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ABSTPACT

CEPAPIICS APE REQUIRED for a number of appli:a-
tio~c in fuoion devicaa, ●mong the meet criti-
cal of which ●rc magnatic coil inaulatora,
windows for RF heating ●yotcme, and structural

u8ea. Rad:ation ●ffocta dominate conaidaration
@f candidate materialn, although qood pre-irra-
diation prepertios ●re a raquinite, Materials
and component can ba optimizad by careful
ccntrol of chamical and ❑i~roatructurul con-
tent, ●nd application of brittla material
design ●nd teacin~ technique, Future direc-
tion for rcnaarch and development ●hruld
include further extaneion of tht date bamc in
the ar9me of ●lectrical, structural, and
thermal proprtioe; astabliehment of a fission
neutronlfunion neutron correlation including
tranamucation Rua effectH; and devclopclenc of
naw natariale tailored to meet the npecific
naadn of fueion reactorn.

lN?RoDtfcyI()~

Caramicn aru req~ircd for m variety of
appliC~tiOIIS in magnetically-confined fuajon
dovicea. Th@me includa:

o innulatorm for lightly-ehielded
magnatic coiln

o window for W heatins kyntomn
o ceramica for structural ●pplicatirwin
o innulatnra for nautral heum injectorn
o current brwkn
o diract conwrter inaulr:oDo.

OparatinR condltione in thane devicen can be
Bevore, jnvolvinm intmae radiaLton flelda,
high ■echanical ●nd ●lactrical •trenha~, ●nd
large tharmal fluma, ❑atariala prnpartien
oi spec.(al concarn fall into three ❑ajor
cataaorlas, which can h? ●bdlvided intu
mveral mor~ npecific topicn. They arr:

St~uctural
o suelling

strength
T?ierma1°

3 thermal conductivity
Electrical

o resit3tlvity
o dielectric breakdown strength
o loan tangent.

III any examination of the subject r: ceramics
for fusion ●pplication, including thr
preeent review, materiala problems ❑ust be
evaluated in the context of these potential
problem areeE.

Tnc subject wf thja paper has been
reviewed ●arlier by Holmes-Siedle (l), Rcvner
and Hopkine (2), Clinard (3,4), Clinard and
Hurley (5), Suzuki ●t al. (6), Clinnrd et al.

(7), ●nd Palln (B). Theac works give much O(
the background n~eded for a full

understanding of this subject, and flrc
valuabla oupplomentn to the present d~arun-
mion, ?lrvcrthele~fi, mince fufiion re?ct{,l
daniRnu, materialn requircmentn, nr c!
available ceramic dnta ●re continually
●volving, a re-examinatirm of thin fovir

●mawm appropriate. In the present review the
thtae moat critical cernmic applicmtio~n (the
first three In the list abcve) arr
da!cribad, and performance of aevcrnl

*Szlection of the moat criticnl application
for caramica in fusion davicea in n difficulL
and lnsxact procosa, since reactor n~adm and
operating conditions ere ●ubjrct to fraqucnt
change. Houwrvsr, it ●ppeara that themm tilree
praaant the greatcnt djfficultiea, and are
tharafnra the focum of thin paper. All have
in comon ● eover~ radiation ●nvironm~nt, nnrl
thair r.aterlmlu requiram~ntn takan tnRether
are rapreecntatlvo of rlonf major cermmlaw
●pplicatinnn.



candidace materials ie considered. Thie 16
follnwed by ● diecuusion of opportunicieu for
mterialo optimization, and the paper
concludes with recomendationn for future

direction in research ●nd development.

HAGNETIC COIL INSULATORS

REQVIREHENTS - Fusion reactor denigns call for

large nxmal (i.e., non-superconducting) magnete
to eerve as choke coile for ❑ irror eachines,
divercora an? plasma ehaping coiln for cokemake,
and co meet ● number of other requiramenta.
Choke and divertor coils muet be placed close to
the firat wall, and will therefore be ●xpoeed to
lifqtima neutron Irradiation do e

v
of %I02T

n/m’ end ionizing fluxes of 10 Gytn. The
ceramic insulators for theee magneta will
operate nettr room temperature under high
mechanical ●treeeee.

The moat detailed deeign study to date from
the standpoint of the insulator ha6 been carried
out for the choke coil (9). It ia ●stimated
that lifetime ewelling cannot ●xceed 3 vol %,
and rotantion of ●dequate etrength ie ●

requirement, Llegradatiot, of thermal
conductivity will have little effect in this
●pplication. Dialectic atrzingth requirement
are modest, but electrical raeiativity cannot
fall below a calculable (deeign-dependent) level
without cauaing significant shunting of current
to the coppar conductor.

CANDIDATE MATERIALS - In the follwing
paragraphs anticipated performance of candidate
materials ie diacuased in term of the currently
evailable data baae. Ite@nemium ●luminate epinel
(FlgA120 )

$

ia the prime candidata ceramic for
thie ep lication, with F@O ●nd Al O ●lao under
c1 .Ieideraticn. Spinel ie ● 2 l~~ewel$in~
ceramic: after irradiation to 2.1x 10 n/m at
430 K, a polycryatalline form of thie meterial
was found to swell only 0.8 vol Z (10). If it
la ●seumed thnt fact fission and fusion neutron
damage ●ffecte are similar (an assumption
implied in this papar unlaaa otherwiee rtated,
but diacueaed in ● later ●ection), ● swelling
rate linear with doee would indicate ~ lifetime
of 4.3 y at tha lirst wall of a 2 MU/m machine.
Strength of the ●pinel ceramic deecribed ●bove
waa increaeed 20 % by chet Irradiation ●xposure
(10), pnrhape aa ● result of impedance of crack
initiation or propagation.

HgO ■hewed leee dimensional ●tability under
the-e irradiation conditions, ●xhibitin~ a
swelling of 2.6-3,0 Z (10); hwever, atrmngth
●lao increaned in this material, by 12-24 X. An
●quivalent hiRh-doaa ●tudy hae not beun carried

0’” ‘or A1/03*
but anieotropic ●vellinR nf

Rraine with n a polycryatalline insulator may
laad to premature structural failure,* It mey
ba ponaible, with the ●dvant of aeonohical
techniquam for ~rwth of ●ingl~ cryatale in
technologically-ueeful ●hmpee (11), to produrc

patta i~une to inte~nal damaEe from
~~~%ropic growth.

It la not ●nticipated that ●lectrical
raaiecivity of theee candidate ceramics,
■eaaured ●fter irradiation, will chow a
significant decreaee unlaaa major structural
damage such ●e severe cracking ha6 occurred.
During irrediacion, hwever, significance
degradation may ●ccompany ●bsorption of
ionizing ●nergy ●e charge carriera are
temporarily ●xcited into conducting ●tates.

The muet ●xtensive investigation o.
radiation-induced conductivity (RIC) has been
carried out by Klaffky et al. (12,13), in Al,
o. Several forms of eingle-cryetal Al C-

l?d?ffaring in puriry (12) and in one caae w t
prior radiation damage (13) were irradiated
with 1.5 FtaV electrons of three different
beam inteneitiea. Repreaencativa rebults at
300 K are ehown in Fig. 1. Ir may be neen
that RIC increaaes dramatically with increas-
ing rate of ●bsorption of ionizing ●nergy,
bui abaolute value of conductivity ia reduced
by the presence of Cr O impurity or struc-
tural irradiation dama~e? Thie behavior waa
interpreted to ba the raault of a combination
of ●ffacta such as creation of alectroo-hole
pairs, trapping and detrapping, acactering,
wrd carrier recombination. Uith raapect to
the choke coil application, calculation (9)
have ehom rhat modarate Increaaeq in conduc-
tivity should be tolerable with careful coil
design if the degradat’m found in Al O i~

$3
rapraaentacive of that In other innul tors,
can be linearly ●xtrapolntcd to higilcr
ionizing fluxes, and accurntaly refieccs
behavior under other (more fusion-like)
irradiation crmditiona.

Soma coil deaignn tipt.rify powd?red
rather than solid insulaLor material, In
chia caae awclling of aevernJ percent i~
trlerable, and strength is not a factor.
On the other hand, geaes interaperacd with
the ceramic particlea may suffer glaater loss
of insulating propertian under lrrndiaticn
than does the ceramic itself: Gnt ,.stimate
puca the degradation of :cni:tivjty rnt ten
timen that of the carnmic (9). For thin
reaaon, ●nd a rolnted concern abcut thcrmHl
runaway in powdered ceramic (9), the mont
recent choke coil rlaaiRn (14) &pe:ifjes ❑nlid
inaulatlnR materisl.

WINDOWS FOR RF HEATING SYSTEhS

REQUIREMENTS - Radio frequancy (micro-
wevc) plaamn h$aatinR ia required for mvnt
fusion raactor concepts. RF ●nergy can be
tranamittad to the plaama by ●a~eraJ techni-
que: ●t Iwet frequencies (~1(1 Hz) cti~x~.nl

~f~~a-l~l~ be uaad, while atl ~intc.r
Ht) and hiRh (10

-,o@i;::

frequenci~a varioun typen of wavnRuid~ nv,temN
●rc ●pprnpriatr. Wav~R!lid~n will prohahlv
rrqui r~ windown to mc.parntr r he ~nviron-
ment of tho planma chamher from that of
tllr RF ❑ol!rce, which may include a pr~nmurizcd



.

:’Ei5!!!L
,.O 10‘ ,.2 103

IONIZING DOSE RATE (Gy/’S)

Fig. 1 - Radiation-induced conductivity as a
function of rate of absorption of ionizing
●nergy for three forms of Al O (taken fro~l the
work of Klaffky et al.) (12, ~~.

dielectric gas such nk SFb. These windows will
nbsorb energy from the beam, and will be
actively cooled to near room temperature by a
fluid p.rsaed between two laminar platea.
Themal stresses will be high, and aincc the
consequence of structural failure are severe
(e.g., contamination of the plasma chamber with
coolant) , structural rt!liability is a prime
requisite. With respect to anticipated radia-
tion environment, it is not clear at this time
whether windows can be locatad well away from
the first wall (perhapa behind ohielding) or
whether wcveguide cranamisaion problems will
dictate placement at or near the firnt wall.

CANDIDATE t4ATE;!lALS - Piatarisls requirements
for this application include low 10SR tnngent.*

(CO Minimizeabsorptionof microwave energy),
high strength, and high thermal conductivity.
lf the windows ●re remote or heavily shielded,
li$qtim~ radiation dose may be no higher than
10 n/m . In that came, OIIIV loss tangant in
likely to ba of concarn, Fowlmr (15) ham
meanured tha ●ffact of low neutr n doa ● on Ionn

the
e t’? “z for

tnngent over range %10 -10
singla-cryntal Al O , a candidate mntarial for
thjn applicnttnn. 2A increaae by n factor of

*Absorptivity in a function of both loaa tanEent

nnd dielectric constant, ‘Jut tha latter property
dean not very Rraa’. Iy with metcrial or
irradiation dear,

;:92W=
~b.ccved at 2 x 104 Hz after a dc,se of

n/m , while no change was detected at 2 x
106 Hz. More data are needed to determine the
affect of irradiation: at higher frequencies,
where energy absorption is greater at a given
value of loss tangent (16).

At slightly higher nautron dcaes, degra-
dation of thermal conductivity begins to be
significant. BeO la a promising window
material because of its good thermal conduc-
tivity. Hcwever, this parameter iS reduced ~~
a f ctor of two after irradiation to 4 x 10

?
n/m (17), The extent to which window stresses
in BeO are increased by Incxeases

‘n l/O;:
tangent and Lhermal conductivity at 10
have baen calculated by Fovler using finite
element analyais techniques, and are shown in
Table 1: clearly, a significant increase ir
either parameter could threaten window survi-
val.

The insulating ceramics spinel and
silicon nitride are also considered candidate
materials for this application. MgA120 iS

$known to exhibit a propensity for recoin in-
ation of ita irradiation-induced defects, at
leaat at high temperatures (19), and might
therefore show less degradation than does
A1203. S1 N iS considered a candidate

because of ~tf! excellent strength and thermal
shock re~istance, properties of frrcat impor-
tance for window applications. Silicon
carbide, also a strong, thermal shock-resis-
tant ceramic, is a semiconductor; never-
theleaa, this material is under consideration
fo: low-frequency applications where heating

calculate$r~ha~’~t TOYr2 (j~w~~j ;~~l’.t!g~
problems

resonant heating frequency) the maximum
tolerable loss tangent Is ~o.1. However,

measurements showed thnt loss tangent for a
chemically vapor-deposited (CVD) forr of Sic
waa Significantly graater than that V.lUQ. It
is poaaible thnt other forms of this motcrial
would ●xhibit better performance.

If it is neceanary to locate RF windows
near the fi~ Wal), neutron doses Wi]l he
eevere (-10 n/m ), and it is not CICIIT
whether any ceramic car, function sntiRfnc-
torily under these conditions, at leas( at
high frequenclea. Direct exposure t (1 the
plaaraa will further worsen the aituntiorr,
since thermal Ioadtnp from the planma will

ndditionnlly reaih the window. It is imparn-
tlvc that denigners and muterial~ renearcllell~
work togmthrr to optimize bcth windo,~ perfor-

mance and location.

CERAMICS IOR STRUCTURAL APPLICATIONS

REQUIRSME;NIS - Ceramics I1OVC bee’1 ptopoF-
ed fnr np~licntionG nuch asi firut vnll n~}[l
blanket component, armor, limitarn, and heof
ainka. Then~ materialn can offer a number of
advantages over metaln fnr structural unen:

n low nuclear mctjvntion. which can
raducp mervice ●nd diaponnl problernn

e low cost of utarti:lR mat?rtnlfi



Table 1 - Percent increases in Maximum Tensile
Stress in a BeO Windcw Over the Start-
ing \’al[le at 1011 Hz, as a Result of
the Ildicated Changes in Loss Tar.gent
(18) and Thermal Conductivity (15).

Loss iangent Theru.al Conductivity, Z Change
W/cm K in stress

10-4
3

10-4 1.5 +50

10-3 3 +900

o low atomic number of constituents,
dea,irable far first-wall applications
to reduce plasma contamination effects

o hig!t operating temperatures, useful for
first-wall and other applications
involving high thermal loads.

Properties of importance here are strength,
~hermal conductivity, and dimensional
stabilfty, all over a wide range of
temperatures.

CANDIDATE MAT7RlALS - Silicon carbide has
been ex:enaiveiy studied for structural
applications In nuclear sytitems, and in the

high-purity, cubic 6 -phase CVD form has been
shown to exhibit 8ood ~treng$h retention after
irradiation to 2 x 10 nf.n’ at 1013 K (21).
Swelling below w1300 K appeara to reach n
temperature-dependent saturation value tanging
between 3 % (at 300 K) and zero (at 1300 K)
(22,23), but above that temperature enters s
\,oic! swelling regime (24) where high doses could
lead to extensive swelling, Thermal
conductivity is severely degraded by neutron
irradiation, even at relatively low doses (25),
&o that use In hi8h thermal flux applications la
iikel:; to be somewhat compromia.ad. Silicon
nitride has a non-cubic (trigonal) crystal
~tructurc, suggesting that atrasses from
differential owelling could limit high-dose
performance, NevcrttloleaG, Ftrength2~fi lijtle
dugraded aft.cr Irradiation to 2 x 10 nlm” nt

6G0 and 815 K (23), T3is good behavior may be
attributable e!ther to the low observad awellin8

(ml%), or to low nwelling aninotropv.
Radiation-induced changen in thurmml

fllffusivity (approximately proportional to
thermal conductivity) for a number of cQrnmico,
including Si h’,,

+’
are mhnwn in Fig. 2. Ccrtnin

gen@rnl obae vat.irn~ can be draw fl(]n) these

result?:
o li)wer irradiation temperature cau~r

~rmster degradation

0 c*rnmic~ can vary greatly in their
twnponmr to damage,
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Fig. 2 - Reduction of room-temperature
thermal diffusivity in fivt, ceramics after
neutron irradiation at the indicated
temperature (26).

Thece ohaervationa are consist~nt with ~
model Involving scattering of phonons hy
radiation-induced lattice defec~q (26). With
respect to S1 N , ita performance in a high
thermal flux in$ironment, like that of SiC,
will he reduced by degradation of thermal
conductivity.

Spinel (MgAl,O ) is not jntrinslcally a
high strenFth, ~i~h thermal conductivity
ceramic, and ia therefore not a prime candi-
date material for structural applications.
However, its good behavior under irradiation
is noteworthy, and could result in ita use
where radiation conditions arc particularly
severe, Volume and strength changes for
three foto z x ~~60~,j~ls ceramic after irradiation

at 680 and 815 K nre snown
in Tcble 2. It may be seen that volume
changes ar~ minimal, and that strength oi
this cubic materi~l in actually incrensed by
neutron damage. The low awellinx iR ex-

plaioed by th~ observation that the vast
majority of diaplacarl stoma recornhine rather
thmr form ngKreRaten or remain iso~nts.d after
high-tempe~aturc irradjntion (19,23).
Strength increapcn are attributable to the
euppleasiotl of crack nucleation or proPaRn-
tion by the dmmage micr[)Btructure (23).*
.- —
*Cra(k propagntinn in irradiated Al o
mim{ Iary impeded , lendlng to

/Jan:;

frn~ture touRhneak (27).
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Table 2 - Swelling and Strength Changes in Three Forms
of PtgA120L after High-Dose Neutron Trradiacion
at Elevated Temperatures (23).

Naterial Temperature, Volume
K

Strength
SwellinRl % ● Change, %

Single-Crystal
NgA1204

Pclycryscalline
ugA1204

Polycrystallinr
NgA1204

● The negative sign

It haa been ●uggesced
properties of ●truccuril

6b0

815

680

815

680

815

denotes densification.

that in some camma
cernmicm could be

improved by ●mplnying laminatad ■aterials
❑ymtemam However, theee are mubject to
differential swelling, which can lead to
delamination, cracking, and ●xposure of the
■ubccrate. Deloteriou6 cor.smquence~ of
differential swelling have been demonatrat,d in
● ●tudy ~~ ● S~-graphite laminate irradiated to
2X1O n/m -t 680 K, where the former
■aterial ●uellnd 1..5 Z and tha latccr densified
“.7%: the reeult waa ●lmont-complete separation
(23) . It ●ppcara that monolithic materia16 will
be required for momt high-dose applications.

OPTIMIZATION OF CANDIDATE CERAMICS

There aru two broad npproachea to the
~ptimization of ceramic cmmponeut~ for fumion
●pplicaciunn:

o modification in chemistry and
.ticrostructur@

o application of brittle ■mteriml d,.~ign

●nd tentink tcchntques.
The ●xtsnt to which these approached ●re
appropriate d~pendm on the ●pecific explication,
but both should be conaiaered ●m pert of any
matariale de~,elopmenc ●ffort.

CHSMICAL AND ?!ICROSTRUCTUSAL f40Dl?ICATIONS-
In met caees this ●pproach to optimi;etion will
be invoked to ●nhence materiel performance and
lifetims in ● radietion ●nvironment. Chemical
■edifications ■ight f.nc lude ●xclunion of
●lement- (or inotopme) likely to tranemut~ to
fom Saneoum ●pecien, Aa ●k ●xample, it can be
notod frog the data prea~ntad in Table 2 that
polycrystmllinc HsA1 O did not ●nhibit the same

lncreama in .trenRt{4upon irradiation.a dld

0.05 +92

-0.11 +75

-0.19 +3B

-0.35 +34

-0.39 +39

-0.31 +22

single-cry6tal material: The reason may be
that both polycrystalline terms contained Li,
which ?ransmutea to form He (23). It mny be
po6Rible to increase the extent of ❑trengch
enhmcemcnt in polycryetallirm KFA1204 by
control of this impurity. Ocher areas where
chemical modification could be helpful
include introduction of ●lectronic trapping
or recombination centers to Improve elec-
trical prop~rtiea (FIB. 1), ❑nd remcval of
impuritic~ to ●nhance transmissivity of RF
window materialri.

Fticrom:ruccural nlteracionn offer
potantial tenefita such aa reducing ewelling
cr itn deleterious con6i.quences, retaining or
●nhancing ●trengch, and minimizin~ deFrado-
tion of thermal conductivity, Fine diuper-
■anta could be ●dded to serve aa recom-
bination centers for fitructural defecis,
remlting in retiuc~d swelling snd improved
retent;~n of i-itiel thermnl ‘conductivity,
Small grain size, which can be utt~ined by a
number of fabrication techniquan, wrwld allow

non-cubic ceramics ouch ●n Al O to retnin
unable ●trength to hi~her flutncea (28).
Compo6ite ❑ttengthenin~, a t~chniqu= incranfi-
in~ly umad for ●pplication not invnlvinp
radiation, offere bmnsfitR for union appli-
cmcionm if th~ microstructure in sufficiently
fine to avoid probleme with differcnrial
swelling.

One ●rea where chemical mnd ❑icrwntruc-
turml modification~ offe’ graat potential for
Imroved pmrformaltce I- ●llminetion of damage
6mlsltiva Brain boundary phas~n. :’L.,)
ceramiss, incluc!lnR thoee epecified fcr high
❑treen, high temp9rnturc nppl(cetion~,
contain ●dditives tI. urhence drn~.ificatiun



FIR. 3. Bright-field transmission electron
microscope image of damaged
pha~e

‘rain bo’’ndali
‘n =~3!4

after irradiation to 2 x 10
n/m at 1100 k. (32) (bar = 0.4 ~m).

during fat,rication, Aa a result impurity phaees
❑ay appear at grain boundaries, and thaae often

●xhibit poor radiation resistance. Figure 3
shows uuch a phase, partly BlaBsy, that has
obviously suffered significantly more damage

Grain boundarythan has ‘he ‘i#N~n~~~~~~~c m~elling, ~aYbe
damage, rather tha
responsible for the alight strength leas ob-
served in this ceramic (23). lt la apparer,t
that in many caaea naw or improved ~abrication
techniques should be .mploy*d co produce mat-
●rials optimized for fusion applications.

BRTTTLE MATERIAL DESIGN AND TESTING TECH-
NIQUES - The major drawback to tha uae of
ceramics for structural application i~ thair
charactcrintic brittlanema. Traditional design

apprOachaa involva loading Ceramico in comprao-
aion, but thin la often not pommible, In order
to obtain ❑aximum ●arvica strength ●nd relia-
bility from caramicsi, ●n ●ccurate data baoa must
Ilc ●atabliahed for the intcndad operating
condition and thema reaulca Incorporated into
brittle material deoign analynen. .

The realization that caramica fail ●s a
roault of propegatinn of flava vhoam ●icae have
a atatietical distribution ●nd whone propafiatior
chsracterl~ticn ●rm ●nvironment-depend-nt , han
led to tachniquen for ●eteblimhlnB mechanical
ralimbility of components. Thim ●pproach hae
been used (29) to predict the behavior of
microwave vindowa in the abnence of irradia-

tion. Materials teata include:
o etrength measurements, Includir,g

effect of eurface finish, teSL
environment , and race of stress
application

o etatic fatigue (time-to-failure at
constant load) tests,

followed by construction of a f&LigUe re-
liability/probability of failure diagram.

Proof teatlng can ●ffectively by used to
●liminate cub-standard components and thereby
enhance reliability. Price and Hopkins (21)
combined proof testing and neutron irradia-
tion testing of SIC ro show Lhat the benefits
of proof testing are retained after high
neutron ●xpoaurea for CVO and eintered SIC,
but not for reaction-bonded material. These
reault6 were interpreted in terms of the
●ffect of irradiation on flaw size and
diatribucion. Hateriala tests such as these
muet be combined with finite element desigr.
analysea and anphiaticated design methodo-
logies (30) to develop an optimized produce.

RECOUMEh~ATIONS FOR FUTURE WORK

Thifi review has directly or indirectly
identified a number of ●reaa where further
work 16 needed. Kany of these can be aaaem-
bled into component-specific categories,
wheraas others are more general in nature.

HACNETIC COIL INSULATORS - The most
urgent needs here are for more result6 on
radiation-induced conductivity, and on the
effect of near-room-tamperaturc, high-dose
neutron irradiation on structural propercict.

WINDOWS FOR RF HEATING SYSTD4S - Data
are ●~pecirilly needed on radiation-induced
lotsa tangent degradation, ●~pecially at high
frequencea. Although preliminary calcula-
tions (15) nuggeet that measurements concur-
rent with radiatinn may not be needed, this

queetion nee~s further attention.
CERAMICS FOR STRUCTURAL APPLICATIONS -

T[la p-e~anr data bane on temperature and
fluence-dependence of changes in dcnalty,
●trangth, ad thermal conductivity is incom-
plete, and an extensive radiation testing
program ia needed to fill the Raps. Strength
teats co date htive for the most palt been
conducted repidly. under simple atresfi
ronditione; mors rmaliatic testn should he

incorporated into the program.
GENERAL NEEOS - Until intense mnurceu of

fusion neutrorta become available, it will be

n~c~o?ary to meke uae of fiaoion reactors for
high-doee Irradiating teata, Correlation nf
damage ●vente cnn be eatabliahed by ●pprn-
priate celculationn, ●nd by comparison of
low-doam demage ●ffac!n ouch ae nwelling
utilizing preeont-day 14 t4eV neutron ●nurcea.
The ●ffect of transmutation ganec can bc
cimulatad by incnrporatinR into teet mate-
rials selectad Isotopcn trannmutabla by

thermal n~utror.m, gnd irradiating in n
❑ixed-npectrum finmion resctor. In thie tiny

both diaplacamant ●ventn nnd gaticn nf Inraiomt



Table 3 - Displacement per Atom (dpa) and He and H
Concentrations Attainable in Si Al O Fj3?5
by 170 and ~~N DO ing and lrrad ation to

!5 x 10~5 fast n/m PIUS 8 x 1025 thermal
n/m2 (One Year in ORR).

Ieotopic Percent Damage Level, Gas Content,

Dopan t dpa appm

99.5 15N 6

0 170

7.1 14K, 6

0
170

99.5 ‘5N

50 ~70

7.1 %

50 170

6

6

can be simulated. A plan has been proposed for

Il;ha:d qydy a utilizing controlled amounta of
O additives to S1 Al O N (31).

!9;:10 ;eu ~t~ ;;~ct~~ns t~ b{~;?ploired ~~
N(n, p) . Table 3

deacribea the fnur damage etates that can be
attained, using the Oak Ridge Reactor. The
dpalgaa ratios attaincti ●re roughly chose

●xpected at the first wall of ● fusion
reactor.

Finally, ●m was deccribed in the previous
section, materials optimization by control of
chemical and micromtructural makeup, an well aa
utilization of brittla materialm design ●nd
taating tachniquea, ●hould be an integral part
of ●ny ●ffort to dmvelop advanced ceramics for
funion application.
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