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ABSTRACT

The modeling of tritium escape from solid
lithium breeders must recognize the relative impor-
tance of mass transfer in the gas phase as well as
the solid-state diffusion step in the overall pro-
cess. Experimental investigations on oxygen-
containing compounds and intermetallics are shown
to have produced considerable uncertainty in mea-
surement of diffusion in the various materials,
while data is minimal in characterizing the trans-
fer of tritium from the gas-solid interface into
the gas stream. Considerations of this latter
aspect indicate important consequences for tri-
tium inventory, tritium recovery, and the blanket
design of anticipated fusion reactor systems.
Future research goals that may alleviate these
problems are proposed.

INTRODUCTION

The use of solid lithium compounds to breed
tritium in fusion reactor blankets was initially
proposed by Powell et al. (1) and Sako et al, (2)
in the early 1970's and has generated considerable
interest in the fusion community. The promise of
these materials has led to their utilization in
various forms in a number of conceptual system
designs.

Under the solid breeder scheme, recovery of
any bred tritium is assumed to be controlled by
solid phase diffusion. Once the tritium has mi-
grated to the solid surface, it is then swebt into
a purge gas stream. Recovery of the tritium easily
follows upon processing of this gas. Thus, modify-
ing conditions under which the slowest step occurs,
such as decreasing the diffusion path length, can
effectively decrease the amount of tritium con-
tained in the blanket. Minimization of the tritium
sdnventory in fusion blankets was initially the main
impetus towards study of these compounds. However,
the chemical stability, neutronics properties, and
high melting point temperatures of these breeders
have since been identified and have further promoted
their development.

With recovery predicated on slow solid phase
diffusion and relatively fast mass transfer to the
gas phase, most experimentation in the field has
concentrated on the former step. The end product
of such work is either a mean time constant for
release or a diffusion coefficient. It has been
customary to use these experimental values in

solving the appropriate diffusion equation with
zero solid-surface concentration boundary condi-
tions to arrive at a tritium inventory estimate for
the system as a whole. Overall, these efforts have
found diffusion coefficients for solid breeders
that suggest low inventories in the range of one to
several thousand grams. The tritium inventory,
under these assumptions, is formally given by

I = ma’/15D 1)

where m is the tritium mass generation rate, a is
the equivalent sphere radius of the solid breeder
material, and D is the tritium diffusion coefficient.

These lines of thought may be oversimplifying
the problem. In order for a concentration gradient
to exist at the surface and thereby provide the
driving force for gas phase mass transfer, a finite
surface concentration, Cg, must exist. It is then
found with these considerations that the tritium
inventory consists of two contributions, i.e., a
term controlled by solid phase diffusion and one
attributable to mass transfer in the gas phase.

The inventory expression should therefore be written
as

I = 2a/15D + Me_ )

in which M represents the total mass of the breed-
ing material. It will be shown later that in cer-
tain cases the second term may exceed the first.

An additional difficulty is recognized when
conditions for the success of the sweep gas approach
are examined. Little in the way of design consider=-
ation has been given to this aspect and it is often
left that a "small purge gas" will suffice. Upon
calculation, however, it is seen that volumetric
flow rate of the purge gas may be on the same order
or higher as that of the coolant. The purge gas
need not be at these high pressures, of course, but
the large expected pressure drops in coupling to a
low pressure gas system introduce other design com-
plications.

The intent of this paper is to review the ex-
perimental work regarding tritium release kinetics
in solid Yreeders. A comparison of the various con-
ditions may account for the nonconvergence of the
data and suggest areas where future effort should be
expended. Also, the effect of gas phase diffusion
on the tritium recovery process is studied and its
impact noted on the overall tritium inventory and
general blanket design.



REVIEW OF THE INITIAL WORK ON TRITIUM RELEASE
KINETICS FROM SOLID LITHIUM BREEDERS

The existing data base concerning the tritium
release kinetics of various solid lithium com~
pounds has been assembled only over the last five
years and is by no means conclusive. Moreover,
the effort is fragmented along lines of compound
type, with oxygen-containing compounds Li,0,
LiA107, L135103, and LisAlO4, and intermetallics
LiAl and Li;Pbp each receiving significant individ-
ual study. It is found that the scope and resolu~
tion of each contributing investigation is varied,
the net effect being that there are few if any com-
mon bases from which one can construct breeder com=-
parisons.

Nonetheless, the techniques used during a
typical tritium removal run to establish either a
mean time constant for release, T, or a diffusion
coefficient are most often similar to those long-
used to characterize fission reactor fuels. In
essence, sample pellets or powders are subjected
to a largely thermal flux of neutrons to generate
a tritium concentration via reactions with the
lithium constituents. After removal from the
reactor and insertion into an extraction trainm,
the specimen is radiometrically analyzed to yield
either isochronal release curves (fraction re-
moved vs. anneal temperature) or their isothermal
counterpart (fraction removed vs. anneal time).
These measurements will at least provide an esti-
mate of T and, if the specimen had been satis-
factorily analyzed for a mean thickness or radius
beforehand, will consequently lead to an estimate
of D.

In addition to the specific lithium~bearing
material itself, the form (particle size and mor-
phology), pre~irradiation heat treatment, neutron
influence, established tritium concentration, anneal
temperature, and sweep gas constitutents and flow
rate all seem to be causes for the variability in
experimental results. Published work in the area
to date has been predominantly that of five groups.
Particular experimental parameters describing these
efforts are collected in Table 1.%*

Fractionated powder or crushed, solidified
melts of Li3N, LizSi, LiAl, LiyPbj, LiAlOp, Li)Si03,
and Lis0 have been assessed by Wiswall and Wirsing
with either diffusion coefficients or mean life-
times quoted for all but the first two materials
(3,4,5). Only during runs of the aluminate and
the silicate were there instances of velume dif-
sfusion clearly being the release-limiting step.
Other of the tested specimens, most notably the
intermetallics Li1Al and L17Pb7, were conducive to
mixed regime effects where bulk diffusion and
solid surface-to-sweep gas mass transfer competed
for overall control of the tritium escape. Par-
ticularly for these materials, a model based on
bulk-diffusion is inadequate as demonstrated by the
nonnegligible effects that gas flow rate, Hy addi-
tives to the helium sweep gas, and particle size

*The tritium concentration in appm, as used in
Tablg 1 and throughout this paper, is defined as
(tritium atoms)/(total number of atoms) x 10°.

had on release behavior.

The BNL workers in addition reported favorable
extraction rates for those LijPby; and LiAlO2 expe-
riments conducted on pre-activation sintered sam-
ples. Apparently, phase transformation (LiAlO; at
900°C) and phase segregation (LiyPby) processes
more than offset the consequences of a reduced spe~
cific area brought on during most powder sinterings.

The ceramics Lij0 (powder), B-LigAlO; (pow-
ders, ground spheroids), and LiAl0y (powders,
selected fused samplesg) have been analyzed by Guggi
and associates at Julich (6,7,8). In most cases,
grain or pellet sizes were defined to the extent
that diffusion coefficients could be quoted over
the applicable temperature regimes. A number of
activation energies were deduced from their sam-
ples that are substantially less than those found
for inert gas diffusion in U0y (17). However,
there were no suggested mechanisms associated with
these energies.

The most recent paper by the Jilich group is
unique in that macroscopic mean radii were set
during sample preparation. This was accomplished
by grinding solidified melts into spheres of vary-
ing radii, and then using these distances to calcu-
late diffusion coefficients from the experimentally
found time constants. Because of the magnitude of
these spheroids (1.67-2.88 mm diameters) relative
to typical powder particle sizes, run durations
were somewhat longer to achieve desired levels of
tritium removal.

Investigation of the chemical species re-
leased from irradiated Lij0 powders and pellets
with gas chromatographic and mass spectrometric
techniques has comprised much of the work outlined
in a number of papers from the Japan Atomic Energy
Research Institute (JAERI) (9-13). Findings that
impact directly on the potential of this oxide for
fusion applications are: (1) Nearly 100% release
in all samples over the anneal temperature range
of 100-650°C except in the case of high-density
pellet runs where closed porosity may be leading
to high retention of the isotope; (2) stabiliza-
tion of recoil tritions may occur with LiOT forma-
tion and to a lesser extent HT, T2 and HTO. An-
nealing at 200-600°C brings about T0(g) or HTO(g)
formation and release; (3) irradiation effects are
suspected of being operative; runs on unirradiated
LiOT materials (1l4) indicate an activation energy
63% larger and a pre-exponential factor some four
orders-of-magnitude larger than that of the neu-
tron-exposed specimens; (4) low percentages of HT,
Tg, CH3T, and other hydrocarbons complete the list-
ing of released species. The JAERI researchers
performed limited size- or shape-characerizations,
offering little opportunity to arrive at diffusion
coefficient estimates.

Recovery of tritium from thin lithium-doped
sintered aluminum product (Li-SAP) and lithium-
doped aluminum (Li-Al) wafers was found to proceed
under bulk diffusion control by Talbot and Wiffen
at ORNL (15). Samples were fabricated from en-
riched 611 (92-967) and were subjected to compara-
tively high fluences (9.6 x 1020 cm~2 for Li-SAP
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and 9.8 x 1019 co™? for Li-Al). It was postulated
that a nearly four orders-of-magnitude difference
between derived coefficients for Li~SAP and Li-Al
at 450°C may have been due to tritium trapping in
the former at internal interfaces of the aluminum
and Al0; particles.

Vasiliev et al. (16) have recently reported
results for Lip0, Li1A103, L138i03, and Li,Si0; pow-
ders irradiated to sgecifie activities averaging
0.07 Ci/g (L.4 x 1018 3T atoms/g). Diffusion ap-
parently was rate-controlling for tritium release
from Lij0, but less so for the latter three com-
pounds. Essentially complete tritium recovery was
achieved in one-hour anneals at 450, 700, 700, and
800°C for rums on Li,0, 11,5103, 1145104, and
LiAl107, respectively. Tritium fractions from Liz0
were 1% in HT or Tj, the balance emitted as HTO and
T20. These trends tentatively confirm the previous-
ly described JAERI findings.

Figure 1 exhibits by material and by estab~
lished tritium concentration where the experimental
community has concentrated its attention. Although
of the eight materials, LiAl02 and Li,0 have at-
tracted the most attention, the level and depth of
the inquiries even for these compounds have cer-
tainly not been uniform nor complete.
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Perhaps a more penetrating insight into the
current state of knowledge regarding tritium diffu-
sion in solid breeders may be the Arrhenius plot of
diffusion coefficients, Figure 2. The data points
and curves shown are taken from the work previously
reviewed and cover four ceramics (LiAl0,, B-Li5AlOy,
Lip5i03, and Li20) and three intermetallics (LiAl,
Li-SAP, and Li;Pb). The scatter in the laboratory
derived coefficients for Li30, LiAl0p, and LiAl
especially, would suggest the study of solid breed-
ers is displaying parallels to work done on UO2 and
UC with regard to gas migration measurements, i.e.,
wide divergence over the probable reactor operating
temperature regimes. Dissimilarities with respect
to material preparation and experimental conditions
among materials and groups may be the root causes.

Key aspects of this early work on fusion candi-
date breeder materials should be underscored:

(1) Removal has proceeded in most materials at
satisfactory rates from the small (~0.1 ~ few
grams) sample sizes tested to date. Ex-
traction curves are marked in most instances
by a rapid release portion followed by a long-
term, small release "tail".

(2) The post-irradiation experiments have started
with tritium concentrations near or above
those expected for fusion blanket environments
(~1 appm). However, these have been achieved
with comparatively low-temperature, thermal
flux irradiations. No effort has been made to
separate out fast and thermal neutron damage
effects.

(3) All but a few studies have been conducted on
samples that haye received total integrated
.exposures of 10 5.8 x 1017 cn2. Recent evi-
dence indicates that more realistic fluences
(1018-1020cw~2) will be detrimental to the
tritium release at any given anneal time (18).

(4) Size~ and shape-characterization of most sam-
ples has been limited until recently (8,15);
this has resulted in large uncertainty in
quoting a mean diffusion distance and conse-
quently .an even larger uncertainty in the
derived diffusion coefficient.

(5) Time constants or diffusion coefficients where
they have been found are not specifically
noted for a given tritium species type. The
tritium may diffuse through the solid as T,
T9, HT, HTO, T20, or various combinations
thereof, but researchers most often do not
make this distinction.

EFFECT OF GAS PHASE MASS TRANSFER
ON THE TRITIUM RECOVERY PROCESS

Most calculations concerning tritium recovery
from a breeding solid consider diffusion through
the solid phase to be the rate-limiting step. With
this premise, it is convenient in making estimates
of the resulting tritium blanket inventory to as-
sume a zero tritium concentration at the solid-gas
interface. Furthermore, the additional assumption
that a purge gas at adequate flow rates can be
maintained in a fusion system to pick up any emit-
ted tritium implies one need only process the gas
at some later point in the flow to effect a
straightforward recovery procedure. Such a tritium



ANNEAL TEMPERATURE, °C

1200 1000 800 700 600

S00 400

DIFFUSION COEFFICIENT, (cm2/sec)

. 300 200
X 6prrrrrr 1 11 Tom T T T
10°¢ | 3
s ® LiA1(10-20MESH) b
7 sLizPpy
-7 8LIAI{10-20MESH; =]
10 3 oLial0 oLiyPby Wz ADDED TO3
1 SWEEP GaS) J
s SLIAI{5-IOMESH) 4
L ®LiAf (10-20MESH)
oLizPby
108 b & 2-LigAI, -
3 aLizPb, 3
i ® LizPby b
i g 2 |
10°° X & 3
3 LiAl(5-10 3
F MESH) 3
r LiAIOp) 7
o -
(70-IDOMESH)
- +, + p
-10 L. ir00
100 H29% L sioge E
L °. 3
L Li0 3
i Lis0e @ o ]
ol E
C 3
E 3
I 2LiAI0, VALUES 8 LIAI02(70-I00MESH) ~
- 2 -
AT 2.3x10"4E2 (FRESH) & 731043 9’,"—2 ST TREATED,
|o‘12 I 1 4% | 1 1
06 08 10 12 14 16 18 20

RECIPROCAL TEMPERATURE, 103%/T(°K)

FIGURE 2 ARRHENIUS FORM FOR
EXPERIMENTALLY DETERMINED
DIFFUSION COEFFICIENT FOR

TRITIUM

SOLID BREEDERS

Marerial

i

LIAY:  cromhed & sieved solidified welta; mid-point
of menn fnterval waed

L1810, miwved powder frectiomn: menh wid-paint wmad
LIA0,:

LigPhys

#ieved povder fractions; wesh eid-poiat waed

erimbed & alevrd sal fd1fied meita; midepoint
of meah fnreresl verd (-0 meah}

LAA,: bdetns murface ares thronsh BT detmrminat ton

Li,0t airwed powder fractions; surfare ares thenech
WET drterminstion

crusbed & sfeved s011diTicd melta; mid-poiut
of wesh intevval used (20-30 wesh)

powders; “10 L éiamecer
fused samples: 1300 vw grain dismeter
poviers; 210 va diameter
pround solidified melts

waturs; enriched tn SL1

enriehed tn L
é~point of 0.05-0.15 wm fnterval weed
midepnint of 0.05-0.15 am interws] used

powders: sid-point of 0.03-0.15 mm jurerval weed

(TR

LIAID,
lwu’x
11,0
l~u,nm‘1
LieAl:
Li-SAP:  wvafe
L1,0:  powse
LA,
14,810,

+4+4+pudbooOD

Leading Authnr(Year

Visvall
Vimes]l
Viavall
imatl

viaunll
Viawall

Gunet
Gurei
Gussd
coet
Talbor
Talber

1975,197¢
1973,7974
1975,19%
1904

1977
nn

%77

pL20%
1976
1876
1978
7
(L1

Vaniliev 3979
Vasiliev 1979
Yaciitey 1979

IN SEVEN LITHIUM

Relerence

.
T
1
L]
15
13
1
*
is

Moty a:
eoncrnlled releane.
from curves piven in the reference.

Developed from tsochronnl telease rurves and wnder assvantinnn of velwmwe diffusion
Cromaca () sve 93, 73, 50, snd 202 fractiomal velrsse points

recovery scenario has been a most attractive fea-
ture of the solid breeder concept.

In reality, however, the gas phase mass trans-
fer step may complicate the overall process. The
rate of tritium transferred during this step is
governed by

m = ha(p_ - pg). 3
where m is the mass transfer rate, h is the mass
transfer coefficient, A is the surface area pre-
sented to the gas flow, pg is equilibrium pressure
of the recoverable tritium species, and p, is the
species pressure in the bulk of the purge gas flow.
The equilibrium pressure, pg, has been calculated
for Liy0 with 1 wppm of tritium, as shown in Fig-
ure 3 (19). The low T90 vapor pressure curve
indicates that gas mass transfer may be difficult
if indeed that species is sought for recovery.

An additional formulation serves to indicate
volumetric flow problems. The working gas flow
rate can be expressed as

V= :BRT/rMpg, %)

LOG P(torr)

-14

-16

-8

-20 I I U R AU N NN N A B |

500 700 900 HOO 1300 1500
TEMPERATURE, °*K

FIGURE 3 PARTIAL PRESSURES OF

DIFFERENT SPECIES OVER

Li20 WITH |WPPM OF T

1700



in which R is the gas constant, T is the gas tem—
perature, M is the molecular weight of the recov-
ered species, and r denotes the mass of tritium
per unit mass of tritium species recovered. Since
the mass transferred out into the gas stream is
porportional to (pg - pg), a non-negative quantity,
Pg. should then be smaller than pg. Therefore,

V > mRT/rMpg, B

and for a Li;0 breeder with a T30 vapor pressure of
~10~8 Torr at typical fusion reactor parameters of
T = 900 K and m ~ 0.5 kg/d, the minimum purge gas
flow rate 1s 5 x 109 L/sec. If an available cross-
sectional flow area of 5 m?2 exists, this would ne-
cessitate conducting the gas at an unrealistic
linear velocity of 108 cm/sec. These considera-
tions demonstrate that gas phase transfer cannot be
neglected in assessing the likelihood of success
for a tritium recovery scheme.

Experimental thermodynamic data to verify or
disprove these calculations is unavailable. Yet,
virtually all recovery experiments as noted earli-
er predict satisfactory tritium release kinetics
in seeming contradiction to the above results.
Figure 4 illustrates recovery rates from one set
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of experiments conducted on Li;0 with a sweep gas
flow rate of 60 cc/min (5). Here, the oxide was
dehydrated for one hour at 600-650°C. The partial
pressure of To0 in the purge gas can be calculated
from the slope of the 650°C removal curve and is
estimated to be 3 x 1073 Torr at t = 0, or six
orders-of-magnitude greater than that calculated
on a theoretical basis. However, similar material
to the Ventron-Alfa oxide used in the above work
was analyzed by Thornton (20), who found after

heat treatment a composition of 96 w/o Li,O,

3 w/o LiOH, and 1 w/o Li3C03. Thus, it 1is highly
probable that the tritiated form leaving the solid
surface will be HTO. If the partial pressure of
HTO is taken to be proportional to the H and T con~
centrations in the solid (pHTO = {H}[T]), and simi-

larly for the T;0 partial pressure at some differ-
ent tritium concentration T' (pTzo « [T']4), then
an expression for pTzO may be stated as

\ 112
P10 = ParolT'1°/IEIITI. 6)

Assuming that a 3 w/o LiOH content and a 1.7 appm
tritium concentration were present in the original
reference, it may be seen that Equation 6 will
yield PT,0 = 3 x 10-6 Torr for dry Lis0 at one
wppm tritium. This partial pressure is still much
greater than the one calcuated from thermodynamic
data. This can be attributed to either error in
the thermodynamic data or deviation from ideal
solution conditions at high hydrogen concentratioms.
Even at this high pressure, a purge gas flow rate
of larger than 2 X 107 2/sec 1is required to recover
0.5 kg/d of tritium. The seemingly successful
recovery results reported in tritium recovery expe-
riments may be attributed to the effect of impuri-
ties (such as H90) and large relative volumetric
flow rates used for small samples (60 cc/min con~-
ditions are equivalent to 4 X 106 2/sec in a com-
mercial-size reactor).

Methods have been suggested to obtain a higher
recoverable tritium species' partial pressure. For
example, tritium concentrations may be allowed to
build up to larger values. If a design is built
around a 105 %sec sweep flow rate with a required
tritium partial pressure of 5 X 104 Torr, this
would demand that a Lij0 breeder contain ~200 appm
tritium translating into an objectionably high 100 kg
tritium blanket inventory. Other schemes to achieve
higher partial pressures may include "wet recovery,"
whereby H20 is maintained in the IpO so that HIO is
collected instead of T20. Mindful of operational
difficulties, the moving bed concept (21) would
nevertheless allow recovery to proceed at much
higher temperatures than those characteristic of
the blanket. Each of the approaches has its accom-
panying shortcomings.

Other solid breeder compounds may offer possi-
bly higher tritium vapor pressures that will lessen
the severity of gas phase transfer effects on the
overall recovery. However, experimental data is
particularly lacking on these thermodynamic issues.
Work with LiAl and LiAlO, done at BNL (4) may pro-
vide some insight. Using the 60 cc/min helium
purge gas flow and 250 mg sample conditions, their
release curves at 600°C indicate tritium partial
pressures of 3 X 10~3 Torr and 5.6 X 104 Torr for
LiAl and LiAlOj, respectively, if negligible flux
distortion occurred through the samples during
activation and the purge gas is saturated at early
anneal times. These are reasonable working values
but any optimism should be tempered as the effect
of contaminants was omitted. Regardless, scaling
up to a 105 ¢/sec volumetric flow rate will impact
considerably on tritium recovery, tritium inven-
tory, and blanket design planning.

CONCLUSIONS

Prediction of the overall recovery capability
of tritium from any solid phase lithium compound
is based on understanding the two major steps to



with the interpretation of results.

the escape process: (1) solid-state diffusion of
the tritium species to a gas-solid interface, and
(2) convective mass transfer into the purge stream.
Although a number of experimental investigations
on powder and pelletized samples of intermetallics
and oxygen-bearing compounds have indicated gener-
ally satisfactory tritium diffusion behavior, the
reported data is scattered. Tighter controls on
boundary conditions (sample mean radius or thick-
ness) and sample preparation may resolve problems
Also, these
same studies have been conducted at low tempera-
ture, low thermal fluence conditions. Thus uncer-
tainties remain when characterizing the diffusion
process in materials that may likely function in a
relatively high temperature, hard spectrum environ-
ment over longer exposures. Clearly, future work
is warranted in these latter areas.

The second step in the recovery process is
the transfer from the solid surface to the gas
stream. While the kinetics of this step may be
rapid, the driving force of this step, i.e., the
partial pressure of the recovered tritium species
may be prohibitively low. The quantity is
strongly dependent on the breeding material,
temperature, tritium concentration, and the
presence of impurities. A low partial pressure
may have a dominating effect not only on tritium
inventory and recovery proposals, but on the
blanket design as well. Experimental work regard-
ing these pressure aspects is lacking. Calcula-
tions from the thermodynamic data and that ob-
tained from tritium release experiments show a
two orders—of-magnitude difference. Research on
these problems must be initiated before members
of the fusion community can consider one tritium
handling concept as more credible over another.
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