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ABSTRACT

CERAMICS APE REQUIRED for a number of appli:a-
tiona in fusion devices, among the most criti-
cal of which ara magn2tic coil 1insulators,
vindowvs for RF hesting ayatems, and atructural
uses. Radiation effacts dominate conaidarstion
of candidata materials, although good pre-irra-
diation prepertisa are a raguiaite. Matarials
and componenta can be optimizad by caraful
centrol of chamical and microstructurel con-
tent, and application of brittlse matarial
deaign and tasting techniques. Future direc-
tions for reasarch and development ahculd
include further extanaion of the data basc in
the arams of alectrical, atructural, sand
thermal propertias; aatabliahment of a fiasion
neutron/fusion neutron corralation including
tranamutation gua effects; and development of
nav matarials tailored to maet the specific
naads of fusion reactors.

INTRODUCT1ON

Carsmice are requirad for n variety of
applicationa 1in megnatically-confined fuaion
davices. Thaaa includa:

o 1inaulatora for lightly-ahielded
magnatic coils
vindowva for RF haating wyatema
caramica for structural applicationa
inaulatora for nautral bteum injectors
currant brerka

o diract convirtar inaulriopa.

Oparating conditiora in thasa deviceam can be
aavara, involving intsnae radiation fielda,
high mechanical and alactrical atrexsea, and
large tharmal fluxaa. materiala propertiea
o1 aspacial concarn fall into thrae major

catagorisa, vhich car be aubdivided inta
wevers]l more specific topica. They are:

0o0o0oO

Structural

o swelling

o strength
Thermal

2 thermal conductivity
Electrical

o reaistivity

o dielectric breakdown strength

o losm tangent.
In any cxamination of the subject ¢ ceramics
for fusion applications, including the
present review, materisls problems must be
evaluated in the context of these potential
problem areaa.

Tne aubject o«f this paper has been
reviewed earlier by Holmea-Siedle (1), Rovner
and Hopkins (2), Clinard (3,4), Clinard and
Hurley (5), Suzuki et al. (6), Clinard et al.
(7), and Pells (B). Theme worka give much of
the background needed for a full
underatanding of this sublect, and #nre
valuabla supplementa to the present diarusr-
aion. Neverthelers, aince furion resctin
dasignr, materials requirements, ard
available ceramic dats are continually
avolving, a re-examination of thie toric
asann appropriata. In the present review the
thraa moat critical ceramic applications (the
firat three in the 1liast above) are
dascribad, and performance of several

*Szlaction of the most critical applicstions
for coramica in fuaion devices im a difficulc
and inexact procesa, sinca reactor neada and
oparating conditiona ara aubject to fraquent
change. Howevar, it appaara that theaa tiree
prasant the greateat difficultisa, snd are
tharafore the focus of thim paper. A]l have
in common a savare radiaticn environment, and
thair watarials raquiramentr taken together
are repreaentativa of woa' major caramirw
applications.



candidate materials 1is considered. This 1is
followed by a discussion of opportunitias for
matarials optimization, and the Daper
concludea with recommendations for future
directions in research and development.

MAGNETIC COIL INSULATORS

REQUIREMENTS - Fusion reactor designs call for
large normal (i.e., non-superconducting) magnets
to serve aa choke coils for mirror machines,
divertors anl plasma shaping coils for tokamaks,
and to meet a number of other requirements.
Choke and divertor coils must be placed close to
the first wall, and will therefore be expoaad to
lifqtima neutron irradiation do,fa of ~1027
n/m° and ionizing fluxes of 10 Gv/m. The
ceramic 1insulators for these magnets will
operate nesr TrToom temperature undar high
machanical atreaaes.

The moat detailed design study to date from
the standpoint of the insulator has been carried
out for the choke coil (9). It is astimated
that lifetime swelling cannot axceed 3 vol X%,
and ratention vuf adequate strength i1is a
requirement. Degradstion of thermal
conductivity will have iittle effect in this
application. Dielectric atrength requirements
are modeat, but electrical resistivity cannot
fall belov a calculable (design-dependent) level
without causing aignificant shunting of current
to the coppar conductor.

CANDIDATE MATERIALS - In the following
paragraphs anticipated performance of candidate
materials is discussed in terms of the currantly
svailable data bsse. Magnesium aluminate spinel
(MgAl,0,) 1is the prime candidste ceramic for
thia application, with MgO and A120 also under
ci waideraticn. Spinel is a 10,Elve1}1ng
caramic: after irradiation to 2.1x 10 n/m° at
430 K, a polycryatalline form of this material
was found to awell only 0.8 vol X (10). 1If it
is asaumed that fast fiasion and fusion neutron
damage effects are aimilar (an aasumption
implied in this psper unless otherwviae stated,
but discussed in a latar aaction), a awelling
rate linaar wvith dose would indicate ) lifetime
of 4.3 y at tha first wall of a 2 MW/m" machine.
Strangth of the apinel ceramic daacribed above
vaa increamsad 20 I by that irradiation axpoaure
(10), perhaps aa a reault of impadance of crack
initiation or propagation.

MgO ahovad lsaa dimansional atability under
thaae irradiation conditiona, exhibiting a
avalling of 2.6-3.0 X (10); however, atrength
alav incrasaed in this matarial, by 12-24 X. An
aquivalant high-doasa atudy has not baun carriad
out for Al 03. but sniasotropic avalling of
grains vithf% a polycryatalline insulatnr may
lead to pramature atructural fsilure.* It may
ba pomsibla, with the advant of econouicsl
tachniquaa for growth of aingle cryatala in
tachnologically-usaful ahapas (l1), to produce
SMRAL0 and MgO hava cubic cryatal
NtTuc u#cn. vhile Alz()3 has a haxagonal
atructurs,

Al,0, parts immune to inteznal damage from
lnilgtropic growth.

It is not anticipated that electrical
resistivity of these candidate ceramics,
meaaured after irradistion, will show a
significant dacrease unless major satructural
damage auch as severe cracking has occurred.
During 1irradiation, howvever, aignificant
degradation may accompany absorption of
ionizing energy as charge carriers are
temporarily excited into conducting atates.

The must axtensive investigatien o
radiation-induced conductivity (R1C) has been
carried out by Klaffky et al. (12,13), 1in Al
0.. Seversl forms of single-crystal Al.C
d?ffering in purity (12) and in one case witﬂ
prior radiation damage (13) were¢ irradiated
wvith 1.5 MeV electrona of three different
beam intensities. Representative rasults st
300 K sre shown in Fig. 1. Ir may be seen
that RIC increames dramatically with increas-
ing rate of absorption of ionizing energv,
but abaolute value of conductivity is reduced
by the presence of Cr, 0, impurity or struc-
tural irradiation damage. Thia behavior was
interpretead to be the result of a combination
of effacta such as creation of electrou-hole
pairs, trapping and detrapping, scattering,
and carrier recombination. With respect to
the choke coil application, calculations (9)
have shown that moderate increases in conduc-
tivity should be tolerable with careful coil
dasign 1if the degradat’on found in Al 0, is
rapresentative of that in other insulators,
can be linearly extrapcolated to higher
ionizing fluxes, snd accurately refiects
behavior wunder other (morc fusion-like)
irradiation conditions.

Soma coill designs spenify  powdered
rather than solid 1insulator material. ln
this case swelling of several percent 1.
tclerable, and strength is not a factor.
On the other hand, gases interapersed with
the reramic particles may 3uffer greater loss
of insulating propertiea under {rradiaticn
than doas the ceramic itself: con: r~stimate
puta the dagradatinn of remiitivity at ten
times thst of the ceramic (9. For thin
raason, and a rclated concern sbout thermsl
runavay in powderad ceramic (9), the most
recent choke coil design (14) specifies molid
inaulsting material.

WINDOWS FOR RF HEATING SYSTEMR

REQUIREMENTS - Radio fraquancy (micro-
wvave) plaama hoating 1ia raquired for mont
fuajon reactor concepts. RF energy can he
tranamittad to the plaama by ll!lrll techni-
ques: at lowar frequancies (10" He) cuaxtnl
cab&ca b b ba uaed, while atllinttrT’diate
(10 10 H:+) and high (10 ~-10 Hz)
frequenciea variour typea of vavepuide aystemn
are appropriate. Waveguidea will prohatilv
require windowa to  acparate the environ-
ment of the plasma clamber from that of
the RF source, which may Include a preamurized
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Fig. 1 - Radiation-induced conductivity as a

function of rate of absorption of ionizing
energy for three forms of Al,O. (taken from the
work of Klaffky et al.) (12, i33.

dielectric gas such s SF,. These windows will
absorb energy from the beam, and will be
actively cooled to near room temperature by a
fluid pessed between two laminar ©platea.
The-mal stresses will be high, snd aince the
consequences of structural failure are severe
(e.g., contamination of the plaama chamber with
coolant), atructural reliability i1is a prime
requisite. With respect to enticipsted radia-
tion environment, it is not clear st this time
whether windows can be located well away from
the first wall (perhaps behind shielding) or
whether weveguide ctransmisaion problems will
dictate placement at or naar the first wall.
CANDIDATF. MATERIALS - Materials requirements
for this application include low losr tangent*
(to minimize abmorption of microwave energy),
high strength, and high thermal conductivity.
1f the windows are remote or heavily shielded,
Iisztimz radiation dose may be no higher than
10°"n/m“. 1n that casa, only loss tangent is
likely to be of concern. Fowler (15) haa
measured the affect of low neutqfn dongl on loan
tangent over tha range 10 -10 Hz for
singla-cryatal A120 , & candidate mmtarial for
this application. AL increase by a factor of

*Absorptivity im a functior of both loss tangent
and dislactric constant, Lut the latter property
does not vary Rgrea.ly with material or
irradiation dowe.

tey,was bserved at 2 x 10“ Hz after a duse of
106 n/m“, while nc change was detected at 2 x
10° Hz. More data are needed to determine the
effect of irradiatioi: at higher frequencies,
vhere energy abscrption is greater at a given
value of loss tangent (16).

At alightly higher nautron deses, degra-
dation of thermal conductivity begins to be
significant. Be0O 18 a promising window
material because of 1its good thermal conduc-
tivity. Hcwever, this parameter i1a reduced Eg
a factor of two after irradiation to 4 x 10
n/m° (17). The extent to which window stresces
in Be0 are increased by incieases h1lﬂoss
tangent and thermal conductivity at 10 Hz
have been calculated by Fowler using finite
element analysis 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 cand.date
materials for this application. MgAl, 0O, 1is
known to exhibit a propensity for recombin-
ation of its irrsdiation-induc~d defects, at
least at high temperatures (19), and might
therefore show less degradation than does
A1q03. S1,N,  1s considered a candidate
belaluse of ;ts excellent atrength and thermal
shock reuistance, properties of great impor-
tance for window applications. Silicon
carbide, alao a atrong, ~hermal ahock-resis-
tant ceramic, 1s a semiconductor; never-
theleas, this material is under consideration
fo- low-frequency applications where heating
problems are less seypre. Fowler (20) has
calculated that st 10° Hz (an ion cyclotron
resonant heating frequency) the maximum
tolerable loss taagent 1is VO.1l. However,
measurements ahowed that loss tangent foc a
chemically vapor-deposited (VD) form of SiC
was eignificantly greater than that v.lue. 1t
is posaible that other forms of this matcrial
would exhibit better performancc.

If it ia neceasary to locate RF windows
near the fifff vu%}. neutron doses wil! he
severe (~10 n/m“), and it is npot clear
wvhether any cersmic can function satisfac-
torily under these conditions, at least at
high frequencies, Direct exposure tu the
plasma will further worsen the aituation,
since thermal loadinp fram the plgama will
andditionally reach the window. 1t is impera-
tive that deaigners and materials resrearchers
work together to optimize beth windew perfor-
mance and location.

CERAMICS FOR STRUCTURAL APPLICATIONS

REQUIREMENTS - Ceramics have beeu propns-
ed for applications anch as first wall anl
blanket componenta, srmor, limiterm, and heat
ainkan. These materials can offer a number of
sdvantages over metals for structural uses:

o low nuclear activation. which can

reduce aervice and dispaaal prohlemn

o low coat of starting materials



Table 1 - Percent increases in Maximum Tensile
Stress in a BeO Windcw Over the Start-
ing Value at 1011 Hz, as a Result of
the I1dicated Changes in Loss Targent
(18) and Thermal Conductivity (15).

Loss Tangent Thernal Conductivity, % Change
W/em K in stress
107 3 .
-4
10 1.5 +50
-3
10 3 +900

o low atomic number of constituents,
desirable for first-wall applicetions
to reduce plasma contaminatior effects

o high operating temperatures, useful for

first-wall and other applications
involving high thermal loads.
Properties of importance here are strength,
thermal conductivity, and dimensional
stability, all over a wide range of
temperatures.

CANDIDATE MATTR1ALS - Silicon carbide has
been extensively studied for structural
applications in nuclear systems, and in the
high-purity, cubic B -phase CVD form has been
shown to exhibit good z%treng;h retention after
irradiation to 2 x 10 n/w at 1013 K (21).
Swelling below 1300 K appears to reach a
temperature-dependent saturation value ranging
betweer 3 X (at 300 K) asnd zero (at 1300 K)

22,23), but above that temperature enters a
void 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),
40 that use in high thermel flux spplications is

1ikely to be somewhat compromiaed. Silicon
nitride has a non-cubic (trigonal) cryatal
structure, suggesting that streRses from

differential sewelling could limit high-dose
performance. Newvertheless, etrength 2én Iiftlc
degraded atter irradiation to 2 x 10°° n/m° at
680 and 815 K {23). Tris good behavior may be
attributable e!rher to the low observed swelling
(*1%), or to low swelling anisotropy.
Radiation-induced changesn in thermal
diffusivity (approximstely proportional o
thermal conductivity) for s number of ceramics,
including 51.N,, are shown {n Fig. 2. Certain
general obsarvaricnn can be drawh from these
results:
0 lawer irradiation temperaturec cause
areater degradation
o a nntuiarionzolfact in evident ahove
1% 1077 n/m
0 cermaming can vary greatly in their
responss to damsge.
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Fig. 2 - Reduction of room-temperature
thermal diffusivity in fiv: ceramics after
neutron irradiation at the indicated
temperatures (26).

Theee obhservations are consistent with a
zodel involving scattering of phonons by
radiation-induced lattice defecrs (26). With
respect to Si{.N,, its performance in a high
thermal flux #nvironment, like that of SiC,
will he reduced by degradation of thermal
conductivity,

Spinel (MgAI,Oa) is not JIntrinsically a
high strength, ﬁigh thermal conductivity
ceramic, snd is therefore not a prime cand{ -
date material for structural applicatiors.
However, 1ts gnod behavior under irradiation
ia noteworthy, and could result in its use
vwhere radistion conditions are particularly
severe, Volume and atrength changes for
three forvybof t?ts ceramic after irradiation
to 2 x 10 n/a” at 680 and Bl5 K are snown
in Tchle 2, 1t may be seen that volume
changes arz minimal, and that strength ol
this cubic material in actually increared by
neutron damage. The low swellings ir ex-
plained by the observation thst the vast
majority of displaced atoma recombine rather
thar form agpregates or remain isualated after
high-temperature irradiation (19,23).
Strength increarcr sre attributable to the
euppreasion of crack nucleation or propaga-
tion by the dumage micrastructure (23).*

*Crark propagation in dirradiated Al,0, ir
aimilary impeded, leading to indréamed
fracture toughneas (27).



Table 2 - Swelling and Strength Changes in Three Forms
of MgAlp0, after High-Dose Neutron Irradiation
at Elevated Temperaturea (23).

Material Temperature, Vo lume . Strength

K Swelling, % Change, %
Single-Crystal 680 0.05 +92
"3A12°4

815 =-0.11 +75
Pclycrystalline 680 -0,19 +38
HgAIzoa

815 =0.35 +34
Polycrystalline 680 -0.39 +39
HgAIzoa

815 =0.31 +22

* The negative sign denotes densification.

It has been auggested that in some cases
properties of atructurcl ceramica could be
improved by amploying laminatad wmaterials
syatems. However, thegse are aubject to
differential svalling, which can laad to
dalaemination, cracking, and axposure of the
aubstrate. Delaterious cor.aaquences of
diffarential awelling have been damonatrsted in
a atudy fﬁ a Sif—graphite laminate irradiated to
2 x 10 n/m° at 680 K, where the former
material avelled 1.5 I and the latter densified
“7%: the reault was almovat-complete separation
(23). It appecara that monolithic materials will
be required {or moat high-dose applications.

OPTIMIZATION OF CANDIDATE CERAMICS

Thare arv two broad approachaa to the
aptimization of ceramic components for fuaion

applications:
o modificationa in chemiatry and
aicrostructure

o applicatiin of brittla matarial d:-aign
and teating technlquea.

Tha axtent to which thaaa approachea are
appropriate depands on the apacific application,
but hoth ashould ba conaiderad aa part of any
aatariala devalopment affort.

CHEMICAL AND MICROSTRUCTURAL MODIFICATIONS-
In moat casaa thia approach to optimization will
ba invokad to enhanca matarial performance and
lifatime in a radiation anvironment. Chamical
modifications might fnclude axcluaion of
alemanta (or imotopes) iikaly to tranamuta to
form gesaasoua spacisa. As an axampla, it can ba
notad from the data prsaentad in Table 2 that
polycryatalline MgAl Ob did not axhibit tha aame
incraasa in ltrengtﬁ upon irradiation aa did

single-crystal materisl: The reason may be
that both polycrystalline torms contained Li,
which transmutes to form He (23). It mav be
posfible to increase the extent of strength
enhancament in polycrystalline KEAIZO bv
control of this impurity. Other areas wvhere
chemical modifications could be helpful
include introduction of elactronic trappirg
or racombination centers to 1improve elec-
trical propertiaa (Fig. 1), and remcval of
impuritier to enhance transmiasivity of RF
vindov materisls.

Microstructural alterations cffer
potantial tanefita auch as reducing swelling
cr its deleterious conacquences, retaining or
anhencing atrength, and winimizing degrada-
tion of thermal conductivity. Fine disper-
aanta could be added to serve as recom-
bination cantears for ~&tructural dafecis,
rasulting in reduced awelling and improved
retenti~n of 1i-itial thermal -onductivity.
Small grsin aize, which can be uttained by s
numbar of fabrication techniquas, would allow
non-cubic reraaics suclht as Al,0. to retain
uvaable atrangth to higher ffugnc15 (28).
Compoaite strangthening, a technique increas-
ingly uvaed for anplicationa not involving
radiation, offara banefits for .ualon appli-
cationa if the microatructure im aufficiently
fine to avoid problema with diffarential
svalling.

One araa vhere chamical and micrustruc-
tural modificstions offs’ great potentiaml for
in-roved performauce ia alimination of damage
aanaitive grain boundary phaaea. WYY
ceramiza, including thoaa specifiad for high
atraasa, high temperature appl) {cations.
contain additivas t» «ohanca denrification



Fig. 3.

Bright-field transmission electron
microscope 1image of damaged grain boundaEE

phaie in 513"6 after irradistion to 2 x 10
n/m° at 1100°K (32) (bar = 0.4 .m).

during fatrication. As a result impurity phaaes
may appear at grain boundaries, and these often
exhibit poor radiation reaistance. Figure 3
shows duch 8 phase, partly glaaay, that has
obviously suffered significantly more damage
than has the 5i N“ matrix. Grain boundary
damage, rsther tha% anisotropic swvelling, way be
responsible for the slight strength loas ob-
served in thia ceramic {(23). it 1s apparent
that in many cases new or improved ‘abrication
techniques should be amployed to produce mat-
erials optimized for fusion applications.

BRITTLE MATERIAL DESIGN AND TESTING TECH-
NIQUES - The major drawback to the uae of
ceramics for structural applications 1is their
chsracteristic brittleness. Traditional deaign
approaches involve losding ceramics in compras-
aion, but this is often not poaaible. In order
to obtsin maximum sarvice atrangth and relia-
bility from caramics, an accurate data base must
be entsblished for the intanded operating
conditions and theae reaults incorporsted into
brittle material deaign anslyaen.

The realization that ceramics fail as s
result of propagation of flaws whoae aizes have
o statiatical distribution and whose propagstior
characteriutica are environment-dapendent, han
led to techniques for astabliahing wmachanical
reliability of componenta. Tiis approach hss
besn uaed (29) to predict the behavior of
microvave vindowe in the absence of irradia-

tion. Materials tests include:
o atrength measurements, includirg
ef fect of aurface finish, test
environment, and rate of stress
application
o static fatigue (time-to-failure at
constant load) tests,
followed by construction of 8 fatigue re-
liability/probability of failure diagram.
Proof testing can effectively by used to
eliminste sub-standard components and thereby
enhance reliability. Price and Hopkins (21)
combined proof testing and neutron irradia-
tion testing of SiC ro ahow that the benefits
of proof testing are retained after high
neutron exposures for CVD and sintered SiC,
but not for reaction-bonded material. These
results wvere interpreted in terms of the
effect of irradiation on flaw size and
distribution. Materiala tests auch as these
must be combined with finite element desigr
analyaes and sophisticated design methodo-
logies (30) to develop an optimized product.

RECOMMENDATIONS FOR FUTURE WORK

This review has directly or indirectly
identified a number of areas where further
vork is needed. Many of these can be assem-
bled into component-specific categories,
whereas others are more general in nature.

MAGNETIC COIL INSULATORS <~ The most
urgent needs iiere sre for more results on
radiation-induced conductivity, and on the
effect of near-room-temperature, high-dorc
neutron irradiation on structursl propertics.

WINDOWS FOR RF HEATING SYSTEMS -~ Data
sre egpecially needed on radiation-induced
losa tangent degredation, eepecially at high
frequences. Although preliminary calcula-
ti>ns (15) suggest that messurements concur-
rent with radiatinn may not be needed, this
question neeus further attention.

CERAMICS FOR STRUCTURAL APPLICATIONS -
Tue p-erent data bsasse on temperature and
fluence-dependence of changes in density,
atrength, ad thermal conductivity is incom-
plete, and an extenaive radiaticn testing
progrsm is naedad to fill the gaps. Strength
teats to date huve for the most part been
conducted rapidly. under aimple satresc
ronditions; more realiatic tests ahould bhe
incorporated into the program.

GENERAL NEEDS - Until intense mources of
fuaion neutronm bacome available, it will be
necesnsry to make use of fisaion reactors for
high-dose irradiation teats. Correlation of
damage eventa cAn be established by appro-
priate celculations, and by comparison of
low-doae damage effectms such es awelling
utilizing preaent-day 14 MeV neutron aocurces.
The affect of transmutation gasea can be
aimuleted by incorporating into teat mste-
riala aelected iaotopea transmutable by
tharmal neutrora, and irradisting in
mixed-apectrum fiasion resctor. In this way
both diaplecement eventas and gasea of inteicat



Table 3 - Displacementa per Atom (dpa) and He and H
Concentrations Attainable in Si A1101N

by 170 and
5 x_ 1023

fast n/m
n/m?2 (One Year in ORR).

ng and lrradiation to
plua 8 x 1023

thermal

laotopic Percent

Damage Level,

Gas Content,

Dopant dpa appm
99,5 1x 6 -

o o

7.1 14, 6 400 H
o 1

99.5 Ly 6 270 He
so Yo

7.1 Ly 6 400 H,
so Yo 270 He

can be simulared. A plan has been propoaed for
THCh a 15udy. utilizing controllec amounts of
O additives to Si.Al.0 N (31). The

i’ernnl neuizon renctigns tg b%aexploited are
0(n, a) and N(n,p) Table 3
deacribes thc four damage stetes that can be

attained, using the Oak Ridge Resctor. The
dpa/gas ratios attained are roughly thoae
axpected at the first wall of a fusion

reactor.

Finally, as wvas deacribed in the previous
section, materials optimization by control of
chemical and microatructural makeup, am well as
utilization of brittla materials design and
ctaating techniquea, ashould be an integrsl part
of any affort to develop advanced ceramics for
fusion applications.
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