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Thermodynamics of L12O and Other Breeders for Fusion Reactors
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& £ Thermodynamic calculations have been made to compare the thermochemical performance
S **
** a of the fusion reactor breeder blanket materials, Li2O, LiAlO2, and LUS1O4 in the temperature
« &
H « range 900-1300K and in the oxygen activity range 10~25 to 10~5. In general, LiA102 offers
•o °->.
£ o £ advantages over L12O, and Li2O in turn appears better than Li4Si04. The protium purge

s* ^
*" SL 5 technique of enhancing tritium release is explored for the LiAK>2 system. Oxygen activity is
B 8 8
a • an influential variable in these systems and must be considered in executing and interpreting
a JS u
•> w -S measurements on rates of tritium release, the chemical form of the released tritium, diffusion of
S "* '**

> S tritiated species and their identities, retention of tritium in the condensed phase, and solubility

of hydrogen isotope gases. Surface adsorption is seen as a potentially significant contributor to

tritium inventory.
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1. Introduction.

Of the many areas of research that are important in the development of fusion power,

the recovery of tritium from the lithium-containing breeder blanket is one that involves con-

siderable chemical thermodynamic analysis. This paper is concerned only with the equilibrium

thermodynamics of certain oxidic (ceramic) breeders. This class of materials includes Li2O,

L1AIO2; Li<SiO4, LigZrOs and others; L12O and L1AIO2 have been studied most carefully up to

now. Suitable data for the thermodynamic analyses are available in the form of free energies

of formation for most of the condensed phases and for the gaseous species. These data permit

ideal solution calculations to be performed. The solubility of tritoxide in the oxidic matrix is an

important matter in the issue of tritium inventory in a fusion reactor. However, there is only

one case, the solubility of hydroxide in L12O, wiere experimental data for the activity coefficient

of LiOH in the solid phase have recently become available. These data are found in the work

by Tetenbaum et a/1 and in a study by Norman and Hightower.2 Both groups report significant

non-ideality in this system. We have used the data from the more extensive Tetenbaum study

for the present paper as well as in our earlier report on the L12O system.3

In this paper, we present the results of a series of SOLGASMIX4'5 calculations on Li2O,

L1AIO2, and Li.|SiO.|. These are ideal solution calculations for all species except for LiOH in

LJ2O. SOLGASMIX is a code based on the minimization of system free energy for calculating

multielement-multispecies gas and condensed phases equilibria . In these calculations, the sys-

tems are treated on an equal volume basis and are compared against 1 mole Li2O. The gas phase

ia taken to be 15 vol % and to contain inert gas with the total system pressure being 0.1 MPa.

It is assumed for all systems that 10~4 g.at. lithium has been transmuted to 10~4 g.at. tritium.

Two temperatures have been selected for this study, 900K and 1300K. These temperatures cover

the range in which there are activity coefficient data for LiOH in L12O.

Our earlier work has indicated that the oxygen activity is a variable that controls all aspects

of the thermochemistry of these systems.3 The oxygen content of the system is established in the

calculations by the requirements of various oxygen activities. The oxygen activity range being

considered is 10~5 to 10~25 because an oxygen activity of 10~5 would prevail if a sweep gas with

10 ppm oxygen establishes the overall oxygen activity and an oxygen activity of <10~2 5 would

prevail if stainless steel container material establishes the oxygen activity. In these calculations,

we restrict ourselves to 10~25 on the low end to avoid computer problems with very small

numbers. This oxygen activity is sufficiently small to reveal important trends. For simplicity,



we consider first systems that contain only tritium as the hydrogen isotope, and later consider

the effects of adding protium to the system.

As a general point relating to oxygen activity and to all breeders, we note that the T2O/T2

ratio is of interest in fusion reactor design and operation because whether the gas is mainly T2

or T2O will be important for tritium containment and processing. The T2O/T2 ratio establishes

the oxygen activity, and is itself established by the O2/T2/T0O equilibrium. (In the presence

of p.rotium, of course, the simultaneous requirements of the O2/H2/H2O and the O2/HT/HTO

equilibria must be satisfied.) At a given temperature, there is a critical oxygen activity above

which T2O is the dominant form. This ranges from about 10~23-5 at 900K to about 10~"

at 1300K. For any system, therefore, if it is desired to run the blanket so as to produce

predominantly TjO, an oxygen activity in excess of 10~ 2 s s would be required at 900K, and

in excess of 10~H at 1300K.

ILThermodynamically controlled relationships in oxidic breeders.

A. Comparisons of Li;O, LiAlOo, and L^SiO^

The gas phase species considered in the calculations for LJ2O are H2, T2, HT, O2, H2O, T2O,

HTO, LiOH, (LiOH)2) LiOT, (LiOT)2, Li2O, Li, LiH, and LiT. The condensed phase, Li2O(s),

was considered to contain the solutes LiOH, LiOT, LiH, LiT, and Li. A second condensed phase,

LiOH(l), was not involved in the 900-1300K temperature range.

While the Li2O calculations correspond more closely to actual conditions because of the

use of measured activity coefficients, the results from ideal solution calculations on LiAlO2 and

LUS1O4 allow comparisons of the systems to be made on on the basis of the best available

data. Such comparisons are useful for the technological evaluation of tritium management in a

breeder blanket.

In the L1AIO2 calculations, the gaseous species were T2, O2, T2O, LiOT, (LiOT)2, LiO,

LijO, AIO2T, A1OT, and Al. Two condensed phases must be considered for this system: the

major phase, LiA102, and the minor phase, LiAl$Og, which results from the loss of lithium in

the neutron-induced transmutation into tritium and helium. The amount of this minor phase

is small because we consider the effects of only 10~4 g.atom burnup of the lithium. LiOT waa

taken to be a solute in both of these phases. Elemental lithium and lithium tritide were included

as additional solutes in the LiA102 phase.

For the L14S1O4 system, the gas phase species were the same as for the Li2O system except



for the addition of SiO(g) and SiC>2(g). The condensed phases considered for this system were

the major phase, Li<SiO4, and the minor phase, Li2Si03. The SOLGASMIX calculations also

considered the possibility of forming a phase of LiOT, but the result was that this phase would

not form under the given conditions. The solutes LiOT, LiT, and Li were considered to be

present in both of the condensed silicate phases.

A comparison of the molar quantities of the gi>s phase species that are of concern in tritium

recovery, T2 and T2O, is presented in Figures 1 and 2 for the temperatures 900 and 1300K.

The molar quantities are plotted as a function of oxygen activity in order to emphasize the

importance of this variable. Both the T2 and the T2C quantities are greater over LiA102 than

over Li2O or Li<SiO« through the whole oxygen activity range at 900K. At 1300K, the same

relationship among the breeders holds over the oxygen activity range of 10~20 to 10~6. At an

oxygen activity of 10~25, these gaseous components are stronger over LUSiO* than over Li2O,

but LiA102 still shows the greatest ability to release them.

The sharp reduction in the T« and T2O quantities shown in several of the curves at oxygen

activities below 10"80 is a consequence of the the reducing conditions represented by these

low oxygen activities. At high temperature and low oxygen activity, there is an increase in

the activity of elemental lithium. This increased lithium activity provides a driving force for

conversion of tritium to tritide and for the corresponding diminution of tritium as T2 and T2O.

Tritium held in the condensed phase/s represents a significant part of the tritium inventory

and is an important issue for reactor design. Figure 3 allows a comparison of the breeder

materials with respect to this issue. At 900K, the tritoxide concentration in Li2O and in LijSiO*

is not very sensitive to oxygen activity. In L1AIO2, a significant decline in the concentration

begins as oxygen activities drop below 10~20. Across the oxygen activity range, the concentration

of tritoxide is lowest in LiAIO2; different behavior appears at 1300K. At oxygen activities below

1O~1S, the tritoxide concentration drops for Li2O and L1AIO2 but for LUSiO^, the decline starts

only when the oxygen activity drops below IO~*°. For oxygen activities approximately between

10~*8 and 10~23 the tritoxide concentration in Li2O is greater than in LiAIO2. At lower oxygen

activities, the concentration is greater in LiAlO2. Of these three breeder materials, LUS1O4

presents the least favorable prospect overall in respect to txitoJde concentration. For these

conditions of temperature and oxygen activity, another species must be considered, namely

tritide, T~. This species is unstable in high oxygen activity environments. However, in a low

oxygen activity environment, it is more stable and its concentration rises as the temperature



rises. At 120O-I3G0K, both tritoxide and tritide must be considered as contributors to the

tritium inventory.

Gas phase transport of lithium-containing species to cooler zones presents at lea-t two

potential effects of significance in breeder design: plugging or constricting of purge gas channels

and neutronic changes. The most important species participating in this process in the fusion

reactor breeder are LiOT(g) and Li(g). Figure 4 shows the activities of LiOT(g) as a function of

oxygen activity. At 900K, there is little dependence on oxygen activity and the absolute values

of the LiOT activity are notably small for the L1AIO2 system - about 3.5 orders of magnitude

less than for the LJ2O system. L^SiC^ is nearly as good as LiA!C>2. At 1300K, the LiOT vapor

concentration over UAIO2 is still neary two orders of magnitude less than over U2O over most

of the oxygen activity range. The two curves approach each other at lower oxygen activities. At

the lowest oxygen activity shown, L14S1O4 performs least desirably; at higher oxygen activities,

LijO is the poorest performer. (Earlier experience from fission reactor fuel technology suggested

that, at least for a stagnant gas phase, a vapor pressure of about 10~7 MP;-. was a critical level

above which vapor phase transport was significant.)

Elemental lithium vapor, at 1300K, over U2O and LuSiO* is shown in Figure 5 to be

essentially the same by the nearly superimposed curves for these breeders and to be a prominent

gaseous component over them at low oxygen activity; the Li(g) vapor pressure exceeds that of

LiOT(g) (compare with Figure 4) and is nearly three orders of magnitude greater than that over

LiAlO2. At low oxygen activity and high temperature, therefore, LiAlO2 appears significantly

freer of potential lithium vapor transport problems.

Overall, these comparisons suggest that on most counts the thermochemical performance

of LiA102 is better than that of Li2O, and it is better generally than that of L^SiOj. More

specifically:

1. Under given conditions, both the T2 and T2O concentrations in the gas phase are greater

for LiAIOjthan for L12O or L^SiO*.

2. The amount of LiOT in solid solution is less for L1AIO2 than for the other two breeders

at low temperature and also at high temperature at intermediate oxygen activities, but

this advantage goes to L12O at low oxygen activity and high temperature.

3. The amount of lithium-containing species in the vapor is less for LiAlOo for all tempera-

tures and oxygen activities.



We re-emphasize that these comparisons are based on ideal solution calculations for L1AIO2

aud LifSiO;. In the case of L12O, the incorporation of the measured activity coefficients for

the non-ideality had the effect of improving the predicted performance over that predicted on

an ideal basis. The direction of the change that might result for the other systems if activity

coefficients for them were available is not known. Of course, the ultimate choice of a breeder

involves many fusion reactor design considerations in addition to the thermochemical ones.

B. Comparisons of protium-purge relationships.

The SOLGASMIX calculations permit a thermodynamic exploration of the useful scope of

the protiiiis purge technique of enhancing tritium release. In this procedure, protium is used

as a reagent in the forai of H2 and H2O in the gas phase to exchange with tritium-containing

species on and in the condensed phase. HT and HTO as the exchange products constitute the

species responsible for carrying off the tritium. In the condensed phases, the isotope effect was

as*<uned to be negligible and the free energies of formation of the tritiated species were taken

as equal to those of the corresponding protonic species, e.g., LiOT and LiOH, LiT and LiH.

The execution of protiuiu purging would have to involve the selection of the proper HoO:

H2 ratio to provide a suitable oxygen activity that results in the lowest residual concentration

of tritium species in the condensed phase and the desired dominant form (oxidized or reduced)

of gaseous species (HTO is usually considered the desired form because of the tendency to lose

HT through its readiness to diffuse through metals). Thus, the introduction of a givn amount

of protium would require consideration of a balance between H«O and Ho. For the purpose

of illustrating the effects of oxygen activity, temperature, and concentration, Tables 1 and 2

present results of calculations for the LiA102 system in which the protmm-tritium relationship

is presented simply as a H:T ratio with values of 0, 0.01, 0.1, and 1. The 0 case provides a

baseline for comparison in the absence of any protium-purge effects. LiAlOgwas selected for

this comparison because of its favorable prospects in thermochemical performance.



Table 1. Mole Percent of Tritium Inventory as LiOT in Condensed Phase LiAIO2
900K; Oxygen Activity in 0.1 MPa

O 2 Activity 10~2S lO"20 1O"1S 10"1 0 10" s

H:T Ratio

0.0

0.01

0.1

1.0

71.7

71.3

68.3

48.9*

92.1

92.0

91.5

87.2

92,2

92.2

91.6

87.6

92.2

92.2

91.6

87.6

92.2

92.2

91.6

87.6

See text for pressure effect.

Table 2. Mole Percent of Tritium Inventory as LiOT in Condensed Phase L1AIO2
1300K; Oxygen Activity in 0.1 MPa

O a Activity 10"85 lO"20 10~15 10~1 0 10~ s

H:T Ratio

0.0

0.01

0.1

1.0

2.1*

2.1*

1.9*

2.4*-**

38.0*

37.8*

34.0*

16.0'

98.3

98.3

98.1

95.4

99.4

99.4

99.4

98.9

99.4

99.4

99.4

9S.9

* See text for pressure effect. ** 0.9 LiOT+1.5 LiT.



At 900K and for a given H.T ratio, the percentage of the tritium inventory that is held

in solution as tritoxide in the condensed phase changes little as a function of oxygen activity

for activity values above 10~20. At 1300K and for a given H.T ratio, the oxygen activity value

above which the amount of tritium in solid solution remains nearly constant is about 10~15. At

each temperature, at lower oxygen activity, a substantial reduction occurs for the fraction of

tritium in solution. Also, at each temperature and for an oxygen activity greater than about

1G~1S, a significant reduction in the dissolved tritium starts when the H:T ratio exceeds 0.1. For

systems in this higher oxygen activity range, the tables show that a temperature rf 900K is more

favorable than 1300K for releasing tritium; an average value of 92% at 900K compared with

one of 99% at 1300K means a release of 8% at the lower temperature rather than one of 1% at

the higher temperature. Also, this oxygen activity range above 10~15 favors dominance of the

oxidized gaseous form. The effect of protium purging under these conditions is more noticeable

at the lower temperature where the release goes from 8% with no protium to about 12% for

H:T=1.0. In contrast, at 1300K, the released quantity goes from about 1% to about 2% .

Much more substantial release, although in the reduced form, can be achieved at lower

oxygen potentials. This is true at both temperatures but especially so at 1300K at 10~25 oxygen

activity. The most noticeable effect of protium purging is seen, at 900K, at aE oxygen activity of

10~M and, at 1300K, at an oxygen activity of 10~20. At 1300K and 10~25 oxygen activity, there

is tittle gain from protium purging and, in fact, the extra protium introduced in going from

a H:T ratio of 0.1 to 1.0 is counterproductive. This can be related to the growing production

of LiH as more protium is introduced at low oxygen activity. This LiH is, therefore, a growing

exchange sink for tritium.

For the entries marked with an asterisk in these two tables, the calculations indicated that

the condition of 15 vol. % gas phase could not be maintained at 0.1 MPa pressure with the

given quantities of substances. It was found, for example, that if the 15 vol. % condition were

required, the pressure would reach .38 MPa in the case of 1300K, oxygen activity 10~25, and""

H:T •« 1.0. It would appear, therefore, in these cases, that a tritium inventory of 10~* g. at.

cculd not be sustained nor could the presence of additional hydrogen isotope, prolium7if~boTh~~

the 0.1 MPa and the 15 vol. % conditions are required. The results are useful for indicating the

trend of concentrations if the 0.1 MPa condition alone applies; of course, no difficulty exists for

the eases without asterisks. A further inference can be drawn, and that is that with declining

oxygen activity and/or increasing protium content, the total vapor pressure will increase. This
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pressure increase will provide an increased driving force for diffusion of the gaseous species,

which, under these conditions are predominantly the reduced forms.

In an earlier paper3, we examined protmm purge effects for U2O for H:T ratios up to 100:1.

In some of the cases, similar pressure effects prevailed, though attention was not called to the

matter. There too, protium purging was found to offer benefits in releasing tritium, but with

some limitations.

III. Summary and implications.

In most respects and under the conditions specified for this study, UAIO2 is predicted to

offer better thermochemical performance than Lî O, and Li2O in turn better than Li<SiO4. For

LiA102, protium purging is seen to enhance tritium release at least to some extent under most

circumstances. It is counter-productive at high temperature and low oxygen activity when the

H:T ratio approaches 1.

The role of oxygen activity in the thermodynamic analysis of the oxidic breeders has im-

portant consequences for the performance and interpretation of many measurements on these

materials, particulary at lower values of oxygen activity (below about 10~15). Such measure-

ments include rates of tritium release, the form of released tritium (HT or HTO), retention of

tritium in the condensed phase, diffusion of tritiatcd species, and solubility of various gaseous

reagects (like D2 or T2) in the condensed phase. Not only are ths identities of the participat-

ing species influenced by the thermodynamics but the experimental conditions also bear on

the thermodynamics that must be applied to the analysis. For example, the amount of oxygen

present as adsorbed impurities on the walls of the apparatus becomes significant because of

the small quantities that are involved in the equilibrium thermodynamic state. This importance

extends, of course, to irradiation experiments as •well as to laboratory measurements. In a large

scale experiment, such as in a reactor, it is not easy to control or even to measure the oxygen

activity as a unique quantity for the whole system because there will be local variations deter^*

mined not only by the gas phase composition but also by the container material and, as seems

apparent now, by neutron radiation effects.8'7 For all experiments, attention to the~gas~ph'ase

composition, the apparatus walls, and the container material seems a necessary requirement for

consistent data. The measurements on the solubility of LiOH in Li2O were performed before

the need for such close attention to the oxygen activity became apparent.1 Fortunately, those

particular measurements were made at relatively high oxygen activities, above about 10~15,

where the solubility is relatively insensitive to oxygen activity.
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It is possible that surface adsorption of T2O and HTO can contribute significantly to

tritium inventory, but because of the easy reactivity of L^O with T2O and HTO, it is likely that

adsorption will b more significant than solubility with breeders other than U2O. The relative

contributions of solubility and surface adsorption have not been evaluated yet. Experiments and

calculations to explore this question are in progress.
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Figure captions.

Fig. 1. Molar quantities of gas phase species at 900K over Li2O, LiAlOo, and L^SiO*.

Fig. 2. Molar quantities of gas phase species at 1300K over Li2O, LiAlO2, and Li4Si04. —-

Fig. 3. Comparison of tritoxide concentration in solid solution in L12O, LiAlOj, and L

Fig. 4. Vapor pressure of tritoxide over LiaO, LiAlO2, and Lî SiO .̂

Fig. 5. Comparison of elemental lithium vapor pressure over LigO, LiAlO2, and
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