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STRUCTURAL PERFURMANCE OF CERAMICS IN A HIGH-FLUENCE FUSION ENVIRONMENT”

F.W. CLINARD, JR., G.F. HURLEY, L.W. HOBBS™, D.L. NOHR and R.A. YOUNGMAN'?

University of California, Los Alamos National Laboratory, Los Alamos, NM 87545

The ceramigs MgAlo04, Alp03 (single crystal), SigN
53 } (é > 0?13Mev) at 680 and 815K.3

to 2 x 10¢% n/m

g. and a SiC/graphite laminate were irradiated
pi

nel exhibited near-zero dimensional change,

while A1503 and Si3Ng swelled ~.3 vol% and 1 voli% respectively. Strength of MgAl 04 was increased,
while strength of Al,03 and SiNy were not greatiy altered. The SiC/graphite composite, tested
only at 680K, suffered almost complete delamination as a result of swelling of the S$iC and dersi-
fication of the graphite. These results are discussed in terms of microstructural alterations

and related to variopus fusion applications.

1. INTRODUCTION

Ceramics are specified for a number of high
neutron dose applications in fusion reactors.
Prominent among these are electrical insulators
for water-cooled copper magnetic ciils, die-
lectric windows and standoffs for RF heating
systems, and near-fir;t-wall structural com-
ponents or coatings for beam dumps, limiters,
armor, and perhaps the first wall 1tse]f,]'2
Lifetime neutron doses in these applications
will often exceed 1026 n/mz. accumulated near or
well above room temperature.

For those applications where insulating sol-
1ds are required, as in the first two cited
above, ceramics must be used. Here, electrical
properties such as resistivity, breakdown
strength, and loss tangent are impor‘ant., How-
ever, structural faflure is also of concern, as
thit can 'ead to loss of insulating properties
or wholesale destruction of the component.
Where structure) integrity is the sole consider-
ation, either ceramics or metals can be used,
here, ceramics typically offer such advan.ages
as low activation, low cost, high operating
temperatures, low plasma contamination effects,
resistance to chemical erosion (compared with

graphite), and immuni'y to electromagnetic loads
(for insulating ceramics). The principal disad-
vantage of ceramics, their orittle behavior,
must be accommodated by careful application of
brittie-material design techniques.

Ceramics in intense radiation fields may be
subjected to swelling stresses as well as those
from external loading., Thus radiatiun-induced
changes in density and strength are of m2jor
concern, and these properties are ciscussed in
this paper. The work described here is from an
ongoing program to evaluate temperature and
fluence-deperidence of changes in physical pre-
perties of ceramics appropriate for fusion re-
actor applications, In this paper we report
initial results on materials irradiated to -2 x
1026 n/m? (E>0.1 Mev) at 680 and B15K, Test
ceramics were M9A1204. A1203, and 513N4. as well
45 an S1C; -aphite laminate. The first ihree
materials are candidates for macnet and Rf
system insulators, while the last two are appro-
priste for near-first-wall structural appli-
cations (the laminate being representative of a
low-7 protective coating un a cendi.late sub-
strate material), Swelling anu s rensth results
obtained here are compared with earlier obser-
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7ations of swelling, strength, fracture tough-
ness, thermal diffusivity and microstructural
changes after irradiation to similar Jdoses at
temperatures both above and below 680 and 815K.
In this way a unified picture of structural be-
havior of these ceramics in a high-fiuence neu-
tron environment can be assembled.

2. EXPERIMENTAL PROCEDURE AND RESULTS

2.1, Swelling

A1l irradiation tests repcrted here were
carried out in the EBR-11 fission reactor.
Monolithic samples were held in an inert atmos-
phere during irradiation to 2.2:0.4 x ]026 n/m2
(€>0.1 MeV) at 680 and 815K. Control samples
were held at the same temperature for a period
of time characteristic of the reactor exposure.

Most swelling measurements were carried out
by an immersion density techn'ique.4 Volumetric
changes were determined to an accuracy ap-
proaching +0.01 vol% by comparison of results
with those from control samples. Swelling of
S".3N4 was calculated from micrometric measure-
ment of changes in lenath of bend bar samples;
accuracy of these results is estimated to be
$+0.1 vols. The SiC/graphite lamirate was irra-
diated only at 68B0K. Volumetric caange for the
S1C component was measured by imersion after
separation from the substrate, and that for the
graphite by a difference method involving both
immersion and micrometric measurements of com-
oosite semples. Swelling results for all test
mat~rials are given in Table I.

Transmission electron microscopic (TEM) e:.am-
ination has to date heen carried out for sinjle-
crysta) M9A1204 irradiated gt both 680 and B15K,
and is described elsewhere.” The damage micro-
structure cfter irradiation at 815K consisted of
faulted 1/4-110-(110! and 1/6<111~(111) aislo-
cation loops. A similar but fine» loop distri-
buticn was observed after 680K irradiation.

2.2. Strength

Four-point bend bar samples were employed to
evaluate strength changes at room temperature.
Irradiation test conditions wero identical to
those described earlier. Samples were of di-
mensions G.5 x 1.5 x 22 mm, and a support span
of 19 mm was used. Rate of deflection was 1072
mm/s. Test bars were cut to shape with a dia-
mond saw, so that surface condition was t op-
timal for highest strength but was consistent
from sample to sampie. Results of strength
tests are given in Table ).

Interlaminar strength or the SiC/graphite
composite was reduced to a near-zero value by
irradiation at 680K. Samples were visibly bowed
after removal from the reactor, &nd metallo-
graphic examination showed that the composite
had almost totally delaminated as a result of
differential swelling (Fig. 1).

3. DISCUSSION

The swelling and strenath results for MgA1204
irradiated at €80 and 815} show excellent radi-
ation resistance for this ceramic. It is in-

FIGURE 1
Microcracking at the interface betweer S{C (top)
and graohite after {rradiation at 680K, Bar
300 ym,



TABLE 1 26 2
Swelling and strengtn changes after irradiation to 2.2:0.4 x 10°" n/m
(£>0.1 MeV) at 68(C and 815K

Material Condition/ Volume Number of Strength, MPa
Irradiation Change, % Bend Bar Samples and [Stardard Strength
Temperature, K Ueviation) Change, %
T) .
MgA1204 control -- 5 145 [18) -~
(sc)** 680 0.05 4 279 [28] +92
815 -0.M 4 254 [20] +75
MgA1204 2) control -- 3 129 { 2] --
(pc)** 680 -0.19 6 17g [14] +38
815 -0.35 4 173 [16] +34
. 3)
MgA1204 cont-ol -- 5 12 [12] --
(pc) 680 -0.139 3 156 [12] +39
815 -0.3 3 137 (17] +22
p0, Y contro) .- 8 273 [80] --
‘sc) 68C 3.54 4 290 [43)] + 6
815 3.37 4 333 [40] +22
: 5) N
A|203 control -- 7 302 [68) --
(tc) 680 3.52 4 330 [22) + 9
815 3.28 - 286 [124] -5
S 6) ,
1N, control -- 7 234 [20)] --
(p¢) 68C 1.1 4 195 [12) -1
815 1.0 4 a9 [ 7] -6
SiC/qraphite 7) At 680 K, S1C swelled 1.47 vo1% and graphite Aensified

A7 vol %, rasulting in nearly-compiete aelamination.

t The negative sign represents censification.

™ (sc) = single crystal, (pc) = polycrystal.

Sources, impurity contents in wt ppm and other characteristics of test materials ave:

1) L1nde Division, Unfon Carbide Corp.: 100 Si, 20 Fe, 8 B.

Ceradyne Inc.; 1000 Li, 200 Fe, 70 Ca, 60 Ca; ~99% dense.

Coors Porcelain Co.; 1500 ) ., 150 Fe, 40 Si, 30 Ca; grain size ~"20um; ~100% dense; ~1% A1203-r1ch.
Tych Laboratories Inc.; 100 Nb, £0 Fe, 15 Ni,

Linde Division, Union Carbide Corp., 60 Fe, 50 Nb, 40 Mo.

Ceradyne Inc.; 20,000 Mg, 2000 A1, 300 Fe, 200 B, 200 Ca; beta phase, with MgO present. This
ceramic was an experimental mat:rial made from powders ball-millec with Al,04 ball: to reduce
residual radioactivity. No attempt was nade to optimize strength or control boundary phases.

Materials Technology Corp.: chemically vepor-deposited stofchiomstric g-phase SiC un isotropic
graphite of 18 um grain size and density 1.8C g/cc.

5)
6)

7)



structive to consider the irradiation response
in the context of earlier result, ob.ained at

925-1100K and at 430K.
doses at 925-1100K revealed that this ceramic in

Irradiation to similar

sirgle-crystal form exhibit2u no discernable
swe]h’ng4 and little change in ‘racture tough-
ness.6 The microstructure after 925K irradi-
ation was characterized by rosettas of ~200nm
1ia faulted Frark interstitial loops of type
1/4<110>{110}, alcng with a lesser number of
smaller 1/6<111: {117} loops. At 1100K only the
former Toops were present, and these had grown
Calculations based on
loop concentration and size showed that ~99,99%

to micron dimﬂnsions.7

of displaced atoms had not formed visible ag-
gregates, but had either recombined with their
compiementary vacancies or were present in sub-
microscopic form,
fects can induce sweIHng4 and reduce thermal
conductivity by scattering short wavelength
lattice vibrations which dominate heat transfer
near room temperature.8 ince swelling was near
zer) and thermal diffusivity was not degradedg.

it may be concluded that the vast majority of

However, submicroscopic de-

displaced atoms were annihilat2d by recombi-
Polycrystalline Mgﬁ]zoa showed a dif-
ferent damage response , characterized by for-
mation of 1/4<110~{110} loops as before but in
addition by 5 nm dia voids (after 1100K irradi-
ation) arrayed 6 nm on either side of grain
boundaries. A similar but finer distribution of
voids was ohserved after 925k irr-adiation,

These voids are thought to have been formad as a
rusult of a vacancy bias follewing preferential
annihilation of interstitials at boundaries.

The accompanying swelling (~1 vol%) 1s attri-
buted at least partially to this void concen-
tratinn, as 1s the reduction of thermal diffu-
s1v1ty.9 By contrast with these high-temperature
results, polycrystalline MgMZO4 {irradiated to
2.1 x 10%5 n/m? (£>0.1 Mev) at 430K exhibited a
dense array of small (<5 nm) defect clusters

nation.

{possibly loops) and near-grain boundarv regions
denuded nf visible aggregates.a’ 10 Sw=11ing of
0.8 vol% was observed, and is thought tu have
resulted from a high concentration of fine (per-
haps unresolved) defecis.

The present swelling results can be inter-
preted in terms of the observed defect struc-
ture5 and earlier results. The damage micro-
structure 1s again characterized by 1/4-110-
{110: and 1,6<1115{111; faulted interstitial
loops, of a size and concentration intermediste
between thoce observed at 925K and the aggre-
gates formed at 430K. Calculations show that
the fraction of displaced atoms accommodated in
Inops is on the order of that cbserved at the
higher test temperatures. The near-zero volu-
metric changes imply that once again most point
defects have disappeared through recombination.
The vbserved slight densification of single-
crystal MgA1204 at 315K (which has been con-
firmed by direct comparison 27 densities of
control and irradiated samples in the same im-
mersion experiments) may be attributable to re-
arrangement oV Al and Mg atoms on cation site;,
The same alteration could have occurred in the
polycrystalline samples, which also densified
tlightly.

The large increases in strenjth observed for
single-crystal MgM?O4 may have resulted from
impedance oY crack propagation by the dimage
microstructure, TEM studies have shown that
such an effect leads to a doubling of fracture
toughness in A1203 irradiated at 1100K]]: here
the enhancement apparently results from fnter-
action of the cruack front with the void field.
In the absence of voids (tne present case), it
can be postulated that crack propagation is im-
peded by strain fields surrounding the dislo-
cation loops or perhaps by jogging of an atom-
ically-sharp crack front as {t moves though the
array of radiarion-induced defects. The 20°
strength increare .neasured in polycrystalline



MgA1204 after irradiation at 430K'0 may be ex-
plained by a similar argument. Alternatively,
it has been suggested]2 that the principal
strengthening effect of irradiation may be the
blunting of sharp tips of pre-existing flaws
(i.e., alteration of the crack initiation rather
than propagation step). It does not appear
necessary to invoke such a model to explair the
toughening of A1203 described above, but this
explanation could apply to the present results.

The observation that strengthening is less
pronounced in polycrystalline than in single-
crystal spinel suggest that dimage effects in
grain boundaries can be deleterious. Earlier
results have shown that irradiation at 925-
1100K and at 430K both introduce near-boundary
heterogenieties (voids in the former case , de-
nudation in the 1atter10). Interpretation of
strength changes in polycrystalline MgA'|204
after irradiatiorn at 680 and 815K in terms of
grain boundary effects must await the results of
further TEM examinc*ions.

The two forms of single-crystal A1203 studied
here exhibited swelling in the narrow range of
.28-3.54 vol%, with the higher values corres-
ponding to the lower irradiation temperature.
Although voids form readily in this material at
925-1100K (and are accompanied by ~4 vol’
Su‘11ing)4. such aggregates are at the limit of
resolution for conventional TEM (~2 nm dia)
after irradiation at 875K, and only a fine dis-
persion of unresolved damage is cbserved after
650K 1rrad1ation.13 Nevertheless, large amounts
of swelling were observed here, and have also
been reported for other ceramics after low-
temperature trradiation: Mg0 swells 2.6-3.C
vols at 430K as displaced atoms are accommodated
in a dense concentrhtion of loops or a dislo-
cation networka' ]0. and SiC swells 3 volx at
300K appirently by retention of a high concen-
tration of point defects or small c]usters.14
It has been postulated4 that barriers to defect

recombinatiun can enhance low-temperature swel-
1ing of ceramics; such an effect could explain
the behavior of these three materials as well as
the temperature-dependence of swelling observed
here for A1203. Thermal diffusivity of single-
crystal A1203 is significantly reduced after ir-
radiation at 925-1100K.9 Calculations have
shown that less than half of the reduction re-
sults from the void content, with the remainder
attributed to a point defect (or unresolved
cluster) content of w1%.8 Thus recombination is
not so strong a factor in A1203 as in MgA1204.
and the retained fine-scale damage could re-
present a significant source of swelling.

It might be anticipated that the damage mi-
crostructure ef the A1203 tested here would
cause an increase of strength. Unfortuna'ely,
the results in Table 1 show extensive experi-
mental scatter, so that it can only be concluded
tnat major chances (either positive or negative)
did not occur. It should be pointed out that
this ceramic is subject to anisotropic swelling,
especially at higher temperatures, which in
polycrystalline materizl can ‘ead to grain
boundary separation and severe structural de-
gradation.4

The ~1 vol% swelling observed here for SiaNa
is essentially the same as that measured after
irradiation at 925 and 1100k (also ) vo]'.).15
After those exposures the defect microstructure
was characterized by dislocation loops (cenuded
near grain boundaries) and extensive damage to

15, 16 The swel-

o qlassy grain boundary phase.
1ing results and the large reduction of tharmal
conductivity9 imply that a high concentraticn
ot unresolved defects is additionally prasent.
The non-cubic (trigonal) crystal structure of
513N4 or the presence of th: grain boundary
phase cuuld lead to anisotropic or differential
swelling and loss of strengtn. Nevertheless,
strength after irradiation at 680 and 815K was
only slightly reduced (perhaps not signifi-



cantly 50 at the higher temperature). Thus it
appears that the effects of anisotrupic and/or
differentis] swelling were not large under the
conditions utilized here.

The consequences of 2 severe swelling mis-
match are graphically illustrated by the almost
complete separation of SiC from graphite in that
composite (Fig. 1.). Delamination was induced
primarily by the ~7 vol% shrinkage of the gra-
phite substrate, a dimensional change consistent
with observations by others at this temperature
and dose]7. Swelling response of graphite is
strongly dependent on starting materifal as wel)
as temperature and fluence, so that somewhat
better matching of volumetric changes with SiC
should be possible. However, the fluence-
dependence of swelling as well as the magnitude
of the mismatch at a given dose must be con-
sidered. By this measure & SiC/graphite system
is subject to particular difficulties: graphite
typically undergoes only slight [sometimes neg-
ative) swelling at iow fluencas fullowed by ex-
tensive growth at high doses.17 By contrast,
SiC swells rapidly at low fluences but then sa-
turates at a comparatively modest dose below
1275K.M (The swelling value ¢~ i.47 vols ob-
served here after irradiation to 2.2 x 1026 n/m2
at 680K agrees closely with the ~1.6 vol% value
reported after a dose of ~2 x 1024 n/m2 at that
temperarure).]a The greater part of the swelling
mismatch reported hare could likely be avoided
by use of another suhstrate material; however,
Jifferential yrowth of ~1.5 vol%, which may be
sufficient to cause structural degradation, seems
unavoidable at this test temperzture.

4., COMCLUSIONS )

MgA1204 spinel exhibited excellent .esistance
to structural degradation under the irradiation
conditions utilized here. Results to date in-
dicate that, insofsr 2s fission neutrons accur-
ately simulate fusion neutrons, this ceramic

should perform satisfactorily as an insulator
for magnetic coils and as an RF window material.
However, a slight amount of swelling may have to
be accommodated at lower temperatures. Efforts
should be made to develop stronger forms ov spi-
nel so as to extend its usefulness.

A1203 showed significant swelling but no
major strength change after irradi~ti.u. The
large amo.nt of growth presents a design con-
straint, and in polycrystalline forms can lead
to structural failure from anisotropic swellinag.
Nevertheless, this highly-developed ceramic will
Tikely be used in various fusion applications to
the 1imit of its radiation tolerance.

Si3N4 exhibited mocest swelling and, despite
its propensity for anisotropic growth, only
slight recuction of strength. Its already pro-
mising performance with respect to such appli-
cations as magnet insulators, KkF windows and
near-first-wall components could be enhanced by
materials development directed toward optimi-
zatiorn (or perhaps elimination) of the grain
boundary phase.

The SiC/graphite layered composite was se-
verely damaged by differential swelling. Al-
though better performance for a coating/substrate
system could be attained by minimization of the
sweiling mismatch, greater structural stability
in first-wall and othe: appiications will be
achieved by use of monolithic materials.
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