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STRUCTURAL EFFECTS IN NEUTRON IRRADIATION OF
INSULATING CERAMICS*

by

George F. Hurley
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

ABSTRACT

A vacuum gap irradiation capsule was desigred and built to
maintain a temprature of 740°C during 6 weeks irradiation at EBR-II.
Sixty-eight samples of 15 ceramic or metal-ceramic combinations were
irradiated to a fluence of approximately 3 x 1021 neutrons/cmZ,

E > 0.1 MeV. Measurements of sample dimensions before and after
irradiation were used to determine volume swelling. This parameter
and the physical appearance of the samples are discussed.

A primary application of insulating ceramics in proposed
fusion powder devices is the first wall insulating lining in the RTPR
reactor. A satisfactory material for this application must bear
substantial thermal stresses in cyclical fashion. Calculated values
of pertinent parameters are presented and compared for several of
the irradiated materials in non-irradiated form. Work to prepare
apparatus for the measurcment of thermal and mechanical properties of
these materials following neutron irradiation is described.

Silicon nitride is representative of a class of refractory ceramics
distinguished by its high thermal conductivity, resistance to thermal
shock, and elevated temperavure strength retention. Recent work
has suggested that SiizNg hot pressed with additions of Y,0,, rather
than the usual MgO, may offer improved high temperature stfength. A
project to preparc samples of this material with optimized Y,03
concentration and pressing conditions is described. Samples of
Si3Ns hot pressed with 0, 5, 10, !5, and 20 w/o Y205 additions have
been prepared for an irradiation e.periment being carried out by ORNI,
at EBR-II.

Work performed under the auspices of the USERDA.



INTRODUCTICN

Many ceramic materials bear particular potential tor elevated tempera-
ture service including load-bearing applications due to their typical high
modulus, resistance to deformation, and relatively inert behavior in many
adverse environments. In addition, many ceramics are also electrical
insulators and this combination of properties make such materials promising
for several fusion reactor applications.

The Reference Theta Pinch Reactor (RTPR) requires an insulating
first wall to prevent energy dissipation by induced electrical currents
during implosion heating of the plasma. In this application, an insulator
conducts heat out from the plasma, undergoues cyclic thermal stresses, and
is also cyclically bombarded by neutrons. This application is possibly
the most severe 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 irradiation on dimensional stability (swelling),
thermal conductivity, and mechanical behavior, and the relationship of threse
properties and their changes to structure and composition.

IRRADIATION OF CANDIDATE INSULATING CERAMICS

A third irradiation 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 XA-3, with a design tcmperature of 740°C,
while the main experiments were KA-1 and KA-2 with design temperatures
of 650° and 825°C. KA-1 and -2 are heat pipes with quite precise tcmpera-
ture control, while KA-3 was a vacuum gap capsule with temperature control
estimated to be 739 + 42°C for reactor power fluctuations of + 25%.

Samples for this irradiation capsule werc cssentially the same as
those included in the copsules KA-1 and -2. Their identities are given in
Table I. Details of the preparation and purpose of the composite samples
are given by J. G. Hoffman in this proceedings, and choice of the monolithic
samples is described by J. M. Bunch. These samples for the most part were
1 amZ x 0.05 cm wafers. In addition 8-mm-dia x 8-mm-long samples of both

sialon and Si2ON2 were included in KA-3 for subsequent diametral compression
testing.

A six week irradiation of this capsule was completed in EBR-II with an

estimated fluence of 3 x 1021 neutrons/cmZ. The capsule was received

back here and has been opened. The capsule vacuum gap was sampled to

show that a vacuum rcmained and that the thermal analysis was therefore
valid. We presently await further data on the 1run in order to fix the
temperature -uncertainty. A set of dummy samples represerting all those
irradiated were annealed at thc same temperaturc and are available for
comparison.

A new irradiation, in spacc made available to us in an ORNL experiment,
has been initiated. In this case we will irradiate samples of a new form
of hot pressed SigNg nt 625°C and at 700°C to a fluence of approximately
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4 x 1022 neutrons/cm“.  Samples for this experiment have been fabricated
and scalcd into stainless steel capsules. These samples are at ORNL
awaiting their assemply of the capsules.

ANALYSIS OF SAMPLES FROM KA-3

Samples have been rcmoved from this capsule and given a cursory
inspection. Six of the samples including two 5iiNg wafers from Norton and
4 glass-metal composites from Al hed activity lcvels too high (or handling
outside the hot ccll. The latter 4 samples werc stuck together, apparcntly
by softening of the glass at the irradiation temperature. All of the other

samples showed no evidence of physical degradation other than color changes
in particular cases.

All of the monolithi: ceramic pieces have been measured before and
after irradiation to determine their dimensional stability. Results
presented as volume increase in percent are listed in Table 2. In the
case of the flatplate samples which were approximately 10 x 10 x 0.25-0.5 mm,
volume swelling was calculated from changes in the larger dimensions. Thus,

AV ~ Ax by
= 1.5 —
Yo Xo Yo

One exception was the National Beryllia samples for which

AV Yy 3
Vo Xo

The disc samples werec approximatcly 8-mm-dia and 8-mm-long. Herc volume
swelling is

v, 1
vc—) oo

Three types of aluminum oxide samples avrc listed. The Tyco sapphirc
samples were cut from single crystal ribbons which were grown with their
surface parallel to the crystallographic ( 102 )} plane. These samplcs
have the direction of maximum swelling 32.5° away from the planc of mecasurc-
ment; it is thereforc assumed that the volume sweiling was less than that
reported. Similarly, the Linde sapphire samples, which are slices from a
Czochralski single crystal boule, arc oriented such that maximwn swelling
would be 90° from the plane of the samples. These sarples were irradiated
to provide samples for other phases of thc investigation.

BeO is also notcd for its large and anisntropic cxpansion under
neutron irradiation. The twn types of BcO herc seem to have hchaved
diffcrently, perhaps a result of structural differences. Little is
known of the stnucturc or propertics of either of these types of samples,
at present. Further characterization will be required in order to compare
these results with each other and with other rcsults from pure ReO.
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Two cubic oxides, Yag and Spinel, werc irradiated in both the single and
polycrystalline forms. Both showed low swelling, but more in the poly-
crystalline form compared to the single crystals.

The yttria ceramics, pure and with 1% Zr07, showed low swelling, but
slightly more for the alloyed sample. Past work with Y20: and with
yttralox (10% ZrO;) has shown conflicting results, but, in one case, a somewhat
greater value of swelling for the yttralox. Again much charactsrization is
required to begin to understand these results.

The structural ceramics included here, SipON,, SiiN:, and Sialon gave
swelling values which ranged from a low of 0.05% %or Siszz, to a high value
of 0.47% for Sialon with intermediate values for the silicon nitrides. It
is noted here that the SijON7 which gave the least swelling in agreement
with previous results, was also visibly porous, and that the least dense

of the two types of Si3Ng also showed the least swelling.

COMPARATIVE THERMAL AND STRENGTH PARAMETERS FOR CERAMICS

Table 3 is a collection of property and calculated property data for
several technological ceramics. The quantiiy x is the thermal diffusivity
given by the ratio of thermal conductivity, k, to the produce density times
specific heat, pcp. The quantity vy is a measure of thermal shock resistance
and is given by the ratio of strength, a,, to the product of Young's
modulus and thermal expansion coefficient, E.a. Other ways of cstimating
thermal shock resistance are available but this quantity provides a
useful comparison.

The table presents these quantities over the temperature interval 300
to 1500 K (R.T. to 1227°C), which extends into the temperaturc rang::
expected for very high temperature systems such as bumpers. At the highest
temperatures, many ceramics including Al1,03 begin to display some limited
plastic flow which would tend to reduce the severity of thermal shock.
Thus, for such 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, SisNs, Sialon, and
SiC show several times better heat transport and thermal shock resistance
pronerties than the more typical ceramics Al203 and Y20:. This results
from quite high values of thermmal conductivity along with relatively
temperature insensitive strength and low values of thermal expansion.

EFFECT OF IRRADIATION OF THERMAL CONDUCTIVITY

It is known that irradiation of ceramics will result in decreased
thermal conductivity. Such changes are of critical impnrtance in applications
such as the first wall application since decreased thernal 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 thermal diffusivity changes in samples
irradiated at EBR-II. Finally, in cooperation with Prof. Harold Weinstock
of Illinois Institute of Technology, we shortly will prepare iwo sets of
samples for irradiation of the 14.1 MeV source at Livermore and in the
fission reactor at Argonne. Thermal conductivity and structural changes in
these samples will be compared.



Tante 3, TueraL AND MEcHanicaL DaTa FOR CERAMICS OF INTEREST
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T K o Cp K o
PuoC3 300 .086 3.96  2.15 101 67 §9.3 5.5 205
500 .047 3.94  2.49 .0478 59 58.5 7.4 136
700 .028 3.92 2.74 .0260 51 57.6 8.4 105
900 .020 3.90 2.88 .0178 50 56.7 8.9 99.1
1100 .016 3.88 2.9 .0139 50 55.8 9.0 99.6
1300 .0i4 3.86 2.78 .0130 48 54.8  9.42 94.8
1500 014 3.84  2.36 .0108 43 3.6  9.24 86.8
Yoz 300 .037 4.64  .108 .0738 42 25.3 8.1 205
- 700 .014 4.60 .130 .0234 8.1
1100 .0078 4.%4  .138  .0124 9.36
1500 .0066 4.49  .143 .0102 9.36
Stz 300 .069 35.19 .16 Jd4 120 47.4 1.37 1844
700 .059 3,18 .2 07 117 45.4 2.37 1087
1100 045 3,17 29 .05 112 43.5 3.92 651
1590 035 3,15 .34 .037 85 39.2 4. 461
SIALMN 300 .053  3.20 .0935 120 43.6 3.2 860
700 .050 3.18 .0430 107 a1 3.2 829
1100 94 33 3.8 650
1500 82 35 3.8 620
SiC 300 1.169 3.20 .18 2.03 52 58 4.3 209
700 0.231 3.8 .240  0.303 54.1  54.5 4.3 231
1100 0.095 3,17 .23  0.107 55.6 51.0 4.3 253
1500 0.04 3.14 324  0.039 56.0 46 5.4 225



Neutron irradiation of ceramics such as Al,0, produces defects including
(1) point defects (c.g. cation and anion interstitials and vacancies);
(2) large aggregates which are opaque to lattice waves (e.g. voids, cation
colloids, anion gas bubbles; and, (3) large aggregates which arc partially
transparent (e.g., platelet precipitates, stacking faults). In the stugy
with Prof. Klemens we have estimated the cffect on thermal conductivity of
A1203 of each of these types of defects. Comparison is made for a tempera-
ture of 1000°C, and defect concentrations typical of alumina irradiated
at the same temperature. Results of these calculations show that point
defect scattering is most important. Conductivity in this case is predicted
to be 60% of the intrinsic conductivity.

In the work with Prof. Weinstock, we are planning to irradiate samples
of MgO, YAG, Al;03, and spinel in the Livermore source and also at Argonne.
Thermal conductivity measurements will be by a comparative technique and
will be carried out by Prof. Weinstock at Illinois.

Thermal conductivity measurements will be carried out here on the
samples irradiated in EBR-1I1. These measurements will be carried out by
means of the flash diffusivity method using a Xenon flash lamp. Conductivity
will be investigated between room temperature and approximately 1130°K.

SYNTHESIS AND CHARACTERIZATION OF SILICON-NITRIDE HOT PRESSED WITH I\DDITIQ\E
OF Y203_

Silicon nitride is a strong ceramic which has excellent elevated
temperature strength retention and is also an insulator. Two important
methods of fabricating silicon nitride are hot pressing and rcaction sintering.
The latter vsually results in somewhat porous bodies. In the hot pressing
method, a second phase is added as a sintering aid, usually MgO. The final
product prepared in this way, usually contains crystalline SiiN, grains
with a glassy grain boundary phase. Dislocation mechanisms of deformation
are not expected to contribute to elevated temperature flow or failure of
SizNg below 1700°C. Instead it is this grain boundary glassy phase which
has been identified as the failure controlling featurc. Recent work in the
literature has shown that the elevated temperature strengih of the hot
pressed material can be improved by using Yﬁg additions to promote
formation of a crystalline grain boundary p ge.

Since material hot pressed with Y03 additions is not available
commercially, we have undertaken a project, jointly with W. E. Hauth of
Group (MB-%5, to prepare samples of this material for evaluation. Samples
containing Y203 in increments of 5 wt.$ from 0 to 20% Y203 were prepared
by hot pressing at 1775°C and 6500 psi. The silicon nitride powder was
obtained as a mostly amorphous powder from GTE. This powder is a high
purity powder which was found to be approximately 90% amorphous, the remainder
probably a-phase. Approximately half of the particles were less than 0.2 u
dia. Hot pressing was carried out in carbon molds under N2 atmosphere.

Samples hzve been cut from the hot pressed billets and have been
encapsulated in stainless steel tubes under vacuum for irradiation at
625° and 7n0°C in EBR-I1. These samples‘will receive approximately
4 x 1022 n/cm? (E>0.1 MeV). Evaluation will include swelling and
microhardness determination as well as electron microscopy.



Additional work is planned to produce more samples for characterization
in the non-irradiated state. Specifically we plan to optimize pressing

conditions and composition by dctermination of their effect on hot and cold
MDR.

MECHANICAL PROPERTIES

The mechanical properties of irradiated materials change as the result
of defects induced in the substructure and changes in the microstructure.
Candidate first wall materials must withstand significant stresses during
cyclic operation so determination of radiation effects on their strength
is an important part of the investigation.

In the present stage of our wotk, 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 cof ir adiation on mechanical properties. We are presently
constructing a machine to carry out tests between room temperature and
approximately 700°C. We expect to begin testing by late in the summer.

FUTURE STUDIES: IMMEDIATE PLANS

During the next year, efforts will be concentrat=d in three areas:

1. Characterization of the KA-3 samples including chemical analysis,
microstructure, thermal conductivity and microhardness testing.

2. Preparation and unalysis of hot-pressed SiSN4-Y203 samples.
3. Preparation of additional irradiations.

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

FUTURE STUDIES: GENERAL RECOMMENDATIONS

I feel thattwo major areas which require much more effort are in the
arcas of materials devlopment and mechanical prcperties determination.

Each type ot effort must tc expanded in conjunction with increased opportunities
for irradiationofsamples undersuitable conditions.

Indications at _present are that the nitride and oxynitride ceramics
SizN,, Sialon, and S5i0N; show low swelling characteristics and may therefore
b prom151ng canu1dates for CTR 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 future study
of structurgl 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 structures, and
intensive characterization. Irradiation‘experiments to irradiate sanples
designed for mechanical properties evaluation would be required, and shculd
include in situ mechanical properties determination during irradiation.

It is estimated that one or two additional Staff Members with adequate

technician support (> 3) would be required in order to make progress in
these areas on a reasonable timetable.



