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Increased attention is being given to the consideration of lithium—containing ceramic
materials for use as breeder blankets in fusion devices. These materials, e.g., Lij0,
v-L1A105, L14S104, L12Zr03, etc., are attractive because of their inherent safety ad-
vantages. At present, there is a broad scope of laboratory and irradiation activities
in force to provide the requisite data enabling selection of the prime-candidate solid

breeder material.

1, INTRODUCTION

The element lithium, in some form, appears to be
the only material suitable for breeding tritium
in a commercial fusion reactor. The status of
breeder blanket technology was recently

reviewed (1), and it appears that the most prom~
ising breeder materials are liquid lithium and
certain solid lithium compounds. Because of
their overall desirable properties, the lithium—
containing ceramic-type solid breeder materials
(e.g., L1320, y-LiAlOz, L1;5104, L125103,
Li52x03, and Li2T103) have received increasing
attention. The data base for liquid lithium is
comparatively large and most of the breeder
blanket feasibility 1ssues, including tritium
release, appear to be well defined.(2) The data
base for the lithium-containing ceramics, the
subject of a recent workshop (3), is not as
large, but the inherent safety advantages of
these materials provide strong incenctives for
consideration as candidate breeder materials.
The goal of current solid breeder programs is

to develop the data base for the candidate solid
breeder materials so that appropriate breeder
concepts can be developed. This paper will dis-
cuss the status of the cand{date breeder mate-
rials with regard to the requisite materials
properties and also give attention to efforts
being made to improve the materials properties
data base.

2. MATERIALS PROPERTIES REQUIREMENTS

The lithium compound selected for breeding
tritivm in a fusion reactor must satisfy many
requirements. The cardidate breeder material
must possess desirable neutronic and irradiation
characteristics, exhibit chemical stability at
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operating temperatures, be compatible with other
blanket and structural materials, and must breed
and release tritium. Any compound selected will
eventually release tritium at the rate at which
it is formed; however, the release must be at a
sufficiently high rate so that the tritium
inventory is not excessive. Further, because of
nuclear heating during tritfum production, the
temperature of the breeding material may greatly
exceed the average temperature of the blanket
and sintering take place. The required blanket
performance criteria have been established by
design studies such as STARFIRE (4), and these
criteria tramslate to the materials properties
listed in Table I.

Table I. Required Properties of
Solid Breeder Materials

Neutronics
Thermochemical Properties
Physical Properties
Tritium Release
Compatibility
Radiation Effects

Fabrication

The status of the materials properties data base
was the subject of a DOE-sponsored workshop.(3)
It is not the purpose of this paper to reiterate
the findings of that workshop; however, it can
be said that the data base was and still is very
iiamited.

3. DISCUSSION: MATERIALS PROPERTIES
3.1 Neutronics

At low neutron energies the wajor tritium (and
heat) producing neutron reaction in lithium
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ceramics is associated with the SLi isotope:

6L1 + 1n « 3T + 4He + 4.76 MeV

In Figure 1 the cross section for this neutron
capture reaction is presented as a function of
neutron energy. Lithium6 has a very high neu-
tron capture cross section (3,000 barns) for
thermal neutrons (E w10-1 to 10~2 eV). However,
most (99Z) of the thermal reutrons would even be
absorbed in a l-cm thick sheet of natural LiAlODjp,
widch has a low SLi atom density.
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Figure 1: Tritium production and neutron
multiplication.

Consequently, irradiation testing of lithium
ceramics in thermal neutron reactors is compli~
cated by self-shielding. Fast neutron fission
reactors, i.e., FFTF and EBR~II, present far
less of a problem since the neutron capture
cross section tor lithium—6 1s approximately

1 barn, which results in less than 10% self-
shielding at 1 cm.

At the high neutron energies (l4 MeV) found near
the first wall of a fusion reactor, the neutron
capture cross section of lithiun—6 drops to less
than 0.1 barn. This means that the direct cap-
ture cf a 14 MeV neutron 1is very unlikely. What
really happens is thar, as the high erergy neu-
trons are moderated by colltsions with the first
wall and blanket materials, their energy is re-
duced. These moderated neutrons are then avail-
able for neutron capture by lithium6 atoms.
Consequently, the ability of the first wall and
blanket to moderate high energy neutrons is
essential in determining the lithium6 reaction
rate. Neutron multipliers such as lead and
beryllium not only moderate the 14 MeV neutrons,
thereby ylelding a softer spectrum, but also
generate an additional neutron by the (n, 2n)
reaction.

Lithium7 atoms possess a low but still sigrif-
icant cross section (o vl barn) for neutron

energies greater than 5 MeV. Hence, direct
L1+ 1p + 37 + %He + 12

neutron capture by lithium7 atoms yields not
only a tritium atom but also a slower neutron
which 18 immediately available for capture by
lreidue6 atoms. In neutronics calculations on
a model fusion blanket, Jung has reported (5)
that the lithium-7 reaction is actually more
important than the lithium-6 reaction in an
Li20 blanket without a neutron multiplier.

Of the solids being considered only Li30 is
potentially capable of attaining adequate
breeding without a neutron multiplier; however,
experimental verification 1s certainly required.
It 1s recognized that tritium breeding optimiza-
tion is strongly configuration dependent and
thermal hydraulic factors and tritium recovery
considerations may impose severe constraints.

3.2 Thermochemical Properties

Thermochemical properties data (e.g., vapor
pressure, phase equilibria, thermal stability,
thermodynamics) are critically needed for objec-
tive evaluation of candidate breeder materials.
Of the materials being considered only lithium
oxide (L170) has received significant attention,
that being due to its high lithium atom density
and potential for breeding without the aid of a
neutron multiplier. A major question regarding
the viability of Li,0 relates to its thermo-
dynamic equilibria with T30 and its impact on
tritium inventory. Equilibrium tritium concen-
trations in candidate solid breeder materials
for a Tp0 partial pressure of 1.3 Pa (1072 torr)
were calculated from available thermodynamic
data and are presented in Figure 2.
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Figure 2: Calculated equilibrium tritium
concentrations in candidate solid
breeding materials at Pyyo = 1.3 Pa.

The calculations indicate that tritium dis-—
solution in Li50 is unacceptably high for



temperatures of interest, leading to high tri=-
tium inventory and uncertainty. All of the ter—
nary oxides appear to have significantly lower
tritium “solubilities” and, with the possible ex-—
ception of LizZr0j3, have levels of 10 wppm or
less (10 wppm corresponds to a 1 kg imventory).
The thermodynamic data base fcr the Liz0-
LiOH-Hov ¢ystem is not well established but is
receiving increassing attention.(6,7) Most re-
cent information suggests a much lower T0 eol-~
ubility in Li,0 than shown in Figure 2. However,
increasing volatility was observed for increasing
moisture content of the gas phase passing over
solid 1ithia.(7,8)

With the exception of lithium aluminate (LiAl03)
there is a paucity of thermochemical data for
the ternary ceramic oxides. Of critical Japor-
tance to these materials is their stability as
lithium deficient solids. Presently, there are
two irradiation experiments and out=~of-pile mass
spectrometry studies which give attention to
this 1issue.

3.3 Physical Properties

The lithium~containing ceramic breeder materials
are characterized by high melting point and high
lithjum atom density. However, the performance
of the solid breeder will be strongly affected
by its thermal conductivity and sinteriag char-
acteristics. It is tbe in-reactor thermal per-
formance of the candldate material that largely
determines the ultimate blanket design. Since
ceramic materials characteristically exhibit low
thermal conductivity, any degradation in this
parameter during irradiation would have a severe
impact on the solid breeder performance.

The sintering characteristics of the candidate
breeding materials have received only very
limited investigation. In general, the thermal
sintering characteristics of stable oxides are
quite similar. Temperatures in excess of 0.8 Ty
{the absolute melting point) are required before
significant sintering occurs. However, neutron
radiation typically enhances the sintering char-
acteristics and lowers the temperatures at which
sintering is observed. The effects of radiation
are expected to reduce the sintering temperature
to 0.6 Tg.(4)

Sintering and grain growth are phenomena that
could significantly affect the restructuring of
the lithium ceramics. 1In Table 1Y preliminary
experimental data of sintering temperatures for
.85 TD material is compared with calculations
using the 0.6 Ty postulate. It should be noted
that the experimental results indicate that tem—
peratures above 850°C are required to induce
densification which might cause closed porosity.
Irradiation damege could cause enhanced diffusion
and a reduction in the sintering temperature, but
inferences from materials other than those of
Table 11 oust be made cautiously. For instance,
in fission reactor fuel steep temperature gra=
dients (AT > 100J0°C/cm) can cause porosity to

migrate from the colder circumference into the
central core with a greater driving force than
surface tension alone. Under these conditions
sintering occurs at v0.6 of Tp.

Table 11. Sintering of Lithium Ceramics

Sintering Temperature (°C)

Melting
Material Observeda Calculated® Point (°C)
1120 1050 750 1427
Li5Zr03 1350 860 1615
L1A103 1200 855 1610
L13T103 1350 820 1550
11,3104 850 670 1300

aPreliminary data (9) for sintering of .85 TD
material.

bCplculated on basis of 0.6 Ty.

3.4 Tritium Release

Tritium release In the solid breeder blanket
will depend upon kinetic, thermodynamic, and
structural factors. In a recent design

study (4) tritium generated in the solid breeder
material is removed by a low pressure helium
purge that circulates through the pores of the
ceramic. The tritium is considered to be re-
moved by the following recovery mechanisms:

a) bulk diffusion in the grain

b) desorption of T,0 at the grain surface

c¢) migration through interconnected grain
boundary porosity to the particle surface

d) percolation through the porosity of the
pecked breeder bed

e) convective mass transfer out of the blanket
into the processing stream

The tritium inventory in the breeder material
will be determined both by diffusion rates and
thermodynamic constraints. The tritium inven-
tory is predicted to possess a very strong tem
perature dependence and is predicted to be
extremely sensitive to the diffusion path length.
Hence, it 1is not surprising that some analyses
conclude that some solids will have very low tri-
tium inventories, while others conclude that
these same solids may have very high inventories.
Further, it is noted that the golid breeder mate-
rial must maintain interconnected pecrosity and
small grain size (vl um) throughout its irradia-
tion history to enable maximum tritium recovery.

Bulk diffusion is considered to be a significant
contributor to the tritium inventory. For spher-
ical perticles of radius r, assuming zero sur—
face concentration, the tritium inventory I is
given by



1= (1/15) 1 r2/D (1

where i = the tritiuem generation rate and D =
diffusivity. 1t 1s very significant that the
tricium inventory 1s a function of the square of
the particle size. Clearly, small (v1 u) grain
gizes are required for aiuimuam ¢ritium inventory,
and the grains must not enlarge significantly
during the lifetime of a reactor blanket. While
diffusivity values for hydrogen have been mea-
sured for many solids, there is a rather large
uncertainty for what the correct values for tri-
tium in solid breeders will be. Kinetic experi-
ments of postirradiatinn tritium release from
several candidate solid breeders have been per-
formed. In these experiments, the kinetics are
non-steady state and the diffusivity D is given
by:
D= 0.16 r/¢ 2)

where t is the mean residence time defined as
the time required to extract 87.4% of the

tritium. (10)

Because the grains in experiments are often very
small (v1 u), non-spherical, and non-uniform, it
1s very difficult to determine r and, therefore,
D in Eq. (2). However, Egs. (1) and (2) can be
combined, yielding:

[*0.511 3

Since 1 18 readily measured, one <¢an estimate

the diffusive inventory in a blanket, provided
the pariicle microstructure in the blanket corre-
cponds to that in the experiments. The tritium
generation rate per GWth, assuming a breeding
ratio of 1.2 and 20 MeV/fusion, is 1.87 x 1073
g/s. Substitution into Egq. (3) ylelds

I= 3.3"1(h) (4)

where I = the diffusive tritium inventory in
grams per GWth and t(h) = the mean residence
time determined in postirradiation annealing
experiments. Calculations from the above model
show a temperature dependence which is consis~
tent wita a diffusion-controlled process.

The gas—phase mass transfer mechanisms (steps b
to e) are not quantitatively understood at this
time, although fission gas models of this form
have been used successfully.(4) Experiments
performed to c¢ete, in which tritium is removed
after neutron irradiation of a solild breeder,
do not permit delineation of the importance of
these steps. The TRIO experiment, wherein tri-
tium is dynamically recovered during irradiation,
should significantly enhance our understanding
of the tritiup r¢lease phenomeunology.

3.5 Compatibility

The chemical compatibility of the candidate
material with structural materials is an impor-
tant consideration. During breeding T70 will
fors and, in combination with the golid breeder,

could present e very corrosive environment. In
the case of L1370 one would expect LiOT to form.
Once formed, the Li10T will contribute species to
the vapor phase, altering its characteristics.
Depending on the solubility of Li0Z in Li50,
single~phase liquid LiQT may forw in the blanket
and result in an extremely corrosive envir~nment.
Studies of the compatibility between candidate
breeder materials and structural materials have
received little attention. What data are avail-
able suffer from two i{mportant deficiencies:
poorly characterized candidate breeder materials
and no experiments simulating an amount of T20
characteristic of what one might expect in
reactor under steady-gtate conditions. Recent
research on this tepic is reported in other
papers (11).

3.6 Radiation Effects

The irradiation performance of candidate breeder
materials has received little or no attention.
While in reactov, the materials will be sub-
jected to high temperatures explicitly testing
their chemical and physical stability. 1In addi-
tion, the neutron environment is likely to
change the breeder materials characteristics.
The neutron capture reaction nl + 116 . 73 + Hed
produces significant lattice damage during
irradition. Not only are two large gas atoms
produced, one of which 1s not expected to be
soluble in the parent material, but also a
lithiua vacancy 1s produced. Several plausitle
radiation damage mechanisms are listed in

Table III. How these atomistic changes are mani-
fested in uwicrostructural damage {(i.e., helium
bubbles, dislocation loaps, or crystallographic
transformations) can only be evaluated during
irradiation.

Table I1I. Radiation Effects in Solid Breeders

Displacement Damage

Vacancies
Loops, Clusters, etc.
Interstitials

Reaction Products

Eubbles
Interstitials
Substitutional Defects

Lithium Depletion

Vacancias
Oxygen Excess
Nonstnichiomatry

Microstructural
Sintering

Grain Growth
Microcracking




In metals, displacement damage by neutrons is of
considerable concern. Each elemental atom pos—
sesses its own particular nuclear cross section
for “direct-knock-or.” After a "direct~knock-
on,” an atom (or ion) cascades through the lat-
tice normal positions. If the displaced atoms
are lost from the crystel, then a vacancy is
created. If the displaced atoms are deposited
into interstitial positioris, then Frenkel defect
pairs are created. Io lithium ceramics, however,
thare are a minimum of two sublattices composed
of anfours and cations. Creation of more defects
on one sublattice than the other, for instance
on the cxygen lattice, would lead to charge
separation witk.n the matrix.

If sufficient defect mobility exists, the newly
formed defects can annihilate or cluster, hence
forming voids or precipitates within the crys-
tal. The displacement damage to the lattice ig
measured by a computed value called displace—
ments per atom, dpa. In actual bianket applica=-
tion, solid breeder materials will receive
substantial displacement damage from the very
high energy neutrons of the plasma. Lower
energy neutrons, like those predominant in a
fission reactor, will produce much less dis-~
placement damage.

Helium and tritium will be generated in the
s0lid bdreeder material during irradiation. 1If
present design postulates are realized, almost
all of the tritium will migrate out of the solid
breeder material. 1In such a case, irradiation
effects by tritium would eppear minimal. Tri-
tium ions in the matrix could substitute for the
lithium vacancies left after neutron captures,
hence making chemical trapping in the matrix
likely. However, owing to its inert character,
helium will have a much lower solubility in
these ceramics than tritium, since only inter-
stitial positions are available. This impacts
its damage potential in two ways. First, the
lower solubility for helium will result in a
lower permeability so that the rate of migration
out of the lattice will be less. Secondly, this
low solubility will enhance bubble formation.

In other materials, inert gasses form bubbles
extensively: helium in B4C (12) and xenon and
krypton in fission reactor fuel.(1l3)

A consequence of the neutron capture process
would be the logs of lithium atoms from the
lattice. This loss creates either a lithivm
vacancy or a localized excess of oxygen, i.e.,
oxygen interstitials. Since tritium ions are
ereated during the neutron capture of a lithium
ion, the overall electrostatic equilibrium of
the erysial is maintained. When the tritium
ions are subsequently released to the cover gas,
it necessarily follows that the oxygen ions must
also be released in order to avoid a charge
buildup in a single valency system. If multi-
valent fons (Fe*?, Fet3) were present, then a
change in oxidation states would balance the
charge of the excess oxygen. In the Lij0 system
the observation that tritium i{s released as T30,

rather then a hydrocarbon or T2, during post-
irradiation anmnealing appears logical if not
obvious.(10)

If lithium depletion occurs to a significant
extent, i.e., ¥5%, the resultant nonstoichiom-
etry in the ternary lithium oxides (Lixnyoz)
could establish a wultiphase rather than single-
phase counditicn. For instance, if stoichio-
wetric L1,510; were irradiated, then lithium
neutron captures would cause an excess of
silica. An examination of the L130-510; phase
disgram reveals that the incipient melting point
would be reduced from 1300°C to a eutectic tem
perature of 1024°C. Similarily, in other
systems lithium depletion and the nonstoichiom-
etry that is produced will bring about phase
changes during irradiation.

3.7 Fabrication

In selecting a solid breeder fabrication method,
one must take into consideration the need for a
a tailored microstructure to facilitate tritium
release, the need for purge channels within the
breeding material, all within the complexity of
blanket assembly design. A lcw density material
having a fine grain size (<1 pm) and a bimodal
pore distritution [i.e., small grain size and
fine porosity within particles that are fairly
coarse (v1 mm) with a much coarser porosity be=~
tween the particles] is believed to be the most
desirable microstructure. Potential methods for
fabrication of the candidate breeder caterial
into blanket modules include sintered blocks,
vibratory compaction, and slip casting. Develap--
ment work has shown that lithium aluminate
(L1A103) can be fabricated with 2 bimodal pore
distribution.(1l4)

Integral to the fabrication of blanket modules
is the preparation of starting materisl. Tech-
niques have been developed for the preparation
of Li0 and the ternary ceramic oxides from
Li3C03 and the metal oxide precursor. These
techniques are discussed in two other presenta-
tions (15-17) at this conference.

4. RESEARCH FOCUS

Recent fusion reactor conceptual designs have
highlighted the potential for lithium—containing
ceramic materials being selected as candidate
breeding materials. These design studies have
identified the need for a more detailed data
base from which selection can be made. The
near-term data needs are most pressing if we are
to be in a position tc select the candidate
material for further development. The recogni-
tion of an inadequate data base has stimulated a
diversified effort involving thermochemical and
thermophysical properties studies to improve our
present position. .Complimentary to this labore~
tory effort is the initiation of irradiati.n
experiments to enlarge our experience on the be~
havior of candidate materials in a neutron
environment. Recently (3), General Atomics



encapsulated four materials (LisPbp, LigS5i0,,
LiAl0p, Lij0) for study in the Oak Ridge Reactor
(ORR). The irradiation phase of this work is

now complete and the postirradiation examination
of these materials is soon to be initiated. The
DOE/OFE is sponsoring two irradiation experiments
that are to commence in about October 198l1. One
experiment (TRIO) will be carried out in ORR and
is to be a dynamic study of tritium recovery

from y-LiAl07. The other is a scoping study of
the four most promising materials (Lij0,
Y-LiAl0p, Li-Si04, and LipZrO3) and is to be
carried out iu EBR-II. This latter study is
significant in that it will be the first time
these candidate materials will be exposed to a
neutron environment prototypical of that expected
in a fusion reactor.

The activities covering thermochemical and
thermophysical properties needs are too numerous
to list. The single most concentrated effort is
that of the Japanese (6) on Li,0. These latter
studies are extremely important :In that Liz0 is
a key compound in the makeup of the ternary
ceramic oxides.
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