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Abstract

Developing a better ceramic breeder (Li-containing oxide) is a key challenge for realizing fuel-self-sufficient fusion
reactors. Ceramic breeder pebbles of hyper-stoichiometric lithium metatitanate, Li»+ TiOs+, (Li/Ti > 2), have been
developed for a demonstration fusion reactor as high Li density enhances fuel tritium production. Previous studies
have reported that Li loss by vaporization at high temperatures was largely enhanced by the increase in Li/Ti ratio
and environmental moisture concentration. Minimizing the Li loss is a key issue for sufficient tritium breeding and
reduced corrosion of structural steel. However, a suitable environmental parameter for hyper-stoichiometric
Li2+,TiO3+, pebbles has not yet been determined because of unavailability of thermodynamic data. Herein, a solid/gas
equilibria for Liz 1202)TiO3+, was investigated by measuring vapor pressures using atmosphere controllable Knudsen
cell high temperature mass spectrometry. The enhanced thermodynamic activities of Li and Li>O in Liz 12¢2)TiO3+, in
comparison with those in stoichiometric Li;TiO3 were

obtained as functions of temperature and oxygen
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1. Introduction
Nuclear fusion is a promising source of sustainable and low-carbon energy using fuel of hydrogen isotopes. In a
deuterium—tritium (DT) fusion reactor, ceramic breeder converts kinetic energy of neutrons into heat and produces
fuel tritium through transmutation of Li (i.e., °Li + 'n — 3T + *He). To maintain fuel-self-sufficiency, amount of
tritium recovery from the blanket must be greater than that of tritium consumption in the DT plasma.! Ceramic breeder
pebbles packed in the blanket are exposed to a high flux of 14 MeV neutrons at high temperatures for years of reactor
operation. Release of bred tritium from the breeder pebbles is enhanced by adding 0.1 vol.% of H» into helium sweep
gas.
Presently, ternary oxides of lithium metatitanate (Li,TiO3) and lithium orthosilicate (LisSiO4) are selected as the
reference ceramic breeder materials for the ITER test blanket module.?~ For a demonstration fusion reactor, advanced
ceramic breeders have been developed in order to improve mechanical properties® and reduce activation.” Hyper-
stoichiometric lithium metatitanate Li>+,TiO3+, (Li/Ti > 2) is an advanced breeder material with a higher content of
Li than stoichiometric Li;TiOs, which enhances tritium production.® Li>+TiOs+, is known to have a resistance to
reduction of Ti (Ti*" — Ti*") at high temperatures which forms oxygen defect.® 5-Li,TiO3 has a monoclinic C2/c
structure with an ordered stacking of Li~O and Li-Ti-O layers where the cations occupy the octahedral sites.!%!! Tt
is known that monoclinic S-Li>TiO; forms a solid solution in the TiO, range of 47-51 mol%.!? In the monoclinic
crystal, excess Li is mainly accommodated by cation displacement and interstitial Li in a reducing atmosphere as
predicted by the molecular dynamics and first principles calculations.!>!5 The existence of interstitial Li atom at
tetrahedral site in the Li—O layer is experimentally shown by neutron diffraction.'
In previous experiments, altered chemical properties of Li>+TiOs3+, from Li,TiO3 have been reported, including faster
tritium diffusion,'” enhanced grain growth during heating,'® and higher affinity for moisture and carbon dioxide.! It
is noteworthy that mass loss by evaporation of Li-containing species at high temperatures were enhanced by the
increase of Li/Ti ratio.?*?! The Li loss by evaporation should be minimized for sufficient breeding of tritium fuel
during reactor operation. Additionally, the vaporization behavior affects chemical compatibility between ceramic
breeder and reduced-activation ferritic/martensitic (RAFM) steels; the Li-containing gaseous species are corrosive
and form a double oxide layer on surface of the RAFM steels,?>2° in which the growth is controlled by oxygen

diffusion in the layers.” The Li mass loss and corrosion were critically enhanced by the increases in moisture
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concentrations.?*?® The corrosion of the RAFM structural steel by Liz.17TiO3+, was reported to be more severe than
that by Li,TiOs, but less severe than that by Li,O.%’

Despite the importance of controlling the vaporization of Li-containing species in a breeding blanket, an optimum
condition for suppressing the Li loss has not yet been determined until today. For such analysis, thermodynamic data
of Li»+TiO3+, is needed in addition to mass transfer studies, because vaporization behavior can largely vary
depending on environmental parameters such as moisture concentrations. Therefore, the present study aims to
evaluate thermodynamic properties of hyper-stoichiometric lithium metatitanate and to determine optimum blanket
conditions by using the experimental data. Atmosphere controllable Knudcen cell mass spectroscopy was employed

to measure equilibrium gas pressures over ceramic breeder pebbles under vacuum/reducing conditions.

2. Experimental Method
2.1. Samples preparation.

Stoichiometric and hyper-stoichiometric lithium metatitanate pebbles with natural isotope abundance were supplied
from National Institutes for Quantum and Radiological Science and Technology. Figure 1 shows electron microscope
images of the pebbles. The stoichiometric Li,TiO3 pebbles were fabricated by sol-gel method by sintering at 1373 K
under air atmosphere (Figure 1a).'® The stoichiometric pebbles had an average pebble diameter of 1.0 mm, sintering
density of 84.1% T.D., and grain size of <5 um. The hyper-stoichiometric pebbles were fabricated by emulsion
method by sintering at 1373 K under N, atmosphere.'® Average pebble diameter and sintering density of the hyper-
stoichiometric pebbles were 1.33 mm and 87.6% T.D., with grain sizes smaller than 10 um (Figure 1b). By powder
X-ray diffraction using Cu—Ko (RINT-2500, Rigaku), it was confirmed that these pebbles had no diffraction peak
from impurity phase such as LisTisO12, LisTiOs or LiCO;. By inductively coupled plasma optical emission
spectrometer (ICP-OES), chemical compositions of the stoichiometric and hyper-stoichiometric pebbles were
analyzed to be Li/Ti = 2.00(2) and 2.12(2), respectively. In this study, chemical compositions of the stoichiometric
and hyper-stoichiometric samples are written as Li;TiO3 and Liz.12¢2TiO3+,. Noted that the hyper-stoichiometric
composition does not mean that excess amount of oxygen is accommodated in Li>TiOs; the charge neutrality is
maintained by interstitial Li, displacement of cations, and electrons, while interstitial oxygen is unfavorable according

to the computational results.!*!3
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Figure 1. Scanning electron microscope images of (a) the stoichiometric Li;TiO3 and (b) the hyper-stoichiometric

Liz_ 12(2)Ti03+y pebbles.

2.2. Knudsen cell mass spectrometer

Figure 2 shows the schematic representation of the Knudsen cell mass spectrometer. The pebbles were
packed in a Pt crucible. The crucible was placed in a Pt Knudsen cell with an orifice diameter of 0.5 mme. Molecular
beams of gas species from the orifice were positively ionized by accelerated electrons. Using an analyzing magnet,
ions with specific mass numbers were selectively detected by a secondary electron multiplier. Measurements under
the condition of simulated sweep gas was carried out by introducing D> gas from the inlet tube.?® 7Li isotope was
analyzed for all of Li-containing vapor species. All of the measurements were carried out with the ionization voltage
of 30 V. The voltage was enough high to obtain ion intensities of the vapor species that appeared in the experiments,
at which no fragmentation was observed (Figure S1 in Supporting Information (SI)). Ion intensity of ion species i, 1;,
was obtained by subtracting the count rate with closed shutter from the one with opened shutter. Then /; was converted

into the corresponding partial pressure p; (Pa) by the following equation:

k,I.T

pi = (1)

o 7in;
where T is the temperature of sample (K), km is the apparatus constant, o; is the relative ionization cross section, % is

the gain of the secondary electron multiplier, and #; is the isotopic abundance ratio. Isotopic abundance ratio of Li
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was set to be 92.5%. Atomic ionization cross sections were taken from Mann,?® while those of molecules were
calculated by the method proposed by Kordis and Gingerich.3® Before measurement, all pebble specimens were
heated at 873 K for 8 h in the Knudsen cell to avoid possible effects of absorbed water and carbon dioxide.
Thermodynamic activity in a mixture a; is given by the following equation:

@i = Pimixture! Pi,pure 2
where pi mixture and pipure are the vapor pressures of species i from the mixture and the substance, respectively. Given
that the thermodynamic activity of the pure substance in a condensed phase equals to unity, reaction enthalpy at the
standard temperature AH»os is calculated by the third low treatment as follows:

AHaos = — (Afef — RInK)T (3)
where fef'is the free energy function, R is the universal gas constant, and K is the equilibrium constant. The fef data
of Dag), D20¢g), Li(g), O2), Li2Oys), Li2TiOs3(s), and TiOxs) were taken from the JANAF table.?! As no fef data of

LiOD(,) was available on the database, that of LiOH ) was employed alternatively.
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Figure 2. Schematic representation of the Knudsen cell mass spectrometer.
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2.3. Calibrations

With a metallic Ag standard sample, 7 was calibrated with the temperature measured by a thermocouple 7.
The vapor pressure of Ag(g) from the Ag metal was measured in the temperature range from 1113 K to 1323 K (heating
up in 10 K increments). Thereafter, the measurements during cooling were carried out from 1323 K to 1148 K in 25
K decrements. The pressures of Ag) increased exponentially with the inverse of 7, during heating as shown in
Figure S1 in the Supporting Information (SI). At T, = 1253 K, a drop in pressure was observed. The change in the
trend was observed in the data during heating above the temperature. Thus, this drop indicates the decrease in Ag
activity (aag, alloy <1) caused by the melting of the Ag metal and the subsequent formation of Ag—Pt alloy. With the
known melting point of the Ag metal (1234.95 K), T\, was calibrated to the temperature of sample 7. The apparatus
constant km was once obtained by comparing the values of pagmetal (7' < 1235) with the reported pressures of Ag)
from the Ag metal by Alcock et al.*? To avoid possible variation of & in each run, km was calibrated with Ar standard

gas filled in the Knudsen cell. A specific amount of Ar gas was introduced in the Knudsen cell and then measured.—

3. Results and Discussion
3.1. Vapor pressure measurements

Equilibrium gas pressures from the pebbles were measured under the vacuum condition and, thereafter, in a reducing
atmosphere by introducing D; gas. The measurements were performed from a lower to higher temperature. Figure 3
and Figure 4 show the vapor pressures measured in vacuum and D; atmospheres, respectively. Under the vacuum
condition, Li gas was detected above 1155 K, at which gaseous phases of Li, LiO, Li,O, and O, were observed. In
D> atmosphere, gaseous phases of Li, LiOD, D, and D>O were measured, in which the partial pressure of oxygen
gas was below the detection limit of ~10 Pa. The measured partial pressures of LiO,) (mass number: 23) from
Li>TiO3 was even higher than Lie) in contradiction to the previous measurement for Li;TiOs, in which pr; is
approximately three order of magnitude higher than prio.>3 The high ion intensity of mass 23 may be caused by 2Na
impurity in the pebbles mixed during the pebble fabrication. By ICP-OES, the concentration of 2*Na impurity in the
Li,TiO3; pebbles was analyzed to be 630 ppm. Background ion counts of O, and D> measured while closing the
movable shutter were higher than the other gas species, resulting in relatively large errors in Py, and p 0, by error
propagation. In the measurements, the vapor pressures were slightly influenced at 1428 K (1047 = 7.0 K!) by the

monoclinic-cubic (5-7) transformation, which is reported to occur at 1423 K.!> A non-contiguous Li pressure from
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the hyper-stoichiometric pebbles at 1350 < 7'< 1400 K may be explained by two-step phase transformation in the Li-
rich regime,'? namely 8 — B+ y — . From the measured gaseous species, the vapor reactions in vacuum atmosphere
were assumed as follows.
LixTiO3(s) <> 2Ligg) + 0.502(g) +TiOxs) (4)
Li22: TiO3+x(s) <> 2Li(g) + 0.502) + xLi20(s) +TiO2s) Q)

In D, atmosphere, the following reactions were considered.

LixTiO3(s) + D2O¢g) <> 2LiOD(g) +TiOxs) (6)
Li242, TiO3:4x(5) + D2O(g) <> 2Li0ODg) + xLi20¢s) + TiOx) @)
Dag) +0.502¢) > D20(g) (®)

After the measurement, X-ray diffraction was performed on the pebbles. The diffraction patterns showed no peak
from impurity phase, which indicates formation of non-stoichometric phase. But, we simply assumed formation of
TiO; instead of the hypo-stoichiometric phase because the ratio of Li() and Oz remains 4:1 even with product of
Liz2TiO3.,. The temperature dependencies of the vapor pressures in vacuum and D, atmosphere are listed in Table
S1 and S2 in SI, respectively. Reliability of the observed pressures was confirmed by calculating reaction enthalpies
by the third low treatment. For the measurements under vacuum and D, atmospheres, the following two gas reactions
were considered:

Li>O(g) <> 2Li(g) + 0.502) 9)
LiOD(g) + 0.5Dx(g) <> Lig + D20(g) (10)
The reaction enthalpies in Eq. (9) from the stoichiometric and hyper-stoichiometric samples were evaluated to be
477.8 £ 5.8 and 491.7 + 10.1 kJ/mol respectively. It is noted that the enthalpies and error denote average value and
standard deviation of the data at each temperature to allow a direct comparison with previous data.3* The obtained
values agreed with the previous experimental value (481.8 = 11.2 kJ/mol)** and the data from the MALT database
(491.4 kJ/mol).*> The reaction enthalpies of eq. (10) from the stoichiometric and hyper-stoichiometric samples were
156.6 + 8.0 and 148.0 + 2.7 kJ/mol respectively, which agreed with 155.0 kJ/mol from the MALT database using
protium instead of deutrium. As the enthalpies obtained from the observed gaseous vapor pressures are confirmed to

be reasonable, we next evaluate the thermodynamic properties of Li2TiO3 and Liz.122)TiOs+, in the following section.
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Figure 3. Vapor pressures from the stoichiometric Li,TiO3 and the hyper-stoichiometric Li, 12TiOs+, pebbles in

vacuum atmosphere.
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Figure 4. Vapor pressures from (a) the stoichiometric Li>TiO3 and (b) the hyper-stoichiometric Li» 12TiO3+,

pebbles measured in D, atmosphere.
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3.2. Thermodynamic activities
Figure 5 displays Li activities in Li>O, Li>TiO3, Liz.12¢2)TiO3+,, and LisTiO4 in the temperature range of 1155—
1355 K. Li activities in the mixtures (avimixwre) Were directly obtained from the Li pressures from the sample and Li
metal (Figure 5a). The vapor pressures of Lig) from Li metal, Li>O, Li>TiOs, and LisTiO4 were taken from the

literatures.>>3+37-38 This direct approach, however, resulted in large discrepancies for the same compounds. For

example, our data of g had a poor agreement with the data of Li,TiO3 by Nakagawa et al.*3 Additionally,

Li,Li,TiO,
the Li activities in LiO) using the data by Kimura et al.** and Kudo ef al.3” were obviously inconsistent. This is
explained by significant influence of oxygen partial pressures in the measurements. In principle, Li vaporization is
enhanced under a reducing atmosphere and conversely suppressed under an oxidizing atmosphere by taking the
equilibrium reactions in Egs. (4) and (5) into account. Indeed, the measurement over Li>O) under the low oxygen
pressure (8.4 x 107 Pa at 1500 K) by Kimura et al. had a higher Li activity than the one obtained from the Kudo’s
data measured at 1.6 x 102 Pa (Figure 5a). The same was true for Li;TiOs; the previous study had approximately two
orders of magnitude smaller O, partial pressure than our experiments, which resulted in approximately one order of
magnitude larger pr; than ours. On this basis, the direct approach is unsuitable for evaluating Li activities in the Li
oxides due to the significant influence of oxygen concentrations.
To take the oxygen influence into account, primixure 1S converted into a function of equilibrium constant and

oxygen pressure. The following reactions were considered for Li) vapor over Li2O) and LigTiO4) in vacuum.

LixOs) <> 2Ligg) + 0.502g (11)

LigTiO4) <> 2Li(g) + 0.502() + LizTiOss) (12)
Given that activities in the pure substances equal to 1, equilibrium constants K in the Egs. (4), (5), (11), and (12) are

described by partial pressures of Li and O, namely.

2 p 0.5
K — [ pLi,mixture J [ 0, ,mixture j (13)
Po Po

From Egs. (2) and (13), Li activity in a mixture can be given as a function of temperature and oxygen pressure as

follows:
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p 0.5 0.25
aLiymiXture — pLi,mixture { D,0,mixture ] { po J (14)

pLi,pure K9 pD2 ,mixture pO2 ,mixture

where p is partial pressure (Pa), po is the standard pressure (101325 Pa), and Ko is equilibrium constant of Eq. (9).
The measured data of pr; mixture, Py and Pho in D, atmosphere (Figure 4) were used, while Ky was taken from the
JANAF table.?! Li activity in the Li oxides is described as an inverse function of fourth root of partial oxygen pressure.
Here, Li activities under a reducing atmosphere (p Oz/po = 10°) was considered because the oxygen concentrations in
outlet gas in our previous long-term compatibility test with the hyper-stoichiometric sample (Li/Ti = 2.15 at mixing)
were 10-30 ppm.?* Figure 5b represent Li activities obtained using Eq. (14) and the equilibrium constants of K4, K,
K1, and Ki». Unlike the direct approach (Figure 5a), the Li activity in the Li>TiO3 pebbles in this work showed an
excellent agreement with the data by Nakagawa ef al,*3 despite the large difference in the measured oxygen partial
pressures. The Li activities in Li»O) by the two groups agreed well too.3*37 Therefore, we consider the indirect
approach is valid for data measured in different oxygen concentrations. Noted that the obtained Li activity in Figure
5b were larger than the direct approach (Figure 5a) due to propagation of error in Eq. (13). As a result, Li activity in
LisTiO4) was evaluated to be as high as that in Li>O,). All the Li activities showed similar gradients of temperature
dependency, which allows extrapolations to lower temperature. The Li activity in Liz.122)TiO3+, was approximately
one order greater than that in Li,TiO3 and one order smaller order than those of Li>O and LisTiO4. This enhancement
of Li activity in Liz.122)TiO3+, could be explained by the accommodation of excess Li, especially in interstitial Li
atoms weakly bonded with four surrounding oxygen atoms.'®

The following reactions were considered for evaporation of Li>Og) over the Li-containing oxides.

Li>TiO3(s) <> Li2O(g) +TiOxs) (15)
Liz2,TiO344(s) ¢ Li2O (g + xLi2Os) +TiOns) (16)
Li2O) <> LizO (g (17)
Li4TiO4) <> Li2O(g) +Li2TiO3(s) (18)

Li>O activities from the Li-containing compounds were directly obtained from the vapor pressures of Li>O(g) from
pure Li»O(s)*’ and the mixtures using Eq. (2). This is because the Li»O() reactions are independent from Ox(g). Li2O

activities in Li2O, Li2TiOs, Li2.122)TiO3+,, and Li4TiO4 are shown in Figure 6. The Li>O activity in Liz.12¢2)TiO3+, was
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evaluated to be one order of magnitude smaller than LisTiO4 and greater than that in Li>TiOs. The activity analysis

indicates the higher activities in Li»12TiO3+, than Li;TiO3, which results in enhanced Li loss from the hyper-

stoichiometric pebbles. It should be noted that the results also show the enhanced release of oxygen from the hyper-

stoichiometric pebbles as form of Oy and LixO(g). This is important because the corrosion layer on RAFM steels is

formed by oxygen release from breeder materials and the growth is controlled by the diffusion.?*»?” The reported

enhancement of the corrosion by the hyper-stoichiometric breeder material can be attributed enhanced oxygen release

originating from the increases of the thermodynamic activities.
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Figure 5. Li activities in Li;O, Li;TiO3, Li2.12TiO3+,, and LisTiO4 obtained (a) by the direct approach using Eq. (2)

and (b) from the equilibrium constants using Eq. (14). In panel (b), partial pressure of oxygen was set to be 107> x py.

 Reference [34]
b Reference [37]
¢ Reference [33]
4 Reference [38]
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Figure 6. Li,O activities in Li»O, Li>TiO3, Lis 12TiO3+,, and LisTiO4 directly obtained from partial pressures of LirO(g)

and Eq. (2).
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3.3. Evaluation of Li loss

In a fusion blanket, ceramic breeder pebbles will be used at elevated temperatures (maximum temperature:
1173 K) in a reducing atmosphere (sweep gas composition: He + 0.1 vol.% Hb»). Hence, Li vapor pressures in the
blanket environments were evaluated using the data obtained in D, atmosphere below the -y transformation
temperature. The total pressure of Li-containing species p}f’i‘al is defined to be pﬁta' =p,, TP - Based on the

reactions in Egs. (4) and (6), p‘L"ital from the Li>TiO3 pebbles is given from the following equation.

P =/ P¢ Po, KuKa / Poyo +[Ks PoPo (19)

From Egs. (5) and (7), p‘L"i“"1 from the hyper-stoichiometric Liz 122)TiO3+, pebbles is given as follows.

P = /P Po, KsKs / Poo + K Po Po o (20)

Based on the sweep gas composition, the partial pressure of deuterium gas was set to be 1073 x pg (Pa). The limit of

ptLOital in breeding blanket was set to be 0.01 Pa.? The total pressures of Li-containing species from the stoichiometric

and hyper-stoichiometric pebbles at the partial pressure of moisture from 0.01 to 1000 Pa are shown in Figure 7. In
Figure 7a, ptL"ital from the stoichiometric pebbles were below the limit at 7= 1073 K or lower temperatures. The total

pressure at 7= 1173 K exceeded the limit at a partial pressure of moisture greater than 36 Pa. On the contrary, ptL"ital

from the hyper-stoichiometric Liz.12(2)TiO3+, pebbles showed the elevated pressures compared with the stoichiometric

12
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pebbles (Figure 7b), in which the pressures at 973 and 1073 K exceeded the limit in some moisture concentrations.
The results suggest that the moisture concentration in sweep gas should be kept in the range of 0.1-10 Pa to minimize
the loss of Li from the hyper-stoichiometric pebbles. The total pressure from the hyper-stoichiometric pebbles at 1173
K was above the limit in any moisture concentrations between 0.1 and 1000 Pa. Yet, the results do not necessarily
mean that total pressure in a blanket with the Liz 122)TiO3+, pebbles is above the limit. This is because a breeder zone
has temperature distribution and only the central part achieves very high temperature above 973 K. Li loss from the
pebbles in a breeding zone with inhomogeneous temperature distribution was modeled as follows.

Presently, cylindrical and honeycomb-shaped breeding blanket are under study for demonstration fusion
reactors.*%#! Herein, total pressure of Li-containing species in a cylindrical blanket with ceramic breeder pebbles with
water coolant was analyzed. The results of the analysis are shown in Figure 8. It was considered that temperatures in
a cylindrical breeding zone with arbitrary radius and length are distributed from 623 to 1173 K (inset in Figure 8).
The breeding zone was separated into 56 sections with temperature step of 10 K in the radius direction, in which the
maximum and minimum temperatures were set to be 1173 K (innermost section 1) and 623 K (outermost section 56),

respectively. The total pressure of Li-containing species in the breeding zone piotai planket Was given as follows.

P =35 PE T o) e
where V; is the volume of section j (j = 1-56) and V is the total volume of the breeding zone. The volume fraction
Vi/V is independent of radius and length, but dependent only on j. In Figure 8, the results showed the significant
influence of environmental moisture concentration on the total pressure and the dominant vapor species. The
contribution of LiOH() increased with moisture concentration and became the dominant gas species in a wet
condition at pmoisture >10 Pa. The results showed that piotal,planket became minimum values when pr; and prion were
equivalent. The total pressure in the breeding zone with the Li,TiO3 pebbles was below the limit at any moisture
concentrations. In case of the hyper-stoichiometric Li.12TiOs+, pebbles, the pressure was at least one order of
magnitude higher than that with the Li;TiO3 pebbles. The breeding zone with the hyper-stoichiometric pebbles was
below the limit at most of moisture concentrations, but it exceeded the limit in humid conditions in p_ .~ > 200
Pa. Such a high humidity would not be achieved only by water release from the breeder pebbles, as the moisture

concentration is one order of magnitude greater than the ones in the outlet gas in the previous experiments purging
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the dry sweep gas of He + 0.1 vol.% H».2%2* The results of the modeling show the insight into the role of moisture

concentration in equilibrium regime, determining the optimum condition suppressing Li loss by vaporization. In a

fusion blanket, humidity in a breeding zone may be increased by tritium production and substantial release of HTO

gas from the pebbles, although the main form was not HTO but HT in the previous DT neutron irradiation test of the

Li».13TiOs4, pebbles.*? As a blanket environment is in a non-equilibrium regime, further investigations are needed to

understand mass transfer properties and its interaction with tritium release from the breeder pebbles.
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Figure 7. The dependency of p'®@ on moisture concentration at various temperatures from (a) the stoichiometric and

Li

(b) the hyper-stoichiometric pebbles. Black horizontal line denotes the limit of ptL‘)ital =0.01 Pa.
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Figure 8. The effect of moisture concentration on the total pressure of Li-containing species in the breeding zone
Protalblanket, 1N Which dotted and dash-dot lines denote contributions of Li) and LiOH(g) respectively. Horizontal
broken line denotes the limit of 0.01 Pa. Inset shows the temperature distribution in cross section of the cylindrical
blanket.

4. Conclusion

Thermodynamic properties of hyper-stoichiometric lithium metatitanate Liz 12(2)TiO3+, and the vapor reactions over
the pebbles have been evaluated by atmosphere controllable Knudsen cell mass spectrometry for the first time. By
measuring the partial pressures over the breeder pebbles, the thermodynamic activities and the equilibrium constants
of the vapor reactions were obtained. The thermodynamic activities of Li in the mixtures were indirectly obtained as
functions of the equilibrium constant to include the influence of oxygen pressure and compared with the Li(—Ti)-O
ceramics. The activities of Li and Li>O of Liz.122)TiO3+, were evaluated to be approximately one order of magnitude
higher than those in Li>TiO3, suggesting enhanced releases of gas species containing Li and O. The total pressure of
Li-containing species from the hyper-stoichiometric pebbles in the breeding zone with temperature distribution (623—
1173 K) was below the limit at a partial pressure of moisture below 200 Pa. Li loss by vaporization over the hyper-
stoichiometric pebbles can be minimized in the moisture partial pressure range of 1-10 Pa in which partial pressures
of Li(g) and LiOH,g) are equivalent. The results demonstrated the importance of moisture concentration in the breeding
zone as it has significantly impact on Li loss by vaporization, which, in turn, affects trittum breeding performance

and corrosion behavior of reduced activation ferritic-martensitic structural steel.
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