlvity (W/m.K)

Material 300 K 1300 _K
Al203 4 S.4
HgA‘:Ou 20 5.2
B8a0 200 20
Thd; b 2.6
SicC 76 38
SigNy 36 19

These values are generally consistent with the
above guidelines., It may be sean that thermal
conductivities dacrease significantly at highar
tamparatures, where phonon-phonon scattering is
increased. Conductivity of single=crystal Al,0;
at 1300 K is roughly a third highar than the
value shown for polycrystalline material and
increases at higher temperatures, dus to photon
conductlvity. This muchanism of heat transfer
is particularly important for the radlatively-
cooled first—wall |iner application, where singls
crystals can offar advantages over polycrystal-
lina caramics.

Irrad’ation=induceddefacts decrease thermal
conductivity by Increasing phonon scattering.
Calculations show that point defacts are more
affactive than are aggregates, for ¢ given
number of defect sites {25]. Thus higher irra-
dlatlon temperatures, where greater defact
aggregation 1s expected, usually rasult in lessar
reductions (26,27]. The magnituda of raductions
varies greatly wich cearamic tasced; Price (26]
Irradiated SiC to & dosea2 2.7 x 1025 a/m? at
825 and 1375 K, and reported subsequent room=
temperature decreases of ~37% and 67X respec-
tivaly. Huriey [27] maasured room=temperature
thermal diffisivity of twalve oxides and nitrlides
after frrad.ation to fluences of 0.3-2.3 x 1026
n/m2 at 925, 1015, and 1100 K, and found reduc-
tions of from ~3% (for single-crystal MgAl,0,)
to 93% (for SI,0N,). SIC showed saturatlon in
this property beiow 1023 n/m2 28], while satura-
tion or a tendency toward sacturation balow
2 x 1026 n/m? was saer in the twalve ceramics
Investigated by Hurley. The fracticnal reduc-
tion in thermel conductivity due to irradlation
ls lass when mesasured at elevated temperatures,
For example, the decresse for Al,0; at 723 K is
15% compared with 45% ac 300 X [lsi. Thus the
effact of radiation damage on thermal conducti-
vity, while remaining signiflcant, bacomas less
of a problem st higher oparating temperatures.

3.1.4 Physichamical surface alterations

In seversl fi¢lon applications ceramic surfaces
will be exposed to some or all of the following:

elight ions (0, T, and Hae)

eimpurity iorns (e.g., from first wail)

enaucral fua' gases

efast neutrons

ephotony

ealectrons.
The consequencas of this exposure are of concern
both becsuse of plasma contamination problems
and because of the potential for damaging the
ceramic surfa.e. Pr'ncipal mechanisms ‘or
material sltaration are physical sputtaring,
blistaring, chamical erosion, and va~orization,
with primary material concarns being caramic
thinning and changes in surface topology or com=
position,

Physical souttering. Ions and neutrons which
s Tike @ surfuca can cause ajectionr of naear-
surface atoms, Sputrering yiald § (atoms
ejccted per Incoming particle) is primarily a
function of surface binding energy (29]. Most




sputtering measurements have besn made cn metals,
but since ceramics and matcls have similar bind~
ing anergies, vields should be similar, A com-
parative study [30] of heavy-ion sputtering from
oxides and their parent matals generally supports
this prediction; for example, yields from Al,0;
and Mg0 were siightly lower than those for Al and
Mg, while yields from Z-0, and Nb,0; were slight-
ly higher than the values for Zr and Nb. Some
other ceramics showed preferential oxygen sput-
tering, which cwuld lead to degradation in
electrical properties of insulators. However,
the phenomenon was primarily |imited to ceramics
in which it is energetically favorable to form
lower oxides. In the absence of this effect,

the likelihood of praferuntial sputtering of
anions or cations depends on such factors as
particle energy transferred to each sublattice
and relative displacement energiaes; theses may on
balance favor preferential cation ejection,

For light ions (D, T, and He), sputtering
vields are strongly dependent on particle energy,
with S for many metals peaking at roughly 10~3 to
10T for anergies of | to 10 kev T31T.  Vaiues for
SiC are similar to those for metals, i.s., § =
9 x 10”3 for 5 keV hydrogen ions [32]. VYlelds
for heavy ions can be much higher, with no
apparent peak in the energy range of interest
{32]. Sputtering yields for metals irradiated
with 14 MeV nautrons are on the order of 10=%
[33], and are therefore not considered & major
problem.

-

Surface roughening is often observed aftar
sputtering experiments, with detailed examina~
tion showing a dependence on crystallographic
orientation {32]. A roughened surface can be
deleterious in some ways (for exampie, by in-
creating impurity adsorption), but may by geo=-
metrical effects reduce loss of surface material.

8l'staring, When gas ions penetrate
the surface of a material in which permeability
is Insufficient to accommodate the gas, blis-
tering can result. Hvdrogen permeability
is ganerally low in both crystaillne cera-
mics and glasses; that for helium [s also low In
ceramics, but significant helium perm=~sbility is
observed in some glasses. Studies by Mattern et
al, [34] illustrate the dependence of blistering
on gas diffusivity, Glasses in which composi=
tion was varied to aiter helium diffusivity were
irradiated with 150 kV He* at 383 and 493 X.

With o diffusivity below ~3 x 10°12 mi/, blistar=-
Ing was observed, whereas above this values none
was seen, Flgure 3 shows the nature of bilisters
formed with 0 3 10715 m2/s, Thesa results indi=
cate that higher operating temperature should
generally reduce blistering, and that adjuste
ments of composition can achieve a similar erface.
Oramatic increasas in diffusivity may result

from slight compositional changes; Fowlar et al.
(35] found that the addition of 0.23 Mg0 to Al:0,4
increased dlffusion coefficients oy four to five
orders of magnitude, apparentiy as a result of

an alteration (n diffusion mechanism,

‘Flg, 3. B!istars in He*~irradiated glass (35%
Li20.65% Si03) (3150x) [34].

it is apparent that blistering induces surface
roughness (Fig. 3). When exfoliation occurs, a
matarial loss rate as high as~0,4 atoms/particle
may result (36]. Howaever, high-dose studies of
SiC have shown that atom=by-atom sputtering can
erode away adherent blisters (32]; in this case
the blistering ohenomenon becomes less important.,

Cheamical Erosion, Oxides, carbides, and ni=
trides are subject to chemical reduction by hydro-
gen isotopes, High=energy particies may pene-
trate the surface and react internally (e.g., to
form OM in Al1,05737], or back-diffuse and react
at the su-face. Exposure to lower-energy (e.g.,
2000 K) neutral atomic hydrogen, which is much
more reactive than is the molecular gas, can
also lead to surfacs attack. Particle enargy,
surface temperature, and surface chsmical pro-
cesses (sticking and recombination probabilities,
thermodynamic reactions, and reaction kinetics)
all play a rcle in determining the seriousness of
chemical attack.

Studies of the response of SiC to irradiatiaon
with 1| kaV hydrogan ions have been carried out
by Roth et al. [38]. wWhile sputtering was ob=-
sarved, it was concluded that the process was
physical rather than chemical in nature because
yield showed no pronounced temperatura depen=
dence from RT to 883 K and no increase in hydro-
carbons was noted by mass specirometry. These
findings were in contrast to those for graphita,
where chemical arosion was indicated by acceier=
ated material loss and hydrocarbon production
with heating, up to ~900 K. Ci:emical attack of
U0, and Al1,0; exposed to 2500 K neutral atomic
hydrogen has been investigated by Ooolay at al.
{39], Uranium dioxide showed & detsctable raac-
tion rate at 775 K; this was attributed to the
relative ease with which U0, can be partially
reduced, to UQz.x. A1303 proved much more ra-
sistant to attack, with no reaction observed
below ~1600 K, Above that temperature H,0 and
Al were detected spectrometrically, and an



aluminum skin found to be formed on the sampies.
Rate of chemical attack was limited by vaporiza=~
tion rate of this metallic skin,

With wellechosen ceramics, chenical erosion
problems should be limited to applications where
operating tumperatures are well above those of
the blanket. For the high=-temperature firtt=wall
liner application principal material concerns
are.thinning and changes in near-surface s:ruc-
tural properties, while for the insulating coat-
Ing on RF antennas possible loss of insulating
properties is an additional factor,

Vaporization. Only for those caramic applica~
tions whera temperatures will be wel!l above that
of the blanket is vaporization expected tc be a
problem. Estimated evaporative temperature
limits based on a wall erosion rate of. | mm/yr
(taking into account both vaporization and
chemical reaction) show that typical csndidate
ceramics fall within the range 1300-2100 k [5].
Some temperatures of interest are SigNy, 1323 K;
Al,04, 2033 K; and SiC, >1793 K, Graphite has a
limit of 2253 K, and has thus besn proposed as a
coating for lower-temperature wall materials,
The limit for SiyN,, a material with othervise
excellent pcrformance characteristics, is iis-
appointingly low; however, recent results indi-
cate that saveral forms of this ceramic exhibit
}zw?r vaporization rates than were predictad

° .

It is apparent that fusion.reactor ceramics may
be subjected simultaneously t9 « varietyof dam=
age processes, 3o that synergistic effects are -
probable. For example, if chemical erosion re=
sults in surface reduction, then physical sput~
tering and vaporization rates will be altered,
The list of possible synergistic effects is too
extensive to mention heres; however, the point
shuuld be made that performance limits for cera=-
mics must be detarmined under conditions whizh
simuiate ail reievant aspects of the operating
anvironment,

3.2 Electrical properties

3.2,1 Dielectric strength

Bulk dielectric braakdown of insulators can
occur by either the therma! or the avalanche
mechanism (41]. In the former case, a small
current flow within the material leads to Joule
heating which in turn accelerates conduction
unti! breakdown occurs., Low resistivity and
long times of voltage application enhance the
likel ihood of breakdown, so that this mechanisn
is more |ikely to operate &t high temperatures
and under ac or dc (as opposed to shorte=pulse)
conditions. I'f thernal breakdown does not
occur, then at higher voltages electron colli=
sion ifonization and multiplication can cause
avalanche breakdown, This machanism is not
strongly temperature~dependent.

Temperature- and time-dependance of breakdown
vary with the insuiator under consideration.
For Al203, the tharmal mechanism operates above

450 K under dc conditions (42], while braskdown
under voltage pulses of 10-2 sec or less at 973 K
appears to be by the avalanche mechanism [43].
Dielectric breakdown strength (dbs) for one form
of alumina tested with short pulses was roughly
constant at 0 kV/mm from RT to 1073 K, whereas
dbs under dc conditions dropped from this value
to b kV/mm at 1073 K {43). 1t is apparent that
in this wark thermally-induced increasss in con=-
ductivity did not degrade dielectric strength
under avalanche breakdown conditions,

There is some evidence that repeated application
of sub=breakdown voltage pulses to insulators can
lead to a decrease in breakdown strength. Buuch
[44] found that the room-temperature dielectric
strength of single-crystal Al,;0; was decreasad
roughly 20% by prior application of ~10% hignh-
voltage pulses, However, some samples did not
show this ''slsctrical fatigue'’ effect aven up to
~105 pulses. Statistical calcuiations based on
dislocation density indicated that the |ikelihood
of a sample not showing fatigue correlated rough=
ly with the 1ikelihood of dislocations being
absent from the breakdown area of a dimpled
sample. |t should be noted that the insulator
tasted had a high dbs (~180 XV/mm for a low
number of puises,, so that it i{s not clear whether
a fatigue effect is to be expected in lower=-grade
ceramics.

Insulators used in most critical fusion appli-
cations will ba exposed to displacive and/or
tonizing radiacion. Strictural damage can supply
internal sites for electron emission or scatter=
ing as well as defect states within tha band gap.
The lattar can alter charge carrier concentration
by suppliying electrons and holes to éonducting
states, or by sarving astrapping and recombina=~
tion sites., Bunch [44) measured the short-pulse,
room=temperature dbs of single-crystal Al,0;
after slevated-temperature irradiation to
1=2 x 1025 n/m2, and found no degradation.
it Is apparent that the concentration of small
voids and dislocations present (Fig. 1) did not
have a major effact on dielectric strength of
this material, at least under avalanche break~
down conditions, However, it has been pointed
out [45] :hat larger pores (~ 10=% mm) could
support an slectron avalanche sufficiently
energetic to produce ionization avents at the
pore wall in a 105 V/mm fleld.

The effect of lonizing radiation is to excite
charge carriers into conducting states and into
and out of traps and recombination centers.
Since charge carrier concentration at any one

.time Is a balance of several kinetic processes,

rate of jonizing radiation is considerad more
important than total dose. (However, the effect
of lengthy exposure to lonizing radiation neads
further investigation.) Britt and Davis [42]
Investigatad the effect of an x=ray dose rate of
2 x 104 Gy/h on dbs of Al20s. A slight reduce
tion in dielectric strength was observed in the
avalanche temparature ranae (up to 450 X). This
was attributed to radiation=induced filling of



traps by charge carriers which were then available
as avalanche collision targets. No significant
reduction was seen in the thermal breakdown ra-
gion (> 450 K), where fieid=enhanced thermal
emission exceeded rzdiation=induced carrier
generation. These findings are ralevant to the
neutral! beam injector insulator applicatlion,

where a gamma flux of ~10“ Gy/h may be encounter=-
ed, but such a dose Is far too low to simulate
first-wall conditions.*

Dielectric breakdown of insulators often occurs
across the surface rather than through the bulk.
Surfacs breakdown is postulated [46] to take place
in two steps: electric field accentuation, follow=-
ed by flashovar, In the first step, surface !¢-
regularities cause field enhancement and conse-
quent emission of electrons. When these strike
the insulator surface, secondary elsctrons are
emitted. The surface is left nositively charged
by loss of electrons so that the field is further
enhanced near the cathode. When the electron
avalanche desorbs surface impurities and these
are ionized by che electric fisld, flashover
occurs. Secondary electron yield is an important
material parameter, but insulator configuration
and cleaniiness may be more significant factors
in determining surface dbs. Dielectric strength
can range from almost arbitrarily low values
under unfavorable conditions up to ~10 kV/mm
or higher with controlied geometry and environment
(47). Conditioning (i.e., a gradual increase
in voltage) aids in attaining a high dielectric
strangth, apparently oy removing surface irregu-
larities and/or impurities. ¢Coatings which offar
controlled surface resistivity, low secondary
amission yield, or improved surface cleanliness
are often usad to increase dbs.

To summarize, insulators for technological
applications do not possess a unique bulk or
surface dielectric strength, Insulator size,
geomstry, slectrode configuratiun, temperature,
environment, and mode of voltage application can
be as important as material characteristics in
determining dbs, Thus both reactor designers
and materials scientists have important roles in
the succassful development of high=voltage insu-
lators for fusion devices.

3.2.2 Electrical Resistivity

Electronic conduction in insulators takes
place by motion of slactrons or holes in an
electric field. At room tempersture a good tech=
nological insuiator exhibits a resistivity so
high (31012 Q.m) that nessurement of the exact
value is difficult, However, a steep temperature
dependence |s observed as charge ca-riers ars
thermally stimulated into conducti: , statss,
Typical values for ceramics such as Al.0,, BeO, -
and ThC, are in the range 104=107 2'm at 1000 K
(48). Silicon carbide, s prime candidate for

%At the first wall of a 2 MW/m2 fusion reactor
the neutron flux of 1019 n/mes will slone
deposit ~10“ Gy/s of lonizing energy in an
insulator,

Tow=Z fTFst wall applications, is a semiconductar
[W9T aid Ts not suitable for most insulator
applications.

Irradiation can affect resistivity by inducing
structural damage and depositing ionizing energy.
Structural changes may alter electronic pro-
perties (e.g., introduce trapping, recombination,
or scattering centers) in such a way that re-
sistivity could either increase or decreaie.

Of greater concern, however, is absorption of
ionizing energy, which can generate a density of
charge carriers beyond that induced by thermal
effacts. ODavis (48] measured conductivity of a
number of ceramics in a gamma field of ~5 x 0%
Gy/h and found that below temperaturesof 400

to 700 K (depending on the material) a signi‘i-
cant increase was noted (e.g., from ~10-1¢ to
10=? (nem)=1) at room temperature. Above these
temperatures the thermal contribution dominated.
These results show that neutral beam injector
insulators operating near room temperature in

a2 gamma flux of ~10“ Gy/h should easily meet a
design resistivity requirement of 108 2.m,

Much higher rates of absorption of ionizing
energy may be encountered in RF, current break,
and some magnet insulator applications., Van Lint
et al. [45] calculated increases in conductivity
at high ionizing fluxes under fusion reactor
conditions. The relationship ag(2+m)=! = k}
(Gy/s) was used, i.e., proportionality between
conduct.vity changes 0 and ionicing dose rate
¥ was assumed. This assumption is most appro-
priate at lower temperatures (50]. Values for
k, a material parameter, rangs from ~10”? to
10713 for typical insulators but may increase
or decreass with accumylated irradiation dose.
Applying the abovr relatlgnshl? to a case where
¥ = 10 Gy/s and K = 1077-1g,13,the resulting

- '-
change 'n conductivity is 10 .10 (a°m) *.

.insulators with a negligible initial conductivity

will under this ionizing flux exhibit resistivi=
ties of 105109 Q'm. Such resistivities are on
the ordar of those expected at blanketr tempera=
tures considering only thermai effscts, but
represent a significant degradation at lower
temparatures.

Klaffky et al. [50] evaluated radiation-induced
conductivity in single=crystal Al,0; as a funce
tion of elactron bombardment=induced=ionization
rate, temperzturs, and crystz! parfection, The
dependemce of conductivity of Cr-doped and
neutron=irradiated Al,0; on ionizaticn rate was
found to change from wxponant one to less than
one with increasing temperatura., This effect
is consistent with a model involving capture of
elactrons at a recombination center and their
subsequent recombination with holes thermsily
raleased from a hole trap at intarmediats tempere
atures. Changa of conductivity with temperature
at constant ionization rates for the same two
forms of Al,0; is shown in Fig, 4; the initial
decrease can be attributed to reduced mobility
(fromiongitudinal optic mode phonon scattering)

.or hole reiease and subsequent recombination
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Fige 4, Conductivity of Al,03 as a function of
temperature and intensity of ionizing radiation
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with electrons at a shallow ttap, and the increase
to detrapping f-om deep electron traps. It is .
apparent from these resuits that elevated-tempera-
ture resistivity behavior under ionizing radiation
can be compiex, and must be derermined experiment-
ally.

Surface resistivity is strongly depsndent on
condition of the insulator surface. Where con=-
tamiration is expected, glassy insulators or
giazed ceramics are often specified because of
their resistance to impurity pickup and ease of
clean(rg. Injection of energetic hyd~dgeric
ions and deposition of sputtered or vapcrized
metal can degrade suyrface resistivity, tnus
presenting a problem for insulators in some
aoplications (e.g, neutral beam injectors .nd
direct cHnverters). 0Oesign accommodations such
as iasulcetor shieldicg may be required to mini=
mize surface degradation,

Bulk conductivity in insulators can take place
by motion of ions as well as alectrons and holes.
This topic is discussed in the next section.

3.2.3 Electrolysis

lonic conduction involves the motion of matrix
or impurity ions toward the electrode of opposite
solarity. There is considerable uncertainty as
to ~hether current in insulators is carried pri-
marily by ionic or electronic charge carriers,
but many materiais (e.g., Al;03, Be0, ThO;, IrQy,
and ¥;03) have been shown to axhibit at least
partial icnic conduction ([51]. It is genarally

believed that the fraction of current carried
by ions increases as temperature rises, but
there is soms svidence to the contrary (51].

Under ac fields lonic conduction doas not alter
distribution of ions, However, ionic current
flow under dé¢ voltages results in the separation
of cationic and anionic species. The consequances
of this process of alectrolysis can be serious
dagradacion in electrical and structural inte-
grity of an insulator. Gibson and Ballard [52]
evaluated this phenomenon in 3 porcelain insula-
tor of mixed crystalline and amorphous phases.
When a rather low dc electric field (~ 100 V/mm)
was applied at 295 K no effects ware observed.
However, at 355 K significant structural and
electrice) changes took place and at 425 K
serious damage occurred. The dominant charge
carriers were Na* and K* fons in the vitreous
phase, although oxygen migration was also de-
tected. in one tast of 47 hrs at 475 K, suffi-
cient alkali deposits formed at the cathode to
changa the dimensions of the insulator at that
Nt and cause structural failure of the poer-
celain=to-metal seai. A depletion layer was
formed near the anode, resulting in steep volt-
age gradients and increasad |ikelihood of di-
electric breakdown,

It is clear that the porcelain described above
would not be adequate for such fusion applica=
tions as neutral beam injector and direct con=
verter insulators, where elevated temperatures
and high dc electric fields are typical. Re~
fractory ceramics axhibit better resistance to
prolonged usage under dc conditions, but these
also have their limits, Weeks et al. [53] found
that single=crystal Mg0 and MgAl,0, became con=-
dusting and broke down when subjected to electric
fields of 10-100 V/mm for § to 150 hrs at
1273 K. Since diffusivity Is typically enhanced
by irradiation, it must be anticipated that.a
significant nautron flux will accelerate eiectro-
lysis, Where this process is found to limit
insulator lifetimes, electric fields and/or
operating temperatures must be reducsd.

3.2.4 Leis Tangent

A low loss tangent (tan3)is required for in=
sulators used in RF enargy transmission, to re=-
duce power losses and avoid overheating and
thermal stresses in the dielectric. Energy loss*
in an insulator can resuit from three freguency=-
Jependent processes [54]:

eion migration losses (dc conductivity, ion

jump, and dipcle relaxation)

eion vibration and deformation losses

ealectron polarization losses.
At room temperature the first process operates
primarily at frequencies below ~108 Hz, the
second above v10!0 4z, and the third at optical
frequencies (v101' Hz), Losses are thus at a
mininum over most of the frequency range of in=
teiest for RF heating applications. lon

«Power 10ss is proportional to the product of
ioss tangent and dielectric constant, but the
former usually shows the wider variability,



migration losses are strongly temperature-depen-
dent, while those from other sources are not,

A loss tangent of ~10™ |s often mentioned In
conceptual studles of RF hesting [55,56]. Such
4 valua s attained only in high=quality low=
loss insulators at low temperature, with tan § =
10= baing more typlcal of commarcial [nsu=
lators, The extent to which a given Insula-
tor. suffers an Increase |i. loss tangent with
increasing temperature depends on tast fre-
quancy. Results for « commercial steatite are
shown ba'ow [57]:

frequency, tan §
Ha 300 K 775 K
10% 1 x 1073 60 x 1073
10?7 1 x 10=3 30 x 10°3
1010 3 x 10-3 5 x 102

In genaral, high frequencias are correlated with
good high-temperature performanca.

Since the mechanism of energy loss is motlon of
charge car-lars (ions and electrons), It is not
surprising that lrradistion=inducud lattic dis-
ruption leads to an increase In loss tangent.
MacChesney and Johnson (581 found cthat low dosas
of fast fission naur-ons (6 x 1021 to 5 x 1023 n/m2)
caused an increasa of tan § in Al;03 by fa -or
of 13 and 3 respectively, at room temperature and
106 Hz. it was suggested that radiacion arneal-
ing was responsible for the decrease at the high-
er dose. Budnikov et al. [59] irradiated Al203
with 8 x 1025 thermal n/m? and observed an in-
crease in tan & by 25 timas at 775 K and 10°
Hz. The degradation in this study was attributed
to tha formation of 0.1 wt.3 silicon by transmu=
tacion of 28a1,

Parhaps nowhera in the fusion reactor gevelop-
mant program |s thare a clearer relationship ba-
tween reactor design and material performance
than In the area of insulators for RF heating.
The effects of operating temperature, fraguency,
and radiation damage level on insulators muat
be taken Into account in design and specifica-
tion of KF powsr systams, [f these systems aras
to meet performance requirements.

3.3 Fabrication

Many applications for ceramics In fusion sys-
tens call for parts of large size (perhaps join=
ed ar coated), complex shape, and nigh quaiity.
Further, these requirements will in many cases
Fave to ba mat with materials speclally develop-
ed for the seve, e fysion environmant, where
fabrication techniques have not been optimized.
The following is a partial list of raquiraments
which may be Imposed on fabricators, for the
critical applications identifiad earlier:

einsulators for RF heating systems-~large size

low porosicty, high purity, speacial material
eneutral beam Injector insulators-~large size,
complex shaps, low poros|ty -

etoruidal current bresk--large size, special

material

emagnetic coll (nsulators--special macterial for
tha po|o|30| cor ]l applico:ion
edirect converter Insulators-~iow porosity,
spacial material if thermal conversion is
used
elow=2 firsc wall/liner-~large size, complex
shape, high purlity, spacial materlal.
Fabrication costs may also be an important consli-
daration In cases where unusual requirements or
large quantities of material are involvaed,

A recant survey of the state of cthe art for
fabricacion of alumina (and, by implication,other)
ceramics have shown limited Industrial capabili-=-
ties In soms ares Important to development of
fuslon power [60]. It is apparent that further
fabrication actlivities, carried out in conjunc-
tlon with reactor designers and material property
Investigators, will be required to develop cera-
mics for advanced fusion systems,

b, FUSION NEUTRON IRRADIATION SFFECTS

Until high=fntensity fusion neytron sourcet be-
comas avallable, irradiation scudies must princi-~
pally be conducted in fission reactors and low=
intensity fusion neutron sources.” In order to
make maximum use of fission neutron data and
allow estimatas of differences in damage effacts
induced by fission and fusion neutrons, correla-
tions are required in the following areas:

enature of damage production events

eaffact ~f differinrg ionlzing/displacive energy

loss rccios

eaffect of dlffering dpa/gss atom generation

racios.
Low-dose studies have been carried out in two
ceramics to determine the relatcive number of sur-
viving optically=active point defects aftar near-
room=temperature Irradiation in fission reactors
and the Rotacing Target 14 MeV Neutron Source
(RTNS). Chen et al, [61] found roughly twice as
much damage from fusion neutrons as from flssion
naucrons Iin Mg0, as did Evans and Junch
(621 in Al1,05. A ratio of 2 is in reasonable
agreemant with estimates from damage energy cai-
culations [61,62]. This indicates thar point
defect survivai fractions ara similar after
damage by flssion and fusion neutrons, and thus
suggests that damage production processes may not
be vastly different in the two cases. On the
other hand, a comparison of aggregated defacts
in matals aftear fission and 14 MeV neutron irra-
diation hes shown a significant difference in
cluster size and number dansity; this is attri=
butad to differances in probability of vacancy-
interstictial racombination (63]. A comparison
of c¢luster sizes has not been carried out for a
coramic.

When calculated damage per neutron in a fast
fisslon reacror spectrum is compared with that
at the first wall of a fusion reactor, it is

“Cartain *apics in radiation damage (such as tre
significance of racte affacts) can bast be
addressed by ion and electon irradiacion studias.



found that in low=Z ceramics roughly equa! dam~
age is induced. Since somewhat higher flux
levels can be obtained in the core of fissi
;sactors than at the first wall of & 2 Hw/mgn
fusion reactor, real-time or slightly accelerated
damage rates can be simulated in fission reactors.
However, damage simulation in compounds must be
svaluated not only as a function of toctal dpa
rate, but also as a function of the ratlo of

dpa. rates on cation and anion sublattices. This
is necessary because the naturse of stable damage
formed (both point defects and a2ggregates) can
depsnd on this rastio. An example is the phenom=
enon of void formation in Al,;04, where a void
must contain a ratio of two sluminum vacancies

to three oxygen vacancies. [f the dpa ratio
varies with neutron spectrum, the 1ikelihood

of formation of volids (perhaps in competition
with other aggregates such as aluminum preci-~
pitates) may differ between fission and fusion
neutron irradiation studies. Calculations of

dpa ratios as a function of neutron spectrum for
typical ceramics are needed to allow the impor-
tance of this effact to be evaluated.

The nature of permanent damage in ceramics has
been found to vary with the amount of ionizing
energy absorbed, for a fixed amount of displa=
cive snergy deposited. lon irradiation studles
by Arnold et al. [64] have shown that optical
absorption and volume expansion in Al,0, vary
in an opposite sense as large changes are made
in ionizing energy component; these effects are
attributed to variations in charge state of the
predominant point defect. It is thus apparent -
that the ratio of ionizing to displacive energy
deposited must be considered when conducting
simulated fusion reactor irradiations. lonizing
energy can be deposited in the lactics from
absorption of electromagnetic radiation or from
the electronic component of parciculate energy
loss Parkin [65] has calculated the ratio
(energy partitioned into siectronic processss/
energy intc atomic processes) for neutron irra-
diation of aluminum to be 0.8! for row 7 of the
EBR=-1I fission reactor, 2.71 at the first wall
of a fusion reactor, and 4.51 for a pure 14 MeV
spactrum, However, a comparison of optical
absorption spectra from Al,0, irradiated with
fission neutrons [66] and fﬁ MeV neutrons [62]
shows that the ratio of number of defects of
each charge state (F/F* centers) does not vary
greatly in the two studies. |f this observation
holds true at higher damage levels characteris-
tic of fusion applications, then the rather 3mall
di fferences in ratic of ionizing=to=displacive
energy for fission and fusion neutron spectra
will have bean tshown not to be important. Naver-
theless, differences in rate of electromagnetic
energy deposition must still be considered.

Perhaps the most significant damage=-relared
distinction betweean fission and fusion neutrons
is their Jifferent abilitie3 to induce transmu=
tations. Cross-sections far nuclear reactions
typicaily rise sharply between | and 14 MeV, so
that much higher concentrations of transmutation

products are generated in a fusion environment,
For example, Parkin and Goland have shown [67]
thzt the spectrum averaged (n,a) cross-section

for production of helium from aluminum is 443
times higher for a first-wall spectrum than for
Row 7 of €BR=11. Muir [68] and Rovner and Hopkins
(5] have calculated the rate of generation o7
gaseous and metallic transmutation products for
typical cearamic slements and compounds in a first=
wall neutron flux. After 3 year's exposure in a

2 MW/m2 fusion reactor, ceramics will typically
contain 1000-2000 appm each of hydrogen, helium,
and metallic impurities. The elements beryllium,
boron, and carbon (e.g., in Be0 and 8,C) have
higher=than-average (n,a) cross-sactions, so that
estimates of helium content in ceramics contain~
ing thase species will be higher than the above
valuas,

The presence of gaseous impurities along with
displacive damage is usually considered deleteri-
ous. Hydrogen and helium generally exhibit low
solubilities in ceramics and will thus precipitate,
given sufficient mobility (i.e., at elevated tem=
peratures). Lattice energetics may favor their
deposition as gas bubbles at grain boundaries, as
has been observed with helium in ThO, (63] and
Pu0,-{70]. This can lead to a weakening of the
structure and ultimately to grain boundary separa-
tion, Intergranular void formation can also be
assisted by the presence of insoluble gases,
which stabilize sub-critically~sized void nuclei
(vacancy aggregates) against re-solution. This
is not necessarily disadvantageous; if a ceramic
which would otherwise contain a relatively small
number of large voids has the concentration of
void nuclei Increased by the presence of gas,
the result may be a finer void distribtuion and
less degradation of physical properties. However,
an overall increase in void volume could result
from more effective scavenging of vacancies into
voids.

Helium is soluble and has a high diffusivity in
some glasses, so that problems with this gas can
be reduced by using glass in bulk form or as a
grain boundary phase in polycrystalline caramics.
Nevertheless, the presence of hydrogen will re-
main a problem,

Metallic *ransmutation products must be accom=
modated electrochemically and dimensionally in
the ceramic, with their ultimate disposition being
dependent on the nature of the lattice and trans-
mutation product in question. Impurities might
be accommodatad by solution, precipitation of a
second phase, or formation of planar defects,
perhaps assisted by valence changes., The effect
of such defacts on physical properties will not
ner essarily be large, and will in some cases be
similar to those observed when normal impurities
are present. However, the fact that transmutation
products are intially injected forcibly into solu~
tion may mean that their behavior will be quite
different from that of the same impurities intro-
ducted chemicaily.



The effect of transmutation=induced hydrogen
and helium (as well as matallic products) could
be simulated by irradiating an isotopically-
adjusted ceramic in a mixed-spectrum reactor.
The use of ‘0 would allow gcnoration of helium
hy the thermsi neutron reaction 0 ("th a)ivc,
and of hydrogen by :he “N (nehyp) 1¥C racstion,
(In the latter case, '°N —ust be used to suppress
hydrogen formation,) Th- rast component of the
neutron spectrum would generate displacements
simul taneously with gas production.

Sialon is an appropriate model ceramic for
such a study. |t may be shown [71] thlt
$i3Al303Ns coantaining oxygen of 50% ! 70 content
and nitrogen of 7.1% !N content will after a
year of exposure in the Oak Ridge Reactor havo
experienced a damage level of ~6 dpa, ~400 appm
of-hydrogen generation, and ~270 appm of helium
generation, thus roughly matching the dpa/gas
atom ratios expected under first-wall irradiation
conditions, By adjusting the isotopic content
of a series of sialon samples, the effects of
displacument only, displacemant plus helium
production, and displacement pius hydrogen pro=
duction can be studied separately,

S. CONCLUSIONS

Ceramics are needed for a number of critical
applications in fusion systems. Oespite the
severe environments characteristic of these
applications, it appears that in most cases
materials can be specified which will intially
satisfy reactor requirements. (The possible
exception is insulators for RF heating systems,
where both electrical and structural demands
~an be very stringent)., However, ceramic
deyradation during reactor operation may result
in significant shortening of component lifetimes,
Considaration of structural and electrical pro-
perties of ceramics in the context of anticipated
operating conditions suggests that long~term de~
gradation effects resulting from neutron irra=-
diation, ion bombardment¢, and alectrolysis are
most likely to prove lifetime=timiting. Of
these, neutron irradiation problems appear to
he the most difficult because (i) major pro=-
perty changes can result, (2) these problems
are not easily alleviated by changes in reactor
design and mode of operation, and (3) fusion
neutron damage is difficult to simulate.

A number of ceramics can be identified whicn
exhibit good physical properties and show
reasonable resistance to fission neutron damage.
Included are MgAi: 0., Y3Al50y2, SiaNy, sialons,
Al203 (in some forms), and SiC. Since a high
percentage of ceramics tested to date have
shown adequate performance after fission neutron
irradiation, it seems likely that as further
tests are conducted other materials will be
added to the above list, On the other hand,
results from high=flux fusion neutron studias,

. hen availabie, are 1'kely to reduce the number
4f candidate materials. it is anticipated that
materials devalopmant efforts will be required

for prime candidate ceramics in order to op..mize
their structural and alectrical proverties for a
fusion environment,
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