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NEUTRONIRRADIATIONOF

CERAMICS*

George F. ~rley
University of California

Los Alams Scientific Lalnmatory
Los Alamos, New M3xico

A vacwn gap irradiation capsule
maintain a temrature of 740°C durim

was desigmd and built to
6 weeks irradiation at EBR-I I.

Sixty-eight saiples of 15 ceramic or metal -cermic cmbimtions were
irradiated to a fluence of approximately 3 x 1021 neutrons/cm2,
E > 0.1 H’. Measurements of sample dimensio]~ before and after
irradiation were used to determine vol- swelling. This parameter
and the physical appearance of the samples are discussed.

A prinmy application of insulating ceramics in pro~sed
fhsion powder devices is the first wall insulating lining in the RTPR
reactor. A satisfactory material for this applimtion mst bear
substantial thermal stresses in cyclical fashion. Calculated values
of pertinent parameters are presented and compared for several of
the irradiated materials innon-imuliated form. Work to prepare
apparatus for the masurcment of thmnal and mchanical properties of
these materials following neutron imadiation is described.

Silicon nitride is representative of a class of refracto~ ceramics
distinguished by its high :.hemal conductivity, resistance to themal
shock, and elevated temperamm strength retention. Recent work
has sqggested that Si3N4 hot pressed with additions of Y20 , rather

Lthan the usual MO, may offor improved high temperature st ngth. A
project to prepare samples of this material with optimized Y203
concentration and messim condi?.ions is described. Samlcs of
Si3N4 hot pressed ~ith 0,-5, 10, !5, and 20
been prepared for an irradiation e.-perimnt
at EBR-11.

,

●

w/o Y203 add;tions have
bcjng carried out by ORNI,

.
mWork portmmcl under the auspices of the U!WJWA.



IN1’’RODlKI’IW

My ceramic materials bear particular potential i-or elevated tenrpera-
ture semice including load-bearing applications due to their typical high
mddus, resistance to deformation, and relatively inert behavior inmny
adverse environments. In addition, many ceramics are also electrical
initiators and this combination of properties make such materials promising
for several fusion reactor applications.

The Refsrence Theta Pinch Reactor [RTPR) requires an insulating
first wall to prevent energy dissipationby induced electrical cumcnts
during implosionheat+~ of theplama, In this application, an insulator
conducts heat out from the plasma, undergoes cyclic thermal stresses, and
is also qmlically bonbarded by neutrons. This application is possibly
the mst semre of several envisaged for this class of materials. “

In this part of the insulator program the major areas of investigation
are the effect of neutron irmdiation on dimensional stability [swelling),
thermal conductivity, and mechanical behavior, and the relationship of tlwse
propetiies and their changes to structure and composition.

IRRADIATIONOF CANDIDATEINSULATINGCERAMICS

A third imadiation capsule was designed to provide preliminary data
on the same materials being prepared for irradiation for a 1 yr period.
The new capsule was designated W.-3, with a design tornperature of 740’C,
while the main experinmts were I(A-1 and KA-2 with design temperatures
of 650° and 825°C. I(A-1 and -2 are heat pipes with quite precise t~era-
ture control, while I(A-3 was a vacuum gap capsule with temperature control
est%nated to be 739 :42°C for reactor powr fluctuations of :25t.

Samples for this irradiation capsule were essentially the sam as
those included in the capsules KA-1 and -2. Tkir identities arc given in
Table I. Mails of theprcparation and purpose ofthecmpositc samples
are given by J. G. Hoffinan in this proceedings, and choice of the mnolithic
sqles is described byJ. M. Bunch. These sanples for the most part WCrC.. 1 ~2 x ().()5 Cmwafcrs. In addition 8-m-dia x 8-m-long saq)lcs of both
sialon and Si20N2 were included in KA-3 for subsequent diamtral compression
testing.

Asixwsek irradiationof this capsule was completed in KBR-11 with an
estimated fluence of 3 x 1021 neutrons/cm2. The capsule was received
back here and has been opened. Ilws capsule vacuum gap was sanplml to
show that a vacuum remained und that the thenniil annlysis was therefore
valid. 1% presently await fmthcr data on the mn in orilcr to fix the
tcnqwrat[lrc~uncc rtainty. A set of dmny snmplcs rcprcscnting nll those
irradiated were annealed at the same tc~eraturc and arc availahlc for
comparison. .

A ncw irradi:ltion, in space mle iiv~ild)lc to us in an (’)lwI,cxprrimnt,
has been initintcd. In this case we will irradintc samples of n ncw form

of hot pressed Si3N4 nt 625°C and at 700°C to u flucncc of approximtcly



TABLE 1. ~TERIAU [RRAD1A7ED[N M-3

~ —-–

SINGIX bSTALS, %LYcRYSTALS

SINU ~STALS, bYUYSTAM

SIMU @YSTAIS, ~YCRYSTALS

2 TYPESOF DISPERSI(W SmEKTWED

hYCRYSTAUIW, ~ & W!TH~ ZR

2 SIPFLIERS, POLYCRYSTALL1OE

~YC3?YSTALL1NE

VARIOUS
VARIOUS
VAR1Ws

VARIOUS

BARim ,~UIINUIl SILIUTE GUMS



4 x 1022 ncut ron5/cm2. .Samp!cs for this experiment IKIVCkm f:d)ri~.;itcd
and scalcti into stainless steel cnpsulm. llwsc s:uq)lcs fire nt (MN.
awa~tkg their .issmhly of the cqwulm.

A%UYSIS ~F SANPLIISHUN M-3

~lcs have been rcmved from this cnpsulc and given a cursory

inspection. Six of the samples incluiling two SiyV~ wafers frcun Norton and
4 glass-metal coqosites from AI L-d activity levels too high for handling
outside tb hot CC1l . The latter 4 smples were stuck together, apparently

by softening of the glass at the irradiation tcqeraturc. All of the other
sqles showed no evidence of physical degradation other than colm changes
in pamicular cases.

Ml of the mndithb: ceramic picccs have been measured before and
dfter imdiation to determine their dimensional stability. Results
presented as volune imrease in percent are listed in Table 2. In the
cdse of the flatplatesanples which wre approximately 10 x 10 x 0.25 -(1.5 nrn,
voltune swelling was calculated from chan~es in tb larger dimensions. Thus ,

me exception was the National Bmyllia smplcs for which

The disc samples were approximtcly 8-nsn-dia ml E-mm-long. I!erc volume
swelling is

Three types of aluninumoxidc s,anplcs arc listed. ‘h Tyco snpphirc
MW@es wre cut from single cwstal ribbon~wl}ich were grown with their
surface parallel to the cr~stallographic ( IC2 ) plane. Ihcse saqlcs
have the direction of mminmnnswelling 32.5° away fran the plane of nwunJrc-
nmt; it is therefore assh that the volume swelling was less than that
rqmrted. Similarly, the Lindesapphirc samples, which nrc slices from n
Czochrelskisinglc crystal boule, arc oriented such that maximm swelling
wuld be 90° from the plane of the sanplcs. Thcse swplcs were irrmli:ltcd
to provide sanples for other phases of the investigation.

BOOis elsonotcd for its large nnd anisotropic cxpmsion under
neutron irradiation. Thc tm types of BcOhcrc seem to have hchmm.1
diffcrcntly; perhaps a result of stmctural diffcrcnccs. Little is
known of the structure or properties of either of these types of s,nmplcs,
at present. Further characterization will hcrcquitcdin order to compnrc
these results with each other and with other results from pure M.



TABLE 20 AVERAGEVAUES OF %LLlffi

hlERIAL TYPE*
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TYCO 2,41

Llfax 021
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0,9

0,28

0005

~-wlfHR 0,47

WUmE 3,3
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020
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CEWWNE .29
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LAW ,26
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CU31C
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99%

96%
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(7S)

2,82
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2.98

99%
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99%

94%
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TWOcubic oxides, Yag and Spinel, were irradiated in both t!~e single and
polyc~stalline forms. Ibth showed low swelling, but nmre in the poly-
crystalline form conpared to the single crystals.

lheyttriaceranks, pure and with 1% Z~2, showed low swelling, but
slightly mme for the alloyed sanple. Past work with Y201 and with
yttralox (lO\ Z@) has shown conflicting results, but, ii one case, a somewhat
greater value of swelling for the yttralox. Aga-i.nnuchcharactcrization is
required to begin to understand these results.

The strwtural ceramics included here, Si20N . Si3N-, and Sialon gave
$swelling val~ws which ranged from a low of 0.0S% or Si2dN2, to a high value

of 0.47! for Sialon with intermediate values for the silicon nitrides. It
is noted here that the Si20N2 which gave the least swelling in agreement
with previous results, was also visibly porous, and that the least dense
of the two types of Si3N4 also showed the least swelling.

CXMARATI’VETHEMU ~ SRENGIHPNUMIERS K)RCERMICS

Table 3 is a collection of property and calculated property data for
several technological ceramics. lhequantiiy~ is the thermal diffusivity
given by the ratio of themnal conductivity, k, to the produce density times
specific heat, PC .

L
The quantityy is a measure of thermal shock resistance

and is given by t ratio of strength, n , to the product of Young’s
mdulm and thermal expamion coefficient ?, Ea. Other ways of estimating
thermal shock resistance are available but this q~tityprcvides a
useful cmparison.

The table presents these quantities over the temperature interval 3(YI
to 1500 K (R.T. to 1227°C), which extends into the temperature rang~;
expected for veq high temperature systems such as bunpers. At the highest
taqwatures, many ceramics including A1203 begin to display som limited
plastiz flow which would tend to reduce the severity of thermal shock.
Thus, for sxh materials, the thermal shock parameter represents a worst
case analysis at the highest temperatures. Of major significance in this
table is the fact that the high performance materials, Si3N4, Sialon, and
SiC $hti several times better heat transport and thermal shock resistance
prnnert ies than the nmre t~ical ceramics A1203 and Y20-. This results
fromquiteh ighvalues of thermal conductivity along wi~h relatively
temperature insensitive strength and low values of thermal expansion.

EFFECTOF IRRMIATI@ OF 71-lF~lALCONIWCTIVITY

It is known that irradiation of ceramics will result in decreased
thermal conduct ivity. Such changes are of critical importance in applications
such as the first wall application since decreased thermal conductivity
affects wall temperature, thermal stresses, and thermal shock. We are
considering.this problem in three ways. First, with a consultant,
Prof. Paul Klemens from the University of Connecticut, we are conducting a
theoretical analysis of the effect of defects on the thermal conductivity.
Second, we are preparing to measure thenhal diffusivity changes in samples
irradiated at EBR-11. Finally, in cooperation with Prof. Harold Weinstock
of Illinois Institute of Technology, we shortly will prepare two sets of
sanples for irradiation of the 14.1 MeVsource at Livemore and in the
fission reactor at Argonne. ‘fhennal conductivity and stmctural changes i~l
these samples will be compared.
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300
500
700
900

1100
1300
1:00

300
700

1100
1500

300
700

1100
1500

300
700

1100
1500

3(IO
700

1100
lsoi?

.086 3.%
.047 3.94
.028 3.92
.020 3.90
.016 3.88
.014 3.86
.014 3.84

.037 4.64

.014 4.60

.0078 4. t4

.0066 4.49

.069 3.19
,059 3.18
,045 3,17
,03s 3.1s

.053 3.20

.050 3.18

1.169 3.20
0.231 3.1.8
0.09s 3.17
0.04 3.14

2.1s
2.49
2.74
2.89
2.96
2.78
2.36

.108

.130

.138

.143

.16
“3

: ;9
,34

.18

.240

.230

.324

.101 67
u0478 S9
.0260 S1
.0178 50
.0139 so
.0130 4s
.0108 43

.0738 42

.0234
.0124
.0102

● 14 120
.07 117
,05 11:
.037 8S

.093s 120

.0430 107
94
82

2.03 S?
(7,303 54.1
0.107 5S,6
0.039 56,0

S9.3 S.s
58.5 7.4
S7.6 8.4
56.7 8.9
55.8 9.0
54.8 9.42
S3.6 9.24

25.3 8.1

;:;6
9.36

47.4 1.37
45.4 2.37
43. s 3.92
39.2 4.7

43.6 3.2
41 3.2
38 3.8
35 3.8

S8 4.3
54.5 4,3
51.0 4.3
46 S.4

20s
136
105
99.1
99.6
94.8
86.8

20s

1844
1087
651
461

860
829
650
620

209
231
2s3
22s



Neutron irradiation of ccrtamics such m Al 07 produces dcfw:ts including
?(1) point defects [e.g. -cation and anim inters iti:ils and vncancics);

(2) large ~ggregates which arc opaque to latt ice waves (c .g. voids, cation
colloids, anion gas bubbles; and, (3) large aggregates which arc partially
transparent (e.g., platelet prccipitatcs, stncking faults). In the study
with Prof. Klemens we have estinmtcd the effect on thermnl conductivity of
A12030f eachof these types of defects. (lnnparison is made for a tempera-
ture of 1000”C, and defect concentrations typical of alumina irradiated
at the sam temperature. Results of these calculations show that point
defect scattering ismst impotiant. Conductil-ity in this case is predicted
to be 60% of the intiinsic conductivity.

In
of M@,
Thermal
will be

the mrk with Prof. h’einstock, we are planning to irradiate s.amplcs
YAG, A120~, and spinel in the Livermre source and also at Argonne.
condxtlvlty measurements will be by a comparative technique and
camied out by Prof. Weinstock at Illinois.

Thermal conductivity neasurenents will be carried out here on the
sanples irradiated in EBR-11. These rmsasurements will be carried out by
means of the flash diffusivity method using a Xenon flash lamp. Conductivity
will be investigated betwen room temperature and approximately 1120°K.

SYMHESIS AND~lARACTERIZATIONOF SILICON-NITRIDEltUf PRESSEDWITHfUNMTl@I~

Silicon nitride is a strong ceramic whichim excellent elevated
temperature strength retention and is also an insulator. Two impotiant
methods of fabricating silicon nitride are hot pressing and rcac.tion sintcrin~.
The latter lJmally results in somewhat porous bodies. In the hut pressing
method, a second phase is added as a sintering aid, usually N@. The final
product prepared in this way, usually contains c~stalline Si~N grains
with a glassy grain boundary phase. $Dislocation mechanisms of efonnation
are net expected to contribute to elevated temperature flow or failure of
Si3N4 below 1700”C. Instead it is this grain boundary glassy pha:e which
has been identified as the failure controlling feature. Recent wrk in the
literature has shown that the elevated tenqerature strength of the hot
pressed material canbe improvedbyusingl’

Ez
additions to promtc

fomation of ac~ystalline grain boundary p e.

Since material hot pressed with Y#13 additions is not available
commercially, we have undertaken a project, jointly with W. E. Hauth of
Group 018-0, to prepare samples of this material for evaluation. Samples
containi~4 Y203 in increments of 5 wt.% from O to 20% Y203 were prepared
by hot pressing at 1775°C and 6500 psi. The silicon n~tr]de powder was
obtained as a mstly amorphouspowder from GI’E. This powder is a high
purity powder which was found to be approximately 90% amrphous, the remainder
probably a-phase. Approximately half of the particles were less than 0.2 v
dia. Hot pressing was camied out in carbon mold% under NZ atmosphere.

Sample; have been cut from the hot pressed billets and have been
encapsulated in stainless steel tubes under vacuum for irradiation at
625° and 700°C in EBR-Ii. These samples-will receive approximately
4 x 1022 n/cm2 (E>O.1 MeV). Evaluation will include swelling and
microhardness determimtion as well as electron microscopy.



Additional work is planned to produce more samples for characterization
in the non-i nadiatccl state. Specifically we plan to optimize pressing
conditions and composition by determination of their effect on hot and cold
M)R.

MXMNICAL PROPERTIES

The mchanical propetiies of imdiated materials change as the result
of defects induced in the substructure and changes in the microstructure.
Candidate first wall materials nust withstand significant stresses during
cyclic operaticm so detenninationof radiation effects on their strength
is an iqortant pafi of the investigation.

In the present stage of our mrk, cnly comparatively small numbers of
small samples are available for investigation. Accordingly, microhardness and
micro-indentation fracture testing has been chosen as a method for characteriz-
ing the effect cf irradiation on mechanical properties. We are presently
constmcting a machine to carry out tests between room temperature aid
approximately 700”C. We expect to begin testing by late in the sumer.

FlnuRE STUDIES: IMEDIATE PLANS

IWing the next year, efforts will be concentrated in three areas:

1. Characterization of the I(A-3 samples including chemical analysis,
microstructure, therml conductivity and microhardness testing.

2. Preparation andmalysis ofhot-pressd Si3N4-Y203 samples.

3. Preparation of additioml ifiadiations.

Of these, the latter, in particular will proceed ve~~ slowly at the present
level of effort.

FUTURESTUDIES: GENLT4UU.RECXWENllATIONS

I feel thattwomjor areas which require much nmre effort are in the
areas of materials devlopnent and mechanical prcpefiies detennimtion.
Each type of effort must lx expanded in conjunction with increased opportunities
for irradiationofsamplcs undersuitable conditions.

Indications at present are that the nitride and oxynitride ceramics
Si#14, Sialon, and Si20W

i
show low swelling characteristics and may therefore

bc promising candidates or CIl? applications. If further results,
especially in the areas of mechanical and electrical properties, show promise,
then these materials would probably form the focal point for futme study
of structural ceramics. However, it is known that radiation damage is
structure and composition dependent. Thus a successful effort would
require synthesis of materials, work to produce special stmctures, and
intensive characterization. Irradiation-experiments to irradiate smples
clcsigned for mchanical properties evaluation would be required, and shculd
include in situ mechanical properties detcrminntion during irradiation.
It is esfim~ that one or twu additional Staff Wrnbers with adequate
technician support Q 3) Woldd be required in order to make progress in
these areas on a reasonable timetable.


