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CERAMICS FOR FUSION APP" [CATIONS

F. Wd. <linard, Jr.
Materials Science and Technology Oivision, Los Alamcs National Liporatary,
Los Alamos, Naw Mexico 875435 (USA)

ABSTRACT

Ceramics ere requirod for 4 variaty of uses in Doth nedr-tarm fusion lav':6es
and in commercial powerplants. These materials must retain adequate structural
and electrical properties under conditions of neutron, darticle, ang 1901211
v.ragiation; thermal ana applied stresses; and physical and Znemicia:
puttering. Ceramics such as AI,OJ, %gAta0,, 30, 313Ny and S1C are :c.rrently
arder stuuy for fusion applicatinns, and res_'t< to gate show widely-varying
‘esponse to the fusion environment. Matarials can be dentified togay «nich
«11] meat nitial operatinyg ~equirements, dut improvements 'n pnysical
properties are needed to achiave satisfactory lifatimes for critical
agplications.
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on the three major ceramics applications cited above), an¢ to draw the reader';
attention to likely areas for future work, [t is hoped that tne latter «11'
prove useful to researchers seeking to Jdevelop new or improved ceramics for
fusion applications.

CERAMICS FQR A[GH HEAT FLUX APPLICATIONS

ceramics dre in ccipetition witn metals and with laminatea (pernaps
cerymic/metal) systrms for use as first «all armor, limitars, J:vertars, ang
heat sinks, Ceramics typrcally offar tne fallawing advantages for tnese
aoplicatiuns:

e Tow activation

o low atomi¢c numper for minimal plasma contamination

® nigh gperating temperature

e resi15tance to chemical spuitering

e adbsence of prodblams ~i1th toxicHity

o low Cost of starting mnatarrals

e 'mmunity to magnetic forces (1f an insyiator e semiconductor).
This list represants an mpressive dargument for the use of ceramics far nigh
neat flu« lomponants. However, 1% nust e recognized %hat the :ntrinsic
prittieness »f these materrals presents severe orodlems 18 4 nejn tnermal f,a
enyvirgnmant, %h4at nust Je Addressed Dy careful je’ection of tandidate materials
=% application of drittle natar'als Jesign technijues,

41gr neat flux natertals :an de subjectod to heat loads ranging from JJ
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conditions of nigh thermal ard mecharical stress; alumina 15 reascnably jood
under these conditions, and can serve as a standard of comparison for competing
materials. MgAl,0, 15 generally considered somewnat inferior to Al,0, as a
structural ceramic, dut recent work Dy Smytn 2t al. (ref. 1) has snown zna:
carefyl zontro! of mpurity content can result in a spinel with straagtn
comparadle t0 that of alumina. Be0 is protably the least attra-tive of “nese
naterials decause aof 1ts toxicity.

Jdne of the most promising materials for high neat flux applications 15 3 2w
form of SiC, Hitaceram SC-101 (ref., 12). Reduction of mmpurity content 1n 211§
sintered product nas resulted 1n a value of thermal conductiv'ty equal %3 %nat
of aluninum and four times that of convantional poiycrystalline 31¢ (Tanle !).
Thermal shock studies ¢f SC-1J1 {ref. 13) snow expectedly jood nerformance,
equivalent to that of fine-grained jrapnite,

TAdLE |
comparisan of pnysical and electrical properties of nigh-purity pol,crystail n2
3tC with those of other materials [ref. 12).
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caramics) a reduction in tnermal conductivity {ref. 1). Sweliing of this
caramic at temperatures halow 1300 K appears to saturate at low doses, implying
resistance to gross damage at very hign fluences.

Laminar structures (e.J., ceramic donded %0 3 water-:o5¢led netal substriate)
offer an attractive combination of properties, and are under study “or Jse In
near-tarm fusion gevices. However, problems ~esulting “rom 9:1fferential
swelling of the two materials, plus damage assocrated ='th the interface,
mitigate against use of such systems whare neutron fluxes are nign. An 2xample
of the conseauences of gyfferentia: swelling for an otherwise attractive parir
of materials {SiC on graphite) 1S shown 1 Fig. (. Here the 3iC layer swelled
to a saturation valus of 1.5 vol% early n the irragiation tevt, wnile tne
Jraphite progressively densified to a value 37 vOI% jreater th-n tnat ,f the
As-‘abricated material. The result «as almost complete Jelamination, «nicn :n
2 fusion Jevice could lead to furtner destructicn of tre protective layer ang
Zonsequent axpusure of tne graph'te to chemical attack from the hydrogen
159topes Of the fuel,
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(ref. 16), it is necessary %0 specify 1rradiation temps~ature pefore 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 De desirable to nave ceramics capaple af
sustaining very hign damage levels., unfortunately, tnere are essentially no
dJata available for these materials beyond about 20 displacements per atom
(dpa), «nich 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
15 an area where furtner studies are clearly needed.

Jevelopmant of ceramics that can withstand intense damage 'evels will
require botn 4 fundamental understanding of Jamage effects and innovat've
materials selection. An 2xamole of the latter is the use of materials that can
periodicaily be restored to their undamaged condition by thermal cycling. Ine
possibility 1s to allow first wall materials to operate at very high
temperatures (Jtililing cooling by radiative means only), dut Jdefecc aggregates
Such as voids 4are notoriously gifficult to remnve by annealing,

An Intriquing idea is to use natervals that can exist in aither crystalline
or amorphous forms, and 0 vary the operating temperature so that damaqe
acquired at elevated temperatures can be erased by periodic operation at lywer
vemperatures where Jamage causes conversion to tne amorphous ~ondition, Tnis
suQyestion Ras recently baen proposed for metallic systems (ref. 17), dut since
ceramics <an 3lso undergo sucil temperature-depancent transitions (e.y., ref,
13), ne oronc:ple can also be appliea nhere. The cyclic nature of operating
remperatyres for high nest flux components mares this approach particularly
100roprigta, Jub accommodation would nave :J Ye nade for the :naracteristic
Juor trermal conductivity of cyramics 'n the 1i1sgrdered state.

JUSLECTRICS FOR RF HEATING SYSTEMS

vost :onceptual Jesigns for fusion Jevicas call for tae use of IF Jeams *o
neat tam plasma. Possible coupling nodes and their operating rraguenc e,
'nelyde an syclotron about 18 HZ), lower nybrad (iO’-iJi’ 42), ANy #ialtean
syclotrgn ('.)"‘l 42y, Correspondaing methods For transmitting the enercy ty tta
First wall ang plasma mignt ravelve 2oaxtal caibles, waveguides, intanags,
NGSQr winduws,  Applicatrons for ceramics might therefore nclude sidee”s 1r
codntal cables, A ngh dsetectrin constant Miller for savaguides, antenny
stangoi fy, 3ng windows

The nost Jifficult of tnese spplicatronc appears te he < nijows Far ase it
niilimeter wave fraquencies ('lJll MZ).  Ine fyrlure node s lrkely to he
thermal streess-raguced fracture resulting fram absorption of sneryy from the

JR3M;, i mAtertas s requirements dre MLGR Strangta, 100d Jnensiong |



stability, high tnermal conductivity and good transmissivity. A compliant
mounting system for the window could significantly reduce thermomechanical
stresses,

The function of the window is to separate the first ~all envirgnment
(including recigual J-T fuel) from the RF source and the other remote systems
of the facility. The portion of the waveguide from the source to the window
may be filled with SFg gas to improve transmissivity. Location of the window
with respect to the plasma nhas not yet been determined, but since best
mavequide performance w~ill be atained if the window is located near aor at the
first wall, severe neutron and other fluxes must be anticipated.

The window itself will probably be of laminar design, with a flowing coolant
petween the two elemvats. Candidate materials include Bed (primarily Decause
of its high thermal conductivity), uIZOJ (presently used for Jyrotron w» .ndows),
MgAT,0, (becduse of its generally good radiation resistance), and Siywy (an
insulator known for its righ strength and thermal shock resistance).
Conventional $iC 's a semiconductor, but the hignh-purity form discussed earlier
demonstrates good 1nsulating properties (Table 1) and is therefora 3lso
cunsidered & candidate material for this application,

Little is xnown about the effect of neutron ~amage on dielectric losses,
which dre proportional to the product of losi *angent (tané) and dielectric
constant (K). First results at mm save frequenc:es for heavily-Janayed
ceramics, recent!, "btained by Frost (ref. 13), ire shown in Table 2. [t may
be seen that both Al,0; and ded suffered a doudbling of lossiness at room
temperature as a resalt of this stposure. This work also 1dentified a
potential problem not neretofure consideed: the consequences of reflertinn of
4 portion of the intensa beam back to the source, 3s 4 resu:'t of detuning of
the window Intriduced 0y changes 1n dimensions and dielectric properties.

Calculations by Fowler (ref. 20) nave snown tnat under realistic coandrtions
3 doubling of Ktand ledds to an 1ncrease of 3 factor of two 'n ¢nergy Abdsorbed,
and that 1n “urn results in a Joubling of stress. The consequences %3 winduw
11fatime can be <erious: Frost used results from Ferber at al, (ref. ’l) %o
show tnat =ne lifetime for a Aed ~indow can ve raduced from one saer %o 'ass
“han 4 4ay 9y such a Joubling of strass.

Agditignal sgmificant jegradation will resull from tne rfaductron of “hermal
conductivity that accompdnies irradiatton Jamage 'n mos. ceramics.  Thir oan o«
partially offset ny the Incredse an strengtn that -ften sccompanies foarnution
of Jefect aggregates such as 11shrcanton louds and vords (ref, ). dowever,
tn polycrystaliine furms of natarals sucn 33 A1.0y and deu w1th aon- upig
crystal structures, this strengthaning can e nors than of fset by itensses

resqalting from misotropic swelling,



Even if it is possible to locate RF windows in areas where neytron doses are
low, a considerable increase in lossiness may result. Working in the range of
approximately 104-106 Hz, Cowler (ref. 20) found increasas of as much as an
order of magnitude in Alyly at 1022 n/mz. and a dependen.e on neutron energy.
More recently, Pells et al. (ref. 22) assessed the behavior of two forms of
alumina plus aluminum oxynitride at dJoses up to 1024 n/m2 petween 1 and 65 MHz
and reported complex 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
irradiation to 8x13%! n/m? at 660 k (ref. 19).

Material and Dielectric Loss Tangant Ktans,
Condition® onstant (K) (tans), x107¢ x10-3
control 10.28 4.5 4.6
irradiated 10.10 9,7 3.8

3e0:
control 6.85 3.0 5.3
rradiated 5.34 17.4 10.2

it can be seen from this 3,cussron tnat nany facets of radiation response
:ame into play when considering the window application. Changes 1n strength,
qensity, and thermal conductivity are fairly well unierstood (refs. 14 and
231, ncwaver, a fundamental understanding of loss mechanisms in irradiated
cgramics 1s needed, both with respect to post-irradiation effects and to
Lempcrdry changes concurrent with generation of structural Jamage and
1wGsarption of 1onizing energy. Jnce that 1s 1n hand, 1t snodld oe gassible *o
jevalop mproved forms of candtidate naterials for this application,

Uf 1t is nerassary to locate RF «indows at the first wall of a fusion
dJevice, then irradiation by other than seutrons nust de consiaered. {un
bombardmaent nay have Jelaterious affacts both from mplantation (perhaps
leading to blistering) and from physical eroston (sputtering). chemical
srosion, 4lthongh nuch less than that for elemental materials such as jraphite,
night present a problem at alevated temperaturaes. Finally, deposition of
vapurity ‘dyers could reduce transmisiivity or in¢resse reflectivity, [t nay



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

INSULATORS FOR LIGHTLY-SHIELDED MAGNETS

The intense magnetic fields required for containment and shaping of the
plasma are generated by efther c¢cryoganic or normal (near-room ‘emperature)
coils. The former nave damage-sensitive components such as the superconductor,
its stabilizer, and polymeric insulators, so that shieldiar ‘s required. The
latter type of magnet uses a copper alloy concuc.or, water coaling, and ceramic
insulators, so that reasonably good radiaticn resistance can be anticipated.
In principle the ceramic insulator could be either in bulk or powder Ffarm;
however, concerns about elect: ical resistivity and thermal conductivity of the
lacter (ref. 24) indicate that only the bulk form should be used. Coils of
poth types are massive, Jifficult to repair, and represent half the cost of an
advanced fusion device; thus the ma.arials 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. '1 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 Jdose of 100 dra or more is likely for the inboard ceramic nsulators
3f such nagnets.

Candidate matarials for this application include Alzoj, MgAl.04, 31C and
Sijud. Alumina suffers from anisotropic swelling (refs. 15 and 15), so that
high jrain poundary stresses and ultimately a catastropnic ’.:ss of strength
restrict lifetime for this ceramic to doses on the arder of () Jpa.
Nevertneless, its high state of development and good starting .*rength
(necessary to resist large magnet forces; mnakes this naterial a + <ely :noirl2
for intermediate-tarm machines.

Tests of spinel to a damage 'evel of =27 Jpa ihow 2xcellent resistance to
neytron trradiation, At tempecatures of 660 £ 2nd jreater, swalling of
singie-crystal material 15 near zero and sirength is actudallv annancad Yy
1readiation Jamege. This oehavior 1s datirabutable %2 zne fact tnat nost
irradiation-nduced defects recombine narmlessly, ~ntle tne ramainjer
precipitate i1nto dislocation loops whose strain fialds ipparently strangthen
the matert1al by crack deflection (-efs. 14 and 19).

Polycrystalline spinel 1lso performs well, but shows a low ia2vel )f jweiling
dand less strength enhancement Lhin Joos 1ts single-crystal zounterpart (ref,
14), Transmission electron microsccpic (TEM) examination reveals the presence
of smell vords formed vear (but "0t 'n) jrain Soundrries after trradration 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 Tower 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
boundary affects are intrinsic to palycrystalline spine! or whether adjustments
in composition could mitigate the probl!em.

Fig. .. Voids drrayed near grain doundaries in MgAl,0, after irradiatica to
2x19%% asn® a4t 1100 K.

The improvement of strenygth or fracture toughness that accompanies
accumulaticn of neucron irradiation damage in cubic polycrystalline ca2ramics or
single-crystal materials is a phenomenon of great importanre to all fusion
applications, Examples of results obtained, for several single-crystal
mater1als and test temperatures, are shown in Table } along with a description
of the duminant damage micrustructures observed by TEM. One of two imechanisms
1s tnouyht to be responsible for the observed enhancement of md "hanical



properties: either crack deflection by strain fields arounc dislocation loops,
or crack pinning, blunting, branching, and jogging as a result of passaga
through an array of fine voids (ref. 27). <Considering thati these improvaments
in mechanical properties are opbserved in unoptimized materials, there appears
to be ..ple apportunity for further exploitation of these strzngthening
phenomena.

TABLE 3

Changes in strength and fracture toughness, aiong with characteristic du.age
microstructures, resulting from elevata<-temperature irradiation to a dose of
2x10¢6 n/m.

Ceramic [rradiation Change 1n Change in Damage
(ref.) Temp., K Strength Fracture Toughness Microstructure
A1,04 925 -- *20% 36A dia sords
(ref. 27)
Al,04 1100 -- +1103 90A dia voids
(ref. 27)
MgAl,0, 680 *92° -- 104 dia interstitial
(ref, 11) Jislocatiun 'oops
gAT,0, 313 +15% -- 3000 12 interstitial
(ref, 14) dislocation loops

it is difficult to conduct neutron irradiation tests at temperatures close
to that of a magnet's water coolant, ysing a4 sodium-canled fission reactor is 1
test facility. (For example, the sodium in the E3dR-{[ reactor operates at
agout 850 K.) Nevertheless, in one instance 1t «d4s possible to carry out 1
long-term test at 430 K in 4 watar-cooled reactor, to a damage level of !0 dpa
(ref. 26). This work showed that while spinel was strengthened, a small
amount of swelling (2.3 vol%) d1d occur. [f tolerable swelling 15 taxen %y 22
3 vol% (ref. 24), a relatively short lifatwme of 4.3 y is calculated tor g
:HH/mZ machine (ref. lJy). [t 's appdrent that materials must De Jeveloped w1:in
gven Jreater dimenjional stability than that of conventional! spinel, n ardur
to meet the needs of lightly-shielded nagnets.



FISSION VS. FUSION NEUTRON DAMAGE

[t i3 important to consider differences between fission neutron (~l Mev) and
fueion (14 MeV) neutron damage, since the high-dose data basa is totally from
fission reactor studies yet the environment of a 0-T reactor is doiinated by a
softened fusion neutron unergy spectrum.

Higher-energy neutrons have the potential for creating damage cascades
different from those formed by fast fission neutrons, and also generate much
greatear quantities of transmutation products. Tne former topic is currently
being assessed by Kinoshita (ref. 28) who has irradiated a large number of
caramics in the RTNS-[I 14 HeV neutron source. Early resylts have shown the
presance of contrast efrects in CrZOJ that represant the first reported
obsarvations of cascades in ceramics.

Transmutation products are generated relatively rapidly in the environment
of high-energy fusion neutrons. Of particular concern are the transmutation
gases H and He, which could significantly affect damage microstructures.
Howaver, metallic products may also play an important role in altaring
aelectrical propertics of insulators. Calculated concentrations of several
transmutation products for four ceramics (ref. 3}) after exposure for a year at
the first wall of a 2*W/m? machine are shown in Table 4.

TABIE 4
Transautation products (in atomic parts per million) for four candidate fusion
reactor ceramics (raf. 3).

SiC Be0 S1Ng al,0,
Hydrogen 880 206 1334 912
Helium 1190 5840 1516 1574
Carbon -- 1133 656 1243
Magnes.um 916 .- $10 163

it is 0f critical importance to carry out simulation tests of transmutation
effacts in ceramics, both to obtain exper-mental data for a fusivn environment
and to estiplish correlation parameters for the presant fission reactor-
generated Jata vase. One approach (ref. L0) is to 1ntroduce the transmutation
products H, He and C by i1rradtating tsotopically-tatlored reramics in a



mixid-spectrum fission reactor. In this scheme displacement damage would be
genirated by the fast neutrons, and transmutations by the thermal neutrons. The
key reactions to be utilized are -*N(n,p)l%C and 170(n,a)l%. A study of tnis
typt may require special fabrication techniques to assure that adequate
contentrations of the special 1sotopes are retained in tne oxides, nitrides,
and, or oxynitridas chosed for evaluation.
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