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CERAMICS FQR FUSION APP" [CATIONS

F. W. <linard, Jr.
Materials Science and Technology Oivision, Los Alamcs National Laporatory,
Los Alamos, New Mexico 87545 (USA)

ABSTRACT

Ceramirs are requirad for ¢ variety of uses in both near-term fusion 1ev':es
and in commercial powerplants. Thase materials must retain adequate struc:ural
and electrical properties under conditions of neutron, particle, and 1n1211y
t.radiation: thermal and applied stresses; and physical and nemica!
:puttsring. Ceramics such as i1,3;, %gAl~d,, 360, 313N, and S1C are corrently
Jsrder stuuy for fusion applicatinng, and res_"t« to date show widely-varying
-esponse to the fusiow environment. Materaalg can e rdentified today ~nicn
«11] meat 'nitral operatiny "equirements. but improvements 1n pnysical
Jracerties are needed to achieve satisfactory lifitimes for craitical
applications.

NTRUQUCTICN

As Jesigny for fusion e 1ces Jecome more Jetarley, requirements and
soeritng candrnians far ceramyis are pecified «1th -eater gracision,
Alta0ugr 1uptications ser, W10 tne aature Ctong lev-e, the folluwrr; tmeae
.dn 2@ ognsidered jencric %0 MusL ier)ns f advanced ‘)sr1on tachines:

° [eramics for nigh heat fl,x gppiroatcas gt sne reest 4all

* j.electrics for RF neating systems

e 'asalatory for ligntly-shielded or unsntelied ~agee®;
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on the three major ceramics applications cited above), an¢ to draw the reader's
attention to likely areas for future work. [t is hoped that ine latter «11!
prove useful to researchers seeking to Jevelop new or improved ceramics for
fusion applications.

CERAMICS FQR AlgH HEAT FLUX APPLICATIONS

cer2mics are in ccipetitign witn metals and with laminatea pernaps
cergmic/metal) systrms for use as first «all armor, limizars, 2:vertors, and
heat sinks. cCeramecs typically ofvar tne fallawing advantages for tnese
asplicatiuns:

e low activation

o low atomic numbar for minimal plasma contamination

® nigh gperating temperature

® resistance to chemical spuitering

o apsance of problams ~1th toxicity

o low cost of starting mnatar:als

e 1mmunity to magnetic forces (f In nsusator r semiconducior].
This list represents an impressive argument for the use of ceramics for nigk
neat flux :ompgnents. However, '@ nust e recognized inat the :ntrinsic
prittieness »f tnese materials presents severe urodlems 1n a n'jh inermal flya
enyirgnmant, hat m.st e iudressed Dy careful se’ecmion of :tandidate materrals
=% application of oritile mnatertals dJesign technijues.

41Qr. neat flua natertals :an Je subjected to heat loads ranging from JJ
arcmé 1first wall, normal werat:-on) arougn 110-.30 woca-  snine-tarough fram
seutral beam tnjection or flux '3 tne <ivartar alate) to 13 <W/EAS lurcng
orref plasma Jisruptions. e last «1t.e gresants severs rablems of
aretabt ity for nost nateriyls, Lut '* g moped Mgt ymorivements n
‘Astramentation and feedDAck ,yStems N ajeanced nacnines &'t 3ligw the wor;t
“roseguences 2f Jasruptions to De avyclded,

lay .roments for h'gh nea: fl.x cgramics sre jominyterd oy “°8 aawg “or jadg
Jeofarnance onder thermal stress conditions, S0t 4 gndvest Snat 1 jndigate
nataerc il Myuid ndve RgA thermal condult vty vl oy W Lot ritant 3 f taaeng)
NI EPLN CUornt rg 3 F gy PRt ty )t el cepget e Ry
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Jrapagatton s fng o ngst CNpo. Nt anstleratrin, te meeds with cuyge -t o e
ANt w0 Jaranetary are cayeeips TIe 0ravent i 30 aragegdt i st than
plies ratantignal vormatgn o ) tanna ey gt T S Tt gt ey e
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conditions of high thermal and mecharical stress; alumina 15 reasanably jood
under these cunditions, and can serve as a standard of comparison for compe:ing
materfals. MgAl,0, 15 generally considered somewnat inferior to Al;0y as a
structural caramic, dut recent work Dy Smyth 2t al. (ref. [l) nas snown inas
careful zontrol of mpurity content can result in a spinel with streagtn
comparadbic %0 that of alumina. B8eQ is protibly the leasi attractive of ‘nese
naterials decause af 1ts ‘toxicity.

Jdne of tne most promising materials for high neat flux applications 1s 31 12w
form of SiC, Hitaceram 35C-101 (ref. 12). Reduction of impurity content i1n :n1s
sintered product nas resulted 'n a value of thermal conduc-iv'ty equal %3 ‘*nat
of alumninum and four limes that of convantional poiycrystalline 31¢ (Taple !1.
Tharmal shock studies cf SC-1J1 {ref. 13) snow expectedly jood nerformance,
equivalent to that of fine-qgrained jrapnite.

TALE 1
comparisnn Of pnysical and electrical properties of nigh-purity polscrystail n»
31C with tnose of atrer materials :ref. [2).

Materal Tnermal Conductivity Electricail Resistivity  'hermal Z«pars:on
A, it Ry Q-cm, at RT roeff., 1j07? «

Hitaceram IR 1)13 1.

SC-1I1

structaral 2’ oyl A

e

250 o, C

ST a o soag? '

Stfatine of 2'asma-fagtay omponents nay be relatively snurt oecslse of
iputtering ernsion, dqb * 15 navertnelass envisaged tnat teutran e e g
M osyfficient to Jause srgmifizant stractaral cnanges.  ceramicg g atiel, 0
their reasponse "y eragateton Jamage, ~1°0 qome aecng gadly 1egrages dy oWy
15 Tuw gy :!: Vont g atners Jemonstratiag t.rtle change e g0 vnnar L et
Cosrapert eg L) ey tnat Jose (ref. LU). 31 falls inotma niigle oamge,
Al mplerate saeiiang, Tittle strangth -hange, ng lal)nq atln n0st cosulating



ceramics) a reduction in thermal conductivity !ref. [). Sweliing of tnis
ceramic at temperatures helow 1300 K appears to saturate at low dases, implying
resistance to gross damage at very hign fluences.

Laminar structures (e.J., ceramic bonded 0 i witer-:opled -etal substrite)
offer an attractiva combination of properties, and are under study far Jse In
near-term fusion devices. However, problems —esulting “rom 91fferential
swelling of the two materials, plus damage assoclated «":n the Interface,
mitigate against yse of such systems where neutron fluxes are nign. An 2xample
of the cornseauences of differentia: swelling for an otherwise aitractive pair
of materials (SiC on graphite) 15 shown 1. Fig. .. Here the 3iC layar swelled
to a saturation value of 1.5 vol% early in the irradiation tewt, wnile the
Jraphile progressively densified to a va'ue »/ vOlL jreater tu.n tnat ,f tne
As-fabricated material. The result ~as almost cunplete Jelamianation, «nicn :n
3 fusion device could lead o furtner destructicn of tre protective layer ang
cansaquent axpusure of the graph‘ta to chemical attack from the hydrogen
1sotopes of the fuel,
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(ref. 16), it is necessary %0 specify irradiation temps~ature before the extant
of this problem can be judged. [n both composite and anisotropic ceramics some

relief should be availabie by using fine particla or grain sizes,

[f it becomes pussible to reduce sputtering (for example, by reduction of
plasma edge temperature). then it wi'l be desirable to nave ceramics capaple af
sustaining very hign damage levels. lnfortunately, there are essentiaiily no
dJata available for these materials beyonG about 20 displacements per atom
(dpaj, #hich is equivalent to a year's exposure at the first ~all of a 2 /e
reactor, whereas lifetime of the facility mignt be twenty years or more. This
's an area «nere fyrtner studies are clearly needed.

Jevelopmant of ceramics that can withstand intense damage 'evels will
require botn a fundamental understanding of Jdamage effects and inngvat’ve
materials selection. An axamole of the latter is the use of materials that can
periodicaily be restcred to their undamaged condition by tnermal cycling. 9Ine
possibility 15 to allow first wall materials to operate at very high
temperatures (utililing cooling by radirative means only), hut defecct aqQregates
such as voids are notoriously difficult to remnve by annealing.

An Intriquing idea is to use natertals that can exist in ei%her crystalline
or amorphous forms, and 0 vary the operating temperature so that damage
acquired at elevated temperatures can be erased by periodic operation at lywer
vemperatures where Jamage cAuses canversion to the amorphous ~ondition. Tnis
suggestion ras recently been proposed for metallic svstems (ref. 17), dut since
ceramics <an 3150 undergo sucil temperatura-depencent transitions (e.y., ref,
13), tne oranctple can a'so be appliea nere. The cyclic nature of operating
remperatires for hiyh necst flux components mares this approach particularly
10propriate, dut acoommodation would nave t) Ye nade for the cnaracteristic
Joor trermal conductivity of <eramics n the 11sordered state.

JIaLECIRNIS FOR RF HEATING SYSTEMS

vost .onceptual Jesigns for fusion .Jevicas call for tae wse 9f IF Jeams *o
neat tna plasma. Possible <oupling nodes and their aperai ng traguenr e,
‘nctyde on e lotron about 18 HZ), lower njorid (iO’-iJi) Te), and 2ielt e o
seletran ‘:):‘ dz1. Corresoponding matnods Ter LPANSKNLLING LA eyt e
firss sall ang plasna nignt anvolve coaxtal cables, ~aveguides, ntannas,
1Ngtor ainduws,  dpplicattons for ceramics mignt therefore melyde siacess 1)r
caantal cap'es, 3 nagn iietectrin constant filler for agvaguides. antenng
Sangoi fy, and windows

The nost Jafficult of tnese applrcationc pprars te he < njows tor aye at
nillimeter wave fraguencies (-(Jll wy). The “yirlure node 15 likely to he
*aermal atress-onduied fractare eesulting from absorption of onaryy from \ne

38aM; Ty natertae s réuirements Are hgn strengta, 100 1tnonsiong |



stagility, high thermal conductivity and good transmissivity. A compliant
mounting system for the window could significantly reduce thermomechanical
stregses.

The function of the window is to separate the first wall environment
(including recigual J)-T fuel) from the RF source and the other remote systems
af the facility. The portion of the wavequide from the source to tne window
may be filled with SF; gas to improve transmissivity. Location of the window
with respact to the plasma nas not yet been determined, but since bast
wavaquide performance will be atained if the window is located near or at the
First wall, sevare neutron and other fluxes must be anticipated.

The window itself will probably be of iaminar design, with a flowing coolant
petween the two 2lemvats. <candidate naterials include Bed (primarily Decause
of its high thermal conductivity), 1,05 (presently used for Jyrotron ».ndows),
MgAl,0, (because of its generally good radiation resistance), and S13uq (an
insulator known for its "igh strength and thermal shock resistance).
Conventional SiC s a semicanductor, but the nigh-purity form discussed earlier
demonstrates Jood 'nsulating properties (Table 1) and is therefore also
cunsidered a candidate materral for this application,

Little is xnown about the effect of neutron ~amage on dielectric losses.
which dre proportional to the product of loss *angent (tans) and dielectric
constant (K). First rusults at mm ~ave frequenc:es for neavily-Jaaaged
ceramics, recentl, ~btained by Frost (ref. 13), ire shown in Table 2. [t may
Se seen that both Al,0; and ded suffered a dondling of lossiness at room
temperature as 4 result of this stposure. This work also 1dentified 3
potential proplem not neretofure consideced: the consequences ot reflertinn of
a pertion of the intensa beam back to tne sourne, as a resu:t of detuning of
the sindow Intriduced oy changes 'n dimensions and dielectric properties.

Caiculations Dy Fowler (ref. '0) nave snown tnat under realistic coaditions
a doubling of K*ané leads to an increase of a factor of tW0 0 ¢neryy absorded.
and that 1n “urn rasults in a Jdoubling of stress. Tha (onsequences L9 winduw
l1fatime 2an De sarious: Frost used results from Farber a2t al, (ref. 1) 9
show that <ne lifetime for a 9e0 ~indow <an e reduced from one (eur %o luss
“han 3 Jay 9y <uch & goudling of strass.

Agdittanal sy ficant legradation will rasyll from tne <educiron of thermnal
zonductivity that accompdnies irradiation Jamage In mosc ceramics. Tni' cin o:
partrally offset ay the 1acreass in sirengtn tnat -ften sccompanies faration
of Jefect aggragates iach s Mislicst-nn touds and volds (ref, 14}, owever,
tn palycrystalline furms of natarals sucn 15 1.0y and deu a1t ma-cnpic
crystal stractures, LR strengtnening Can de nor2 than o9ffset Dy itresses
rasalting Yrom misotropic swelling.



Even if it is possible to locate RF windows in areas where neutron doses are
low, a considerable increase in lossiness may result. Working in the range of
approximately 104-100 uz, cowler (ref. 20) found increases of as much as an
order of magnitude 1n Al,L;y at 1022 n/mz, and a dependeniLe on neutron energy.
More recently, Pells et al, (ref. 22} assessed the behavior of two forms of
alumina plus aluminum oxynitride at Jdoses up to 1024 a/m2 between | and 65 MHz
and reported conplex and sometimes large dependencies on dose, frequency, and
nature of the starting marerial.

TABLE 2
Room-temperature dielectric properties of alumina and beryllia at 95 GHz after
frradiation to 8x13%! a/m? at 660 (ref. 19).

Material and Dielectric Loss Tangent Ktané,
Condition® constant (K) (tans), x10-4 x10-3
control 10.28 4.5 4.6
irradiated 10.10 9.7 3.8

3e0:
control 6.55 3.0 5.3
'rradiated 5.34 17.4 10.2

it can be seen from this 3°acussion *nat nany facets of radiation response
:ome into play when considering the window application. Changes 1n strength,
Jensity, and thermal conductivity are fairly well unjerstood (refs. 14 and
231, ncwever, a fundamental understanding of loss mecnanisms in irradiated
<éramics s needed, both with respect to post-irradiation efferts and to
tempcrary <hanges concurrent with generation of structural .jamage 4and
1sorption nf 1on12ing energy. dnce that 15 1n nand, 1t snoJld de gossinle 9
jevelop 'mproved forms of caniidate naterials for this application,

f 1t is aenessary to ‘vcate RF a«indows at tnhe first wall of a fusion
dJevice, then irradiation by other than seutrans nust Se consigered. .on
bombardment nay have Jelaterious evfects both from mplantation (pernaps
leading to blistering) and from physical erosion (sputtering). chemical
2rosion, 4lthough nucn less than tnat for elemental materials such as Jraphite.
night present a prodblem at »levated temperaturas. Finally, deposition of
purily ldyers could reduce transmissivity or ncredse reflectivity, [t nay



be desirable to provide localized shielding for the window (by either physical
barriers or magnetic fields) in order to reduce the deleterious consequences of
the first wall eavironment.

INSULATORS FOR LIGHTLY-SHIELDED MAGNETS

The intense magnetic fields required for containment iand shaping of the
plasma are genarated by either cryoganic or normal (near-room %amperature)
coils. The former nave damage-sensitive components such as the superconductor,
its stabilizer, and polymeric insulators, so that shieldinr 's required. The
latter type of magnet uses a copper alloy conduc.or, water cooling, and ceramic
insulators, so that reasonably good radiaticn resistance can be anticipated.
In principle the ceramic insulator could be either in bulk or powder rorm;
however, concerns about electi ical resistivity and thermal conductivi®y of the
lacter (ref. 24) indicate that only the bulk form should be used. Coils of
both types are massive, Jifficult to repair, and represent half the cost of an
advanced fusion device; *hus the ma.erials chosen for this application should
if possible last the lifetime of the machine.

There is a trend toward compact reactors, which implies less shielding and
greater use of normal coils. ' some designs the inner conductor is just
benind the first wall, so that neutron fluxes are high. However, the first
wall sarves as a shield for particulate anc electromagnetic radiation, A
lifetime Jose of 100 dra or mora is likely for tne inboard ceramic insulators
af such .nagnets.

Candidate materials for this application include Alzoj. MgAl.04, 31C and
Sijud. Alumina suffers from anisotropic swelling (refs. 15 and 13), so that
high Jrain poundary stresses and ultimately a catastropnic i:ss af strength
restrict lifetime for this ceramic to doses on the order of i) !pa.
Nevertneless, its hignh state of development and good starting -*rength
(necessary to resist larqge magnet forcesj nakes this mnaterial a . -ely :no1c2
for intermediate-tarm machines.

Tests of spine! to a damage 'evel of 327 jpa how excellent rasistance to
neutron irradiation. At tempe-atures of 660 £ 2nd ;reater, swelling of
iingie=crystal material 1s near zero and sirength i3 actuallv 2nnancad by
ireadiation Jamcge. This gehavior 1s attradbutanle %3 ine €3¢t tnat nost
irradiation-1nduced defects recombine narmlessly. wntle tne remainjer
precipitate into dislocation 1oops whose strain fialds apparently str2nqgthen
the material by crack deflection (-efs. 14 and 13).

Polycrystalline spinel slso performs well, but snows a low iavel Hf iaellin;
and less strength enhancement thin oes 1ts single-crystal zounterpart (ref.
l4). Transmission electron microsrtcpic (TEM) examination revaeals ine vresence
of smell vords formed “1ear {but w0t 'n) jrain Houmdiries after :rradiration at



elevated temperatures, apparently as a result of preferential annihilation of
nearby interstitial atoms at grain boundaries (ref. 25). This unusual
microstrurture is shown in Fig. 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 clear whether these grain
poundary affects are intrinsic to polycrystalline spinel or whether adjustments
in composition could mitigate the problem.

Fig. .. Voids arrayed near grain doundaries in MgAl,0, after irradiaticn to
2x19%% arad 5t 1100 K.

The improvement of strength or fracture toughness that accompanies
accumulaticn of neutcron irvadiation damage in cubic polycrystalline ceramics or
single-crystal materials is a phenomenon of yreat importanre to all fusion
applications. Examples of results obtained, for several single-crystsl
matearials and test temperatures, are shown in Table ) along with a description
of the duminant damage micrustructures obsarved by TEM. One of two mnernanisms
1s thouyht to be responsible for the observed enhancement of mi ‘hanical



properties: either crack deflection by strain fields arounc dislocation loops.
or crack pinning, blunting, branching. and jogqing as a result of passage
through an array of fine voids (ref. 27). C(onsidering thai these improvements
in mechanical properties are observed in unoptimized materials, there appears
to be ..ple apportunity for further exploitation of these strzngthening
phenomena.

TABLE )

Changes in strength and fracture toughness, aiong with characteristic d..age
microstructures, resulting from elevatad-temperature irradiation to a dose of
2x19¢8 n/ml.

Ceramic [rradiation Change 1n Change in Oamage
(ref.) Temp., X Strength Fracture Toughness Nicrostructure
Al,04 925 .- *20% 36A dia ¢01ds
(ref. 27)
Al,04 L100 .- +1103 90A dia voids
(ref. 27)
gal,0, 580 927 -- 1704 dia interstitial
(ref. 19) Jislocatiun 'oops
gAl,0, 313 +715% - 3003 112 interstitial
(ref. 14) distocat:on loops

«t is difficult to conduct neutron irradiation tests at temperatures close
to that of a magnet's water coolant, using a sodium-cnaled fission reactor s 1
test facility. (For example, the sodium in the EJR-{[ reactor operates Jt
dogut 650 K.} Nevertheless, in one instance 't ~as possible to carry out 1
lung-term test at 430 K in a watar-cooled reactor, to a damage level of 27 dpa
(ref. 26). This work showed that ~hile spinel was strengthened, a small
amount of swelling (2.3 +01%) dwi occur. If tolerable seelling 15 tacxen %u Do
3 vol% (ref. 4), a relatively short lifetwma of 4.) y is calculated tor 4
Mw/mé machine (ref. 13J). [t 's apparent that materials must De ueveloped ~1:n
even Jreater dimenrsional stability than that of conventional spinel, 1n grdur
to neet the needs of lightly-shielded nagnets.



FISSION VS. FUSION NEUTRON DAMAGE

[t 13 important to consider differences between fission neutron (~l MeV) and
fueion (14 MeY) neutron damage, since the high-dose data base is totally from
fission reactor studies yet the environment of a 0-T reactor is doiinated by a
softened fusion neutron uwnergy spectrum.

Higher-energy neutrons have the potential for creating damage cascades
different from those formed by fast fission neutrons, and also generate much
greater quantities of transmutation products. 1lne former topic is currently
being assessad by Kinoshita (ref. 28) who has {rradiated a larqge number of
ceramics in the RTNS-I[ 14 HeV neutron source. Early resylts nave shown the
presence of contrast efracts in CrZOJ that represent the first reported
observations of cascades in ceramics.

Transmutation products are generated relatively rapidly in the environment
of high-enerqQy fusion neutrons. Of particular concera are the transmutation
gases H and He. which could significantly affect damage microstructures.
However, metallic products may also play an important role in altering
alectrical propertius of insulators. Calculated concentrations of several
transmutation products for four ceramics (ref. ]} after exposure for a year at
the first wall of a ZF.H/mz maching are shown in Table 4.

TABIE 4
Transwutation products (in atomic parts per million) for four candidate fusion
reactor ceramics (ref. 13).

SiC 8e0 S13Ng Al,03
dydrogen 880 296 1334 912
Helium 3190 5840 1516 1574
Carbon -- 1133 656 1248
Magnes cum 916 -- $10 163

it 1s of critical importance to carry out simulation tests of transmutation
effacts in ceramics, both to obtain exper-mental data for a fusi9n environment
and to estiolish correlation parameters for the present fissicn reactor-
generated Jdata vase. One approach (ref. l0) is to introduce :he transmutation
products H, Hs and C by irradiating isotopically-tailored reramics in a



mixtd-spectrum fission reactor. [n this scheme displacement damage would be
gentrated by the fast neutrons, and transmutations by the thermal neutrens. The
key reactions to be utilized are “M(n,p)l%C ana 70(n,a)l%, A study of this
typt may require special fabrication technigues to assure that adequate
contentrations of the special 1sotopes are retained in tne oxides, nitrides,
and. or oxynitridos chosed for avaluation.
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