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A preliminary data base to assess the radiation-damage resistance of some glass ceramic
materials has been gathered. These are rather complex materials, both in structure
and composition, but possess many of those properties required for structural, insula-
tor applications in fusion-reactor design. Property measurements were made after fast
(E>0.1 MeV) neutron irradiations of T-2.4 X 1022 n/cm2 at 400°C and 550°C. The results
have shown general resistance to changes in thermal expansion anH most did not experi-
ence severe loss of mechanical integrity. The maximum volume expansion occurred in
several of the fluorophlogapite-based glass ceramics (̂ -3.0%). Several observations
demonstrated differences between the effects of neutron and electron irradiation; irra-
diation conditions prototypic of projected reactor uses need be considered for optimum
materials selection.

1. INTRODUCTION

1.1 Experimental justifications

Many non-metallic materials will be needed to
construct future fusion power facilities. These
materials include ceramics for use as electri-
cal insulators and for window materials. They
will be required to maintain structural integ-
rity in a very severe thermal environment, to
be radiation damage resistant, and, in general,
retain in service those properties for which
they are selected.

The effects of radiation on the properties of
important engineering ceramics have not been
widely studied, especially compared with the
greatly superior data base which has been gen-
erated for structural metals. Yet the proper-
ties of ceramic materials are, in general, less
forgiving to microstructural modifications
as can be produced through radiation damage.
Some very excellent data has been gathered by a
few investigators who have looked at high-dose
neutron irradiated materials.(1,2,3,4) However,
much of the work has been confined to initial
studies of very basic classes of ceramic mate-
rials and most other studies have utilised simu-
lation techniques. It has been clearly demon-
strated that conditions of irradiation (particle
energy, size flux) can effect very different
types of property alterations(5,6; and it is
therefore important to study the damage of
ceramic materials with regard to those species
of radiation (neutron, ion, gamma, etc.) which
will be present in the relevant reactor appli-
cations. It is the purpose of this study to
look at the effects of fast (E>0.1 MeV) neutron
damage.

Most of the materials used in this investiga-
tion are multi-phase glass ceramics. These are

fairly complex materials in regards to
structure-property relationships^'^'^) and are
a very important class of structural ceramics
for engineering applications. Owing to differ-
ences in composition, crystal phase, and degree
of crystallinity their makeup can be tailored
to produce thermal expansion properties which
match certain metallic materials and thus be
bonded to them for use in environments with
large thermal fluctuations. Certain types can
be made so Lhat they are machinable into inlri-
cate shapes,(1°) a very unusual property for
ceramic insulators. These materials may be
important candidates for fusion reactor appli-
cations. As such, radiation damage resistance
as concerned with engineering properties needs
to be assessed so prudent materials selections
can be made.

1.2 Materials Studied

Table I gives the chemical compositions of the
pure Si02 (Infracil) and seven glass ceramic
materials used in this study. The Infracil
material is a commercially available dry silica.
It has been suggested that dry forms of silica
are more radiation damage resistant as OH
radical groups seem to act as nuclei for struc-
tural rearrangement, especially in crystalline
forms.(11' Such materials have been studied
previously and suggested for use as transparent
material for diagnostic window applications.(12)
PrimakC^) previously irradiated a number of dry
silica materials in EBR-II and the results of
his experiments will be compared to those of
the current study. The major findings of
Primak's study(3) as well as that of Kntunkiimp,
et al,'13) indicate that damage to vitreous
silica, as measued by densification and in-
crease in refractive index, saturates at neutron
fluences approaching 1018-1019 n/cm2. In fact,
these properties approach the same values for
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Table I • Ceramic Compositions, wgt.2

Sample Si0o MgO B2°3 ZrO., MgF, Li2O P2°5 CoO ZnO BaO

Macor* 52.0

DH 60.5

Dl 61.7

DJ 58.8

HR66B+C0O 60.0
MS011-A 46.2
ReX 71.8

Infracil 100.0

15.0

9.5
5.1

15.0
13.5
13.8
12.3

2.0

1.9

9.0

1.9

9.0
13.5
13.«
15.1

*

10. A

10.6

10.1

3.2 4.8

9.0

12.6

2.0

2.5

2.5

0.5 28.5

32.2 4.8

* Fluorine is added at 6.3 wt.% to substitute with oxygen.

both heavily damaged quartz, as it vitrifies,

and vitreous silica. The current experiment

extends the neutron exposure to higher fluences

than previously studied.

The types of glass ceramics used in this study

include several Corning products: Macor, DH,

DI, and DJ. All exhibit a fluorophlogapite mica

(KMg3AlSi3OioF2> as the crystalline phase and

have been designed as a machinable class of

glass ceramics.(10> ReX, HR66B+C0O, and MS011-A

are glass ceramics which have been designed to

match the thermal expansion characteristics of

certain Ni-base alloys, 300-series stainless

steels, and molybdenum, respectively. ReX con-

sists of lithium silicate crystals in a glassy

matrix.O) The HR66B+C0O and MS011-A ceramics

incurred some activation problems during irra-

diation and have therefore not yet been studied

microstrueturally.

2. MATERIALS AND PROCEDURES

2.1 Irradiation Conditions

All specimens were irradiated in the core region
of Argonne's EBR-II reactor, specifically in
row 7 of the reactor. The average fast
(E>0.1 MeV) flux in this row was 1.2 x 1 0 1 5

n x cm"2 x s~'. Axial and radial corrections
were used to assess the fast fluence exposure of
all specimens. Identical sets of specimens
were loaded into two subassembly experiments,
one operating at T-400°C, the other at i>550°C.
The Macor-type ceramics were encapsulated in
vacuum, the others tn helium. By sealing the
Macoir-type ceramics in vacuum, postirradiation
laser puncturing could be used to examine the
evolution of certain gases during irradiation.

2.2 Postirradiation Testing

Following irradiation the samples were deencap-

sulated and subjected to activation analysis.

Those with sufficiently low activation of radio-

active products to allow safe handling were

transferred for examination, the others were

measured in-cell for density changes and stored

for future examination.

Each type of material was represented by at

least two 2.54 cm x 0.25 cm x 0.13 era bars.

Visual examination and density determinations

were initially done on each sample. One bar of

each material was then polished and subjected to

microhardness and fracture toughness evaluation.

The toughness measurements were done using a

microhardness overload technique.d*3 Those

materials which demonstrated unusual property

changes as compared to unirradiated samples (no

thermal controls have yet been examined in this

phase of the experiment) were sectioned for

electron microscopic examinations. Transmission

electron microscopy specimens were prepared by

argon-ion milling.

Specimens 1 cm long were cut from bars of some

materials for thermal expansion analysis. While

all specimens have not yet been fully charac-

terized, sufficient unique data exists at this

point to warrant analysis for preliminary evalu-

ation of the radiation damage resistance of the

materials.

3. RESULTS

3.1 Density

Table II lists density changes measured after
Irradiation for all types of materials and Irra-
diation conditions (AV/Vo = "Ap/pf). ReX,
HR66B+C0O, and MS011-A were irradiated in both
as-cast glassy forms and in heat-treated semi-
crystalline forms.

The AV/Vo data firstly shows that the densifica-
tion of the pure, dry silica (Infracil) was di-
rectly comparable with previous results of
Piimak(3) where the density change of Supracil
(another pure, dry silica) had saturated at a
value of 1.59% at 370DC and 1.2 x 1 0 2 1 n/cm2

exposure. The present data confirms that the
densification remains constant up to very high
neutron exposures.

The ReX, MS011-A, and HR66B+C0O glass ceramics

showed very little density change, most all less

than 1%. Microstructural examination of the

irradiated ReX ceramics demonstrated that indeed

very little change haii occurred. However, alter

only brief (several minutes) exposures in the

electron microscope the lithium silicate phase



Table II : Swelling and Hardness Results

AV/Vo (%)Sample T±tr
<'°':) <|>t(1022 n /cm 2 ) , E>0.1 MeV

2. 4 - 1 . 4
2.5 - 1 . 1
2.7 1.1
2 .3 1.5
2.7 0.7
1.9 3.0
2.2 2 .1
2.2 2.8
2.5 2.0
2.0 0.8
2.1 1.0
2.2 -0.4
2.3 -0 .7

* Numbers in parentheses represent unirradiated values.

Infracil
Infracll
Macor
DH
DH
DI
DI
DJ
DJ

Re/, ceramic
ReX, ceramic
ReX, glass
ReX. glass

400
550
550
400
550
400
550
400
550
400
550
400
550

Hardness,* kg/mm2

583 (526)
621
475 (267)
507 (320)
443
695 (347)
537
545 (375)
498
575 (544)
624
527 (470)
574

became amorphous (see Figure 1). Moreover,
voids, or gas bubbles, formed rapidly within the
glassy phase in both the glass ceramic and
glassy forms of ReX. This is illustrated in
both Figures 1 and 2. The damage saturates
after a short period of time and, in fact, can
partially anneal out of the foil. The observa-
tion of three such objects in a line of sight
micrograph and stereomicroscopy confirmed the
fact that they form within the bulk of the ma-
terial. The rapidity of their formation and
growth shows that exceptionally fast diffusion
of either gaseous or vacancy defects can occur
in these materials under ionization damage con-
ditions. In addition, this is a good example of
the degree to which displacement and ionization
damage can produce different results. The ob-
servations of rapid saturation and partial
annealing indicate that the process is limited
by a finite supply of defects or gas. Since the
phenomenon occurs also in unirradiated material,
although more slowly, the most likely explana-
tion is that neutron-induced and quenched-in
thermal vacancies are being rapidly annealed by
the electron irradiation. Similar radiation
annealing has been observed in other ceramic
systems.(5)

The Macor-type glass ceramics demonstrated mod-
erate volume expansions (1-3%). Transmission
electron microscopic examinations revealed that
no significant loss of crystallinity had occur-
red. Comparisons to unirradiated materials,
however, did reveal that some of the irradiated
materials (DH) developed lens-shaped defects
(see Figure 3) on the faces of the mica plates.
These could have resulted in the slight density
reduction. The Macor itself did not seem to
form these defects although it was susceptible
to a radiation annealing phenomenon similar, but
less pronounced, to tnat observed in ReX. The
DH material showed no such annealing effects.

The Macor contains some boron. The ^ B isotope
produces He and tritium when exposed to fast
neutrons. More helium is produced than is

tritium. Laser puncturing of the sealed cap-
sules containing the Macor-type ceramics showed
that no gases were generated or outgissed in DM,
DI, or DJ; possible reactions of gases such as
O2 and F2 with capsule materials may have pre-
cluded observing any outgassing. A 0.34 g sam-
ple of Macor, irradiated at 550cC to 2.73 x 1022

n/cm2 resulted in 1.2 x 10~5 moles of Hu detect-
ed in the capsule; it can be predicted *;hat up
to 6.3 x 10~5 moles of He may have been genera-
ted, so at least 19% of the gas generated was
released to the capsule plenum. ReX would like-
wise generate He which may explain similarities
iu the bubble formation effects during electron
bombardment.

3.2 Mechanical Properties and Thermal Expansion

Table II also lists the pre- and postirradiation
hardness properties of some of the materials
tested. All the ceramics seemed to show some
hardening effects. The samples were ground und
polished before testing which should have elimi-
nated most surface residual stresses. There-
fore, unless a massive zone of residual stress
was developed, it appears as though there is an
irradiation hardening associated with these
materials; the cause is not obvious from our TEM
examinations as no defect structures could be
identified.

The fracture toughness, Kc, of the ReX ceramic
was reduced by the irradiation exposure (see
Table I1IJ. If we use the relationship
Kc oc ofac'S, where of is the material s strength
and ac is the critical flaw length, then, if ac

had not changed, the strength would have reduced
proportionately. Preliminary testing has indi-
cated that strengths were not reduced as much
as the toughness was, although sample numbers
are too United to provide significant statis-
tics.

The DH material was not so damage resistant. It
often broke in handling following irradiation.
TEM observations showed that this was caused by



Figure 1 : Transmission electron micrographs of
neutron irradiated (550°C, 2.1 x 102a n/cm2)
ReX glass ceramics showing amorphitization of
Li2Si2<J5 phase during electron exposure. The
crystal phase had not transformed during pre-
vious neutron irradiation. Total electron
exposure time (.a~*c) was ̂ 60s. 200 kV.

the formation of lens-shaped defects on the mica
plates as discussed in section 3.1 and shown in
Figure 3. These defects could well have caused
the strength degradation.

Thermal expansion properties of some of the ma-
terials are shown in Table III. The average
linear expansion coefficient was not signifi-
cantly affected by the irradiation exposuie in
these materials.

3.3 Activation Products

Safe handling for maintenance or disposal re-
quires that the materials used in a fusion

Figure 2 : Formation of voids/bubbles in ReX
glass uprri exposure to high energy electrons.
The u;row marks a reference location for the
electron micrographs. These same features are
visible in Cb) and (c) of Figure 1. 200 kV.

re&ctor generate as few long-lived activation
products as possible. Several of these ceramics
became activated with long-lived, high-energy
gamma-emitting isotopes and could not be handled
external to a hot cell. HR66B+C0O developed
60Co and MS011-A produced 65Zn, whose half-lives
are 5.27 years and 245 days respectively. Mod-
erate activity was generated in the DJ material
as 95Zr-Nb was produced, but ti.is activity
decays rapidly over several months.

k. CONCLUSIONS

The irradiation damage resistance of some com-
plex structural ceramics have been partially
assessed with regard to some important engi-
neering properties. The ReX, HR66B+COO, DH,
Macor, and MS011-A glass ceramics exhibited di-
mensional stability to high neutron exposures as
measured by density variations; fiV/Va <5 1% at
2 x 1022 n/cra2 <E>0.1 MeV). The l»66B+CoO and
MS011-A, however, formed long-lived, high-energy
gamma-emitting isotopes which precluded further
study at this time. Macor generates He and
small amounts of tritium as does ReX, which,
dependent upon component-material selections and
design, may hinder reactor performance. Despite
gas generation Macor and ReX did not demonstrate



Sample

Table III : Thermal Expansion and Fracture Toughness

" 6 0 ^ 1 ) , (25_450°C) Kc (MN/m
3/2> T

irr<°
c< <t>C (1022 n/cm2)

Infracil
Infracil
Infracll
ReX, glass
ReX, glass
ReX, glass
ReX, ceramic
ReX, ceramic
ReX, ceramic

0.99
1.05
0.91
9.41
9.36
9.75
8.95
9.37
9.67

NA*
1.0
1.2
2.1
1.1
1.5

400
550

400
550

400
550

2.4
2.5

2.2
2.3

2.0
2.1

* Kc could not be measured in this way due to opening of lateral vent cracks.

Figure 3 : Transmission electron micrographs of
unirradiated (a) and irradiated (500°C,
2.7 x 10 2 2 n/cm2), (b), DH glass ceramic. Post-
irradiation loss of mechanical integrity can be
attributed to the formation of lens-shaped de-
fects (arrowed) between mica plates. 200 kV.

severe loss of mechanical integrity as Hid the
DH ceramic. This latter effect shows a complex

response to irradiation dependent strongly on
the type of radiation involved. In addition,
each of the ceramics exhibited what appear to be
irradiation hardening; a corresponding drop in
the fracture toughness of ReX, as measured by
hardness indentations, precludes the hardening
being explained purely by the development of
surface compiressive residual stresses.
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