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on the tnree major ceramics dppliC~tlOnS Cited dbOVs!), MC to draw Che reacler’t

attention to likely areas for future work. [t IS hopeo that :ne latter ●Il!

prove USeful tb researchers seeking to develap new or Improved ceramics f~r

fusion applications.



conditions of high thermal dfia mechafiical stress; alumina 75 reasonable Jood

undw these conditions, dnd cdn serve as d standdrd of comparison for ccmpeclnq

materials. HgA1204 IS generdlly considered sornewndt Inferior to A1201 as i

Structural CWSIIIIC, OUt reCent wOfK by %Iyth ?t d]. (ref. 11) hds jnown :na:

cdreful control of Impurity content can result In a splnel .+Ith s:rdaqth

conpsrm!c :0 that of alumina. 9e0 is protably the least attra:twe ~f :~ese

ndterlals 3ecduse of Its toxicity,

Jne of :ne most promising mdterials for high neat flux appllcitions IS i ‘SW

fo~ Of ‘jiC, Hjtacerdm jC.iIJl (ref. 12]. Reduc:lon of Impurity content In :IIS

slntered prOduCt 5as resulted In d {alue Of LherIIdl COndUC!l’/’C~ equal ?J tldC

of dlumlnum and four :Imes :hat of convsnt+onal poiycrystdlllnd 51C (TdDle !).

~hermal shock studlcS cf SC-iJl [ref. 1]) mow expectedly ;ood -erformdnce,

equl<alent to thdt of fine-qrainetl ;rdmite,

TAdLE 1

:omparlsnn of pnysl cdl dnd electrical properties of Ilgn-purity polfcryscd:l sn?

jlc wltn those of )tFer mdtarldls :re?. 12),

Material ‘hermal Conductivity Electrical Resistiiity ‘hernal liudrs~.jri

d,lK, jt ifi n-cm, at rfr I:oeff., (iJ-a K

— —
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caramics) a reduction in thermal cmductivity (ref. 1)

coramlc at temperatures halon 1300 K dpP@drS to $dtura

reslstanca to gross dmage d: very hign fluences.

Ldfninar structures (e.g,, ceramic bonded to 3 dater

offer an attrdctlv~ combination of properties, dnd dre

fiear-L?rm f’dsion aevlces. However, problems -esul:lng

\weliinq of this

e at low doses, ilmolfirrg

,:wled ‘,etdl sdbstr~te]

under study ‘or Jse in

‘rOM ~lfferentlal

sivelllng of the txo materldls, plus damage dssocldted *’:71 t?e Interface,

mitiqdte against use of $uch systems whare neutron fl~xes dre nlgn. An axample

Jf tne corlseauences of alfferentidi s~elling for dn otherwise attractive pdlr

of materldls [SIC on drdphlte) IS shown lC fig. ,. Here the jiC layer j*el!dU

to a saturatlofs vdlue of i.5 ~ol: edrly in the Irrddidt ion te:t, unlle c~e

grdphl:e progressively denslfiea to d vdlde ~Y tiol~ ~reatef t!:,:ntndt Jf c~e

4s-4abricated meterial, The result 41as dlmost cbnplete del~lilatlon, dnlcn :n

j f~slon ~evice coula lead :0 furtner destruction of t~e protective ldyer dnd

:ansaquent anpusure Of tl?e yrdptl’t? tO CMMICS1 4ttdCk OrOM h? hydrogen

Isotopes of the fuel.

. . # “*--”’ .



(ref. 16), it is necessary to speClfY Irrddidtion teMP’?oture Oefore the extent

of this problem can be Judged. In both composite and anlsotroplc ceramics some

relief should be availabie by using fine PdrtiC13 or CJrafn sizes.

[f it beccmes oossible to reduce SINtterlng (fOr exdmple, by reduction of

plasma edge teMDWature), then it will be desirable co nave csrdmlcs capable af

sustaifilng very hlgn clamdge levels. Unfortunately, tnere are essentially no

data dvdilab!e for these materldls beyonG dbout 20 displacements per atom

(dpd], dhicn is equivalent co d yedr’s exposure dt the first ddll of d Z Wln2

redctor, whereas lifetime of Me facility miqht be twenty yedrs or more. This

IS an drea dhere furtner studies are clearly needed.

levelspmant of c?rdmlcs tnat can withstand intense damage !evels will

require ootn a fundamental understand ing of damage effects dnd innovdt~ve

mdterials selection, An ?xamole of the latter 1s tha use of MdterialS thdt CdfI

Perlodicdily be feStGreCl to their unddmdged condition by tnermal cycling. Ilne

p05Slblllty 1s tO d]lOW firSt Wd]l fiateridl~ tO operate dt Verv high

temperatures (Jcllliing cooling by rddldtive means only), but defecc aggregate;

such ds voids are notoriously Oifficult to remove by annealing,

M Intrlquing lded IS to USO naterldls that cdn exist in either crystalline

or amorphous forms, and ‘.0vary the operdtinq temperature so thqt ddmdqe

dcquired at elevated temperatures cdn be erased by periodic ocierdtlon dc lower

!&ngerdturns wnere Jamaq@ causas conversion to tnt? amorphous ‘ondition, Tnis

sqqesclon Fa: recently been Jroposed for metalllt systems (ref. 17), out since

~erdmlcs c~n dlso ~ndergo SUCII temperature-dependent transl:lons (e.g,, ref.

;s1, ‘.neprl~ctple c,!na!so be doplied nere. The ~yclic ndcore of operatlnq

‘.eIllDer~~Jr~s i~r ~lgh heJ~ flux components maios this dDprodcn gdrtlcul Jrlf

IOproprldte, out JCIWiTWdJ!lOn WIOUIO Idve :J ae ndde for the :ndrJcL~rl>tlc

Juor rrermal conducr.lvltr If cdramlcs In the ]lsordered $?dte.



st.ability, hiqh tnermal conductivity and good transmissivlty. A compliant

mountinq Systm for the window could Si9nlfiCMtly reduce thermomechmsical

stresses.

The function of the window

(iacluding -r’dudl II-T fuel)

of tne facility. The portion

may be filled with SF6 gaS to

IS to sepdrdta the first wall environment

fr~ the RF source dnd the other remote SyStemS

of the tiavegulde from the source to tne ‘window

improve trdnsmlssivity, Locdtion of the window

with respect co the Pldsma has Nt yet been determined, but since best

-av?guide performance tiIll be d:talned if tne window is 10C#ted near or at the

firSt wdll , severe neutrOh and other fluxes must be anticipated.

The window itself will proDtibly !leof idminar design, with d flowing coolant

between Use two elemrlts. Caildidate materials include Be~ (primdrlly becduse

of its high therndl conducti~ity), -11171)1(presently used for gyrotron wndOWS),

PtqA1204 (because of its qenerdlly good rddidtion resistance), dnd S11N4 (an

insulator known for its r Igh strength Md thermal shock resistdncel .

Conventional SiC IS a sdmiccmauctor, but the high-purity form discussed edrller

demonstrates good Insuldtinq Prorserties (Tdble 1) drsd is therefore SISO

cunsldered d Cdfldldate Materldl for this dppllcdtion.

Little is ~nown about the effect of Ieutron ‘amdqe on dielectric loSSes,

unictr dre proportional to the product of Ios; ‘artqent (tand) dnd dielectric

ccnstant (K). First r,:~u]ts dt ,mm.idvJ! freQUIdIIC:<SfOr hedvily-da!ldqed

~eramics, recentlj lbtd~ned by Frost (ref. 19), ire shown in Tdblp 2. [t lndy

be seen thdt trot.iiM1201 and IIPIIsuffered d dollbilng of Iosslness dt room

temperature ds d result of this ~~posure. lhls work dlso Identified J

patentldl Jroblem :lot Heretofore conslde.”cd: the consequences OF reflection o’

d pGrtlon of Che lntens? bedm Odck to cne source, ds d resu!t ,JfJetuning of

the ~lndow lntrJduced L)y chdnqcs In dimensions and fdielectrlc l)rOpe6tleS.

~dlCU]dtiOfIS by rOwlPr (rt?f, 20) halve snown tndt under real !stlc co:ldltlons

d ddubllhq O? Ktdn6 ICddf tO dh l!l CrPd Se Jf J fat).or ,jf :*o II doerqy ,iDsor5ed,

And thdt In ‘urn rrssults In d douDllng of stress. Thg conje~uecces tJ #lnduw



EveIl if it is possible to locate RF nindows in areas *here neutron doses are

low, a considerable Increase in lossiness may result. Uorking in the range of

approximately 104-106 Hz, Cowler (ref. 20) found increases of as muCh as an

22 n/m2, and a dependence on neutron energy.order of magnitude In A12L3 at 10

More recently, Pens et al, (ref. 22) assessed the Behavior of t’,~oforms of

24 n/mZ”bet#een 1 and 65 MHzalumina plus aluminum 04ynitride at doses UP to 111

and reported complex and sometimes larcle dependencies on dose, frequency, dnd

nature of the starting material .

TABLE 2

Room-temperature dielectric properties of alumina and beryll ia at 95 GHz dfter

irradiation to axlJzl n/m2 dt 66(I K (ref. 19).

Material arid Dielectric Loss Tdngent Ktan6,

Condition* Constant (K) (tan6), X10-4 Xlo-’

A1,O1:.
control 10,28 4,5 4,6

irradiated 10.10 9,7 ?.0

apo:

control 6.55 S.11 5,3

lrrdfjiated 5..34 17,4 10.2

it cdn be seen from this j“jcusslon !ndt many facets of rdcltation response

:3me into pl~y dsen conslderinq the window dppllcation. Chdrqes In strength,

l~nslty, Jnd thermdl conductivity we fdlrly #en ~n!erstoocl (refs. 14 md

,?J~; hcwsver, d fundamental under$tandtng of loss mechanisms in irradiated

ceramics IS naeded, both with respect to post- lrrddldtlon effects dnd to

:empcr~ry :hanqes concurrwst with generdtlon Of Structural dNIIage dnd

Ibsorp:lon of Ionlzinq snerqy, Jnce that IS in hdncl, It snoJld oe gossible ‘J

levelop Improved fOrMS of cdm!iddte naterl~ls for this~ppllcstlon,

:f It is necessary to !ucate RF .+inclowsdt the first ddll of d ftis~on

device, than irradlatton 5Y other thdn neutrsns nu;t be Cons lde,-ad. :L)ll

bmnbardm?nt nay hav? dQl+t.er!ous Plfects both from lmJIJntdtlon (JerhdDs

Ieddfng to bllsterinq) ~nd frwn ~hyslc~l erosion (Sputtt?rinq). Chemlc~l

woslon, ilt.holluh‘nucn l~ss th~n tndt for elemental mdterldls sI~ctIJS ,qraphite,

n!qllt pre5Pnt J ~rnblm ,dt Plevated temoer~turgs, clndlly, deposlt!un of

lnpurll.y !.dyers could reduce trwism!s:ivlt) Ior lncre~se reflectivity, [t ndY



be desirable tO LWOVlde 10CaliZed shleldln9 fOr the WindOti (by either ohysiCal

barriers or magnetic fields) in order to reduce the deleterious COnSeQIJenC@S of

the first wall environment.

INSULATORS FOR LIGHTLY-SHIELDED MAGNETS

The intense maqnetic fields required for Containment and shaplnq of the

plasma are generated by either cryoqdnic O* normal (near-room temperature)

coils. The former nave damaqe-sensitive components such ,SS the superconductor,

its stabilizer, and polymerlc insulators, so that shieldinr “s required. The

latter type of magnet uses a copper alloy conduc.or, water cooling, and cerdmlc

insulators, so that reasonably good radiatirn resistance can be anticipated.

In Prl IICi Ple the Cefdml C insulator could be either in bulk or powder Form;

however, concerns about elect! Ical resistivity and thermal conductlvib.y of the

ldcter (ref. 24) indicate chat only the bulk form should be used. Coils of

both types dre massive, difficult to repdir, dnd represent hdlf the cost of An

ddvdnCUd fusion device; thus the ma.erials chosen for this application should

if possible last the lifetime nf the machine,

There is d trend toward ccatpact reactors, which implies less shieldinq and

greater use of nornia) coils. ~.l sme desiqns the inner COtldUCtOr is ]Ust

behind the first Wall , so that neutron fluxes are htqh. However, the first

wall sarves as d shield for particulate anC electromagnetic rddiat!on, ~

lifetime dose of 100 rj~a or more is likely fJr the Inboard ceramic insulators

.Jf such ,naqnets.

Cdndldate matarials for this application include A1203, f4qA121JJ,3!C ind

jij!ld, Alumind suffers from anisotroplc swelling (refs. 13 dnd 15), so that

high Jr31n 00ufIddry stresses and ultimately d cdtastropnlc ;;SS ,Jf strength

restrlc: lif~tlme for this Ceramic to doses on the order o: :] ~pd,

Nevertheless, its high state of development dnd good startinq :’renqth

(’necessary to resist Iarqe magnet forc~si ndkes this ndterldl J , <elf :mJl:4

for intermediate-term machines.

Tests of sginel to a damage level of ~~[ JCJ.I;70w ~xcel lent peslstdnce to

neutron lrradidtion, At temperatures of .S60 < ?nd ;re~ld., ~welling ,of

;ln~ie-crysta! IIdterldl IS near zero dnd StrencJtf! ii JCtUdllV ?nndnc?d ty

lrrddiatl,Jn ddm~~e, This oehavl~r IS dt:rlbutdnle :2 ;n? ‘jc: :adc nest

!rrad!dtlon-induced defects recombine ndrnlessly, -nlle t?e rwm!ljer

precipitate Into dislocdcion loops whose strdln f;elds Jppdrenr.lj if~?nf~t’lan

tne matarldl !ly CrdCk deflection [.~fs. 14 *nd 15),

Polycryst$l line spinel 1150 performs well, bUt ShOW5 d IUW i~vel JF i#1211:mj

dnd less strength SflhdfiCement then ,joII$ Its slnqle-crystdl count.erpdrt (ref,

14), Transmlss!on elec?.r,jn Imlcrosccplc (TEH) exdmlnatlun reveals the urpsence

of smdll voids formed ,)e~r (but lot ~n) ~rdl~ houn,l~rles dfter :rradlatlon ~t



elevated temperatures, apparently ds a result of preferential dnnihildtlon of

nearby Interstitial atoms at grain boundaries (ref. 25). This unusual

mlcrostrurture is shown in F!g, 2, At lower irradiation temperatures, areas

near Boundaries are denuded of the interstitial dislocation loops that are

formed within the grains (ref. 26). [t is not cledr #hether these gralfi

boundary ?ffeCtS dre intrinSiC tO POlfCrYStailine SRlnel or whether .ddjustments

in composition tould mitigate the prob!em.

Fig, ;, VOIUS drrdyed nedr grain bOunddrleS in MgAlZ04 dfter irrddldtlcn to

Z[19Z0 q’11: lC 1100 K.

The lmprov~ent of strength or frdcture Couqhness thdt dccom~dnies

accumuldticn of neutron irrddidtion ddmaqe in c’ubic polycry5tal line csrimlcs or

single-crystal materials is d phenomenon of gredt inportdnrd to dll flJ510n

dppltCdtiOnS, Exdmple$ of results obtdlned, for several Sinqle-cryttal

Imdterlals and test temperatures, dre shown in Tdble 3 dlong tilth d descrlutlon

of the ddmlndnt ddmdge miCrUStruCtureS observed by TEfl. One of two ~nechanisms

IS Fnouqht to be responsible for the observed WIhdnCWIIent of M( ‘hdnlCdl



progcrties: either crack deflection by strain fields around dislocation loops,

or crack pinning, blunting, branching, and jogging as a Wlllt of pdssdty

thrOu9h an array of fine voids iref. 27). Considering that these improvements

in mechanical properties are observed in unoptimized materials, there appears

to be .,ipleopportunity for further exploitation of these str~ngthening

phen~ena.

TABLE 3

Changes in strength and fracture toughness, aiong with characteristic dti,,dge

inicrostructures, resulting frcnn elevats~-temperature irradiation to a dose of

2X11126 n/m2.

Ceramic [rraciiation Change in Change in Damage

(ref.) Temp., K Strength Fracture Tougnness ,*icrostfucture

to that o

:est ~dcl

JoOut 650

long-term

(ref. 26)

amount of

.-

●92”.

A12b3 925 .- ●2O% 36A did JOld5

(ref. 2?)

A17U3 1100 ‘11O% !JOA dia voids

(~ef. 27)

sgA120fl 680 ?JOA dia ilterst+tial

(ref, 14) dislocdtiun 100ps

~gA12J4 915 ●757 .. lUU~ .dld interstltldl

(ref, 14) dis;oci::on 100p3

;t is difficult to conduct, neutron irradiation tests dt ternllerdtures close

. .

d magnet’s wdter cooldnt, Jslnq d sodium-cooled fission redctor is 1

l!f, (For exdmple, the sodium in the EJa-i[ reactor operates Jt

K,) Nevertheless, In one instdnce It dds possible to cdrry out i

cost Jt J]o I in d wdt~r-coolpd rQdctor, t,o ~ damdqe ]~vel of J? dpd

rhis work showed thdt d’iile spine] wd$ strengthened, a small

swelling (J.3 ~ol~) dld .~ccur, [f tolerdble sdelllnq IS LJ<Un :U 3+

3 vol% (ref. J4), d reldtlvely short Iifetlm? of 4.J j i> c~lcul~ted ~Jr ,1

WI/mZ machine (ref. iG]. [t IS dppdrent tndt mdteridls must oe ,level,~ped dl:m

even ~redter dimel’;londl stability than that 6f Conventtond! splnel, in ,jr,ler

co meet the needs of lightly-shi~lded tidqnets.



FISSION VS. FUSION NEUTRON OAHAGE

[t is important to consider differences b@tWQn flSSiOn neutron (-l Hev) and

fu~tsn (14 ffov) nautron demagt, since the h(gh-dose data basa 1s totally fran

fission redctor stutllas yet the environment of a O-T reactor is dominated by a

softened fusion neutron unergy spectrum.

Higher-energy neutrons halve the potential fOr Creating damage cascades

different from thosa fotmed by fdSt fission neutrOnS, and dlso generate much

gredtar quantities of transmutation products. lne former topic is currently

being dssessed by Kfnoshita (ref. 28) who has irrarliatad a Idrge number of

ceramics in the RTNS-[1 14 tleV neutron source. Early feSult5 have shown the

presence of contrast efiects in Cr203 thdt represent the first reported

observations of cascadts in ceramics,

Transmutation products are generated relatively rapidly in the environment

of high-energy fus!on neutrons. Of particular concern are the transmutdt+on

gdses H and He, mnich cwld significantly affect damage microstructure,

However, metallic products may dlso play dn important role in dltering

electrical prop9rttus or insulators, Cdlculdted concentrations of sever~l

transmutation products for four ceramics (ref. J) after exposure for a year at

the first wall of a 2f?W/m2 machine dre shown in Tdble 4.

TABIE 4

Transmutation products (in atomic pdrts per mill ion) for four candidate fusion

reactor cer?mics (ref. 3)0

Sic BeO SiJN4 Alzill

Hydrogen 800 ~IJ6 13J4 9i2

Helium 1190 5840 1516 L574

Cdrbon .- l13a 656 1248

Mdgnes,um 916 . . S1O 368

it 1s u? critical i~portance to cdrry out simulation tests of :rJnslmbt~tion

eff~cts in ceramics, both to obtain ?xpe~’’mental data for d fuslln environment

dnd to osttolish correlation parameters for the present fissicn redctor-

qeaeratea data bdse, One dpproach (r~f, 10) Is to Introduce the transmutation

products H, He dnd L by Irrddidting Isotop!cal ly-tai lored rerdmics in d



■lxid-spactrm fission reactor. In this scham disPlacmmt dmqa wuld IN

gmrotad By Ma fast neutrons, and tranwutations by tha thwml nmitrcns. The

kay reactions to b, utllizod ar9 “N(n,v)14C and 170(n,a)’4C. A study of this

ty~ may rowiro special fabrication tochniwws tO Msura thdt ddd@ttS

comsntritfons of tno wcial lsotopos m r@ainad in tno ozidm, nltr~dos,

andior oxynitrldos chosad for av~luation,
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