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This is a report of the Working Group in the Subtask on Solid Breeder Blankets under the
Implementing Agreement on a Co-operative Programme on Nuclear Technology of Fusion
Reactors (International Energy Agency (IEA)). This Working Group (Task F and WG-F) was
performed from 2000 to 2004 by a collaboration of European Union (EU) and Japan (JA). In
this report, lithium depletion effects on the reaction of lithium titanate (Li, TiO3) with hydrogen
(H,) in thermo-chemical environment were discussed.

The reaction of Li,TiO, ceramics with H, was studied in a thermo-chemical environment
simulating (excepting irradiation) that of the hottest pebble-bed zone of breeding-blanket actually
designed for fusion power plants. This “reduction” as performed at 900°C in Ar+0.1%H, purge
gas (He+0.1%H, belng the designed “reference”) was found to be enhanced by TiO, doping of the
specimens to smulate °Li-burn-up expected to reach 20% at their end-of-life. The reactlon rates,
however, were so slow to be not significantly extrapolated to the breeder material service time
(years). In Ar+3%H,, faster reaction rates allowed a better identification of the process evolution
(kinetics) by “Temperature-Programmed Reduc’uon”(TPR) and “Oxidation’(TPO), and combined
TG-DTA thermal analysis.

The reduction of pure Li,sTiO,, s spinel phase to Li,TiO,, s, was found to reach in one
day the steady state at the O-vacancy concentration y=0.2. Complimentary microscopy (SEM) and
spectroscopy (XRD, XPS) techniques were used to characterize the reaction products among
which the presence of the orthorhombic Li TiO, (O<v<1/2) and Li,TiO, could be diagnosed. So
that the complete spinel reduction to Li,,TiO, was obtained according to a scheme involving the
Li, ,Ti0,-Li,sTiO,, s spinel phase solid solution for which y=3v/(10-5v). The reduction rate of
pure meta-titanate to Li, TiO;, was found much lower (x = 0.01) and even possibly due to the
presence of the spinel phase whose quantitative determination (o, mol fraction) could not made
below few%.

The TiO, doped Li-titanate ceramics were found to be reduced to an “average” Ti oxidation
number V,=3.5+1/4(Li/T1) in the wide range (from O to 2) of Li/Ti atom ratio as corrected of Li-
loss (corresponding to a=oa +Ao increase) during testing. This Li-deficiency in Li, TiO,
(0.8<Li/Ti<2) was found to act as a “rate determining factor” of their reduction by a mechanism
attributing to near the sole amount of spinel phase they contain (o) as fully reduced to Li,,,TiO, as
observed for the pure spinel phase alone.

Keywords: Fusion Power Plants, Breeding Blanket, Lithium Titanate (Li,TiO,), Pebble,
Reduction, Oxidation

This is areport of the Working Group between ENEA (EU) and JAERI (JA) under the IEA
Co-operative Programme on Nuclear Technology of Fusion Reactors.
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Acronyms and Definitions

EU: European Union

JA: Japan

HCPB: Helium Cooled Pebble Blanket

FPY : Full power Year

S.A.: Surface Area

G.S.: Grain Size

T.D. Theoretical Density

FWHM : Full Width at Half Maximum

TPD: Temperature-Programmed Desorption
TPR: Temperature-Programmed Reduction
TPO: Temperature-Programmed Oxidation
TG: Thermogravimetry

TG-DTA: Thermogravimetric and Differential Thermal Analysis
XRD: X-ray Diffraction

XPS: X-ray Photoelectron Spectroscopy

SEM : Scanning Electron Microscopy

FWO: Flynn-Wall-Ozawa

KAS: Kissinger-Akahira-Sunose

o Fraction of Spinel Phase Li,Ti;O,, in Lithium Titanate

B: Heating Rate ("C/min)

A Average ionic Valence Decrement in "reduced" Titanate from the Ti** Oxidation

State (A=0.5 means Ti+3.5)

q: Degree of Conversion

6(1) ‘: Diagnostic Diffusion Control of the Reaction Rate (Time-dependent)
o(T): Degree of Conversion (Temperature—dependent)

J(0): Differential Conversion Function

8(0): Defined by the Equation (10)
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Li Depletion Effects on Li,TiO; Reaction with H, in Thermo-chemical Environment
Relevant to Breeding Blanket for Fusion Power Plants

Carlo Alvani,. Sergio Casadio, Vittoria Contini, Rossella Giorgi, Maria Rita Mancini,
Kunihiko Tsuchiya* and Hiroshi Kawamura*®

ENEA, C.R. Casaccia, uts MAT; *) Naka Fusion Research Establishment (Oarai-site), JAERI

Riassunto

Questo lavoro ¢ stato effettuato dal “Subtask Group on Solid Breeder Blankets” nell’ambito del
“implementino Agreement on a Co-operative Programme on Nuclear Technology of Fusion
Reactors (International Energy Agency)”. Questo gruppo di lavoro (Task F and WG-F) fu
costituito dal 2000 al 2004 tra EU e JA. In questo rapporto furono discussi gli effetti della
deplezione del litio sulla reazione del titanato di litio (Li,T10;) con hydrogeno (H,) in ambiente
termochimico. ‘

La reazione di ceramici di Li,TiO; con idrogeno ¢ stata studiata in un ambiente termo-chimico
simulante (eccetto 1’irraggiamento) quello della zona piu calda del “breeding-blanket”
attualmente in progetto per i reattori a fusione di potenza. Questa “riduzione” effettuata a 900°C
in gas di lavaggio He+0.1%H, (He + 0.1%H, essendo la specifica di progetto) fu trovata
aumentare con il drogaggio in TiO, dei campioni preparati per simulare il “‘Li-burn-up”
previsto raggiungere il 20% a fine-vita. Tuttavia le velocita di reazione erano cosi basse da non
poter essere estrapolate in modo significativo ai tempi di servizio (anni) di questi materiali. In
Ar+3%H, velocita di reazioni pitl alte consentirono una migliore identificazione dell’evoluzione
del processo mediante metodi TPR/TPO ed analisi termica TG-DTA combinate.

La riduzione di fase pura LiyTiO,,s spinello a Li,TiO,,s, fu trovata raggiungere lo stato
stazionario in un giorno per una concentrazione di vacanze-O pariay = 0.2.

Tecniche microscopiche (SEM) e spettroscopiche (XRD, XPS) furono impiegate per la
caratterizzazione dei prodotti di reazione tra i quali fu diagnosticata la presenza di bronzi orto-
rombici Li,TiO, (0 < v < 1/2) e di Li,TiO;. Cosi che si ottenne la riduzione completa dello
spinello a Li,,TiO, in accordo allo schema che coinvolge la soluzione solida Li,,Ti0,-
Li,sTi0,, in fase spinello per la quale y = 3v/(10-5v).

La riduzione di meta-titanate puro a Li,TiO,, fu trovata molto inferiore (x = 0.01) e perfino
attribuibile alla presenza di fase spinello la cui determinazione quantitativa (o, {frazione molare)
non poté essere effettuata al di sotto di alcuni %.

I ceramici in Li-titanato drogati con TiO, furono trovati essere ridotti ad un valor medio del
numero di ossidazione del Ti pari a V; = 3.5 + 1/4(Li/Ti) per un ampio intervallo (da O a 2) del
rapporti atomico Li/Ti corretto delle perdite di Li (corrispondenti all’aumento o=o+Aat)
durante le prove. Questa deficienza in Li in Li,TiO; (0.8 < Li/Ti < 2) fu trovata funzionare da
“fattore determinante la velocitd” della loro riduzione mediante un meccanismo che attribuisce
alla fase spinello in essi contenuto (o) la completa riduzione a Li,,T10, come osservato per la
sola fase spinello.
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1. Introduction

This work was carried out under the Working Group in the Subtask on Solid Breeder
Blankets in the Implementing Agreement on a Co-operative Programme on Nuclear
Technology of Fusion Reactors (International Energy Agency (IEA)). This Working Group
(Task F and WG-F) was performed from 2000 to 2004 by a collaboration of European Union
(EU) and Japan (JA). In this report, lithium depletion effects on lithium titanate (Li,TiO;)
reaction with hydrogen (H,) in thermo-chemical environment were discussed.

Li,TiO; ceramics (in form of dense pebbles) are candidate tritium breeding materials for
the future fusion reactor power plants [1]. Tritium generation by the neutron capture reaction,
°Li(n, a))T, deposits 4.8 MeV inside the Li,TiO; (Li-Ti) pebble bed up to a Li-burn-up BU =
20% at high temperatures as 900°C [2]. Because of the high °Li cross section, the self-shielding
makes it impossible to reach simultaneously both these extreme temperature-BU top values by
irradiation tests performed in fission neutron reactors, unless high flux fast neutron sources are
used [3]. The pebbles are swept by He purge with H, added to improve the tritium recovery rate
[4]; and a “dry” He+0.1%H, as “reference” (R) purge gas has been selected as a compromise to
recover trittum with an isotopic dilution as low as possible. This R-gas was found to interact
with Li-Ti pebbles at temperatures from about 650°C. Its reducing effect could be measured at
800°C, and the involved Li-Ti pebbles restructuring showed consequences on their tritium
release properties [S5]. The rate of this process was found to depend on the pebble fabrication
route, in particular on the Li/Ti atomic ratio that is generally kept below the stoichiometric value.
For example, a 5% of TiO, doping is required for the “reference” HCPB-Li-Ti pebbles [6]. This
TiO,-doping vs. reduction rate correlation was clearly stated by Tsuchiya et al. [7] that
suggested how the presence of the Li,Ti,0,, spinel phase inside the Li-depleted pebbles should
be the key to find a realistic reaction scheme like (1) to study this phenomenon. Therefore, we
considered the Li-Ti-pebbles as “composite” ceramic material having a fraction o of spinel
phase (per Ti atom formula) in equilibrium with the monoclinic lithium meta-titanate phase

Li-Ti-pebbles —2— wH 20 + (1 -w)H 5 +[(1-@)Li,TiO3., +(a/5)LigTisOpp.51 (1)
where w=(1-a)x +ay

The variables X and y of eq. (1) are functions of the exposure time (t), temperature (T) and H,
partial pressure, while o depends on the fabrication route (initial value a,) and on Li-loss during
service life.

The aim of the present work is to study the Li-Ti pebbles interaction by the scheme (1).
Temperatures of 900-1000°C for Knudsen effusion tests are too low to evaluate the Li-ceramic
stability. On the contrary, they are too high for classical temperature programmed reduction
(TPR) methods allowing high sensibility and precision in the gas phase composition analysis
during the reaction to get the experimental variable w(t). The solid phase changing can be
followed by thermogravimetric and differential thermal analyses (TG-DTA) method covering
correctly the needed temperature range to be explored but with a lower sensibility. In this work,
the classical TPR was forced to work at 900°C in examining Li-depleted Li-Ti ceramics while
pure phase powders were tested by TG-DTA at 1,000°C.

The envisaged service life of a power plant blanket is 3-4 years (FPY), a time scale not
accessible by normal laboratory experiments. So we increased the H, concentration in the inert
purge gas to improve the rate of eq.(1) by keeping the temperatures of technical interest and by
neglecting the consequent variations or the reaction products of eq.(1). This is a hard hypothesis,
since eq.(1) is determined by the reduction power of the environment which depends not only on
the H, concentration in the inert gas but also on its gaseous impurities (H,0, O,, CO, CO,, etc.)

.._.2_...
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and even the nature of the reaction vessel (quartz, steel, platinum, etc.). The reduction power in
our tests was checked by reducing pure TiO, to TiO,, as a well supported thermodynamic data
system [8].

- 2. Experimental

2.1 Materials

Two different Li,TiO; pebble batches were prepared as reported in ref. [9] (citrate route)
and were sintered at A) 1100°C x 2 h (code FN6A-1100) and at B) 1300°C x 2 h (FN6A-1300),
respectively. This last treatment involved a reversible monoclinic-to-cubic transition of Li,TiO;
and induced a significant grain growth and lithium loss. A fine Li,T1,0,, powder [10] was also
examined. A spinel-metatitanate biphasic composite (55% and 45% mol fractions, respectively,
called “mixture” in the following (Table 1)) was prepared by reacting Li,CO; with TiO,. The
microstructures of the pebble-specimen surfaces were analyzed by scanning electron
microscopy (SEM, Cambrnidge stereo-scan 250-MK3).

The powder-specimens were characterized for specific surface area (S.A.) by a NOVA-
2200e analyzer (static method) and by the Quantachrome (Quantasorb-Quantector) system
(dynamic method).

The tests were performed for a series of TiO, doped Li-Ti ceramics, including pure
spinel phase. Un-doped Li,TiO; and TiO,-doped Li,TiO; pellets with various TiO, contents (8
mm diameter by 2 mm thickness) were fabricated with nearly the same density (about 83 % of
T.D.) and microstructure (grain size (G.S.) from 1 to 2 um). Un-doped Li,TiO, and TiO, doped
Li,TiO; pebbles with various TiO, contents (about 1 mm in diameter) were also fabricated by
the wet process. The details concerning their fabrication, characterization and XRD-patterns of
these specimens listed in Table 1 have been reported in refs. [7, 11]. Photographs of the
specimens in this study are shown in Figure 1. The microstructures of the pebble and pellet
specimens analyzed by SEM are shown in Figure 2.

A specimen of highly Li-depleted Li-Ti pebbles was obtained as a by-product of the
reference HCPB Li-Ti pebbles reprocessing [8], consisting of the original pebbles which have
lost 85% of Li content in the nitric acid (HNO;) dissolution bath (Li-depleted CTI, Table 1).

2.2 Apparatus and Test of Temperature-Programmed Desorption (TPD), Reduction (TPR)
and Oxidation (TPO)

The TPD-TPR-TPO equipment and methods to study the Li-ceramic pebbles reaction
(reduction) with the R-gas have been reported elsewhere [4,7]. In this work TPR runs were
performed by imposing an isothermal-annealing run at 900°C to the specimens exposed to
flowing (40 cm®/min) hydrogen doped purge gas after their preliminary “cleaning” by a TPD
consisting in ramp-annealing runs to remove H,O and CO, impurities from their surfaces [7].

The amount of H, consumed = H,O generated are expressed in mole per Ti-atom in order
to have a direct measure of the reduction degree of titanium, which was assumed not to leave the
solid lattice during the process (while oxygen and lithium can do). The Li vapor formation was
considered to be irreversibly lost during the TPR runs (because of mass-transfer in the quartz
reaction tubes). On the contrary, O-loss during TPR was reversibly recovered during the TPO
runs imposed on the reduced products of the preceding TPR runs without removing the
specimen from the measuring cell. They consisted in annealing ramp (heating rate =10°C/min)
by sweeping He+0.1% O, or Ar+1.5% H,O oxidizing gas mixtures. The calibration of this
procedure was tested (Figure 3 [12]) on a pure Ti,O, containing the fully reduced Ti** ions. The
mechanism appears different for the two oxidizing mixtures. However, the areas of the two TPO
spectra correspond to the same charge needed to Ti(IlI)=>Ti(IV) full conversion, and the

_....3.....
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quantitative determination of Ti** in titanium oxides was set-up. In practice the use of H,O-
doped Ar mixture was more convenient than that of O,-doped He in performing the
experimental sequence TPR—TPO. Unbalance between TPR and the TPO charges (always TPR
>TPO) was attributed to Li-loss.

2.3 Thermogravimetric and Differential Thermal Analysis (TG-DTA)

TG and DTA were carried out simultaneously by a Netzsch STA 409 instrument with its
high temperature furnace. The equipment was previously evacuated and filled with Ar up to
oxygen elimination in the reaction chamber. Powdered samples (140-160 mg) were heated and

cooled in Pt crucibles at rates f varying from 2 to 10°C/min from room temperature up to
1350°C. '

2.4 X-ray Diffraction (XRD) Analysis

XRD spectra were obtained using Cu-Ka radiation in a Bragg-Brentano powder
diffraction-meter equipped with a graphite monochromator positioned in the diffracted beam.
No evidence for any secondary phases was found in Li,Ti;0,, powder, indicating that this was a
pure spinel phase sample. The cell parameter, calculated using the Unitcell program, was 8.347
A, in good agreement with the theoretical value (a=8.357 A JCPDS card 72-0426).

2.5 X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed with a V.G. ESCALAB Spectrometer. Detailed
spectra were acquired at 20eV pass energy, which gave rise to a Ag3d5/2 peak with 1.2 eV in
full width at half maximum (FWHM). Powdered samples were pressed in a proper stainless steel
sample holder in order to minimize charging effects due to weak contact with the spectrometer.

3. Results and Discussion

3.1 Reduction of Pure Materials
3.1.1 Titanium oxide (TiO,)

Reduction of pure TiO, anatase fine powder to TiO,, was tested to check the reduction
power of our experimental reaction chambers in which Ar+3%H, was flowing during the
reduction-annealing tests.

The TPR runs were performed in quartz U-tubes in which the TiO, anatase oxide (Table
1) was reduced to TiO, ;s or to Ti,O, Magneli phase (x = 1/n = 0.25). The p-T diagrams for
T1,0,/Tis0, equilibrium [8] at 900°C show that the oxygen partial pressure p should range
within 10" < p < 10" Pa (10% < p < 10 atm) in our TPR runs.

The TG-DTA tests were performed on powder specimens put on platinum crucibles
exposed in free static air. Their reduction was examined in flowing (100 cm®/min) Ar+3%H, gas
whose the reduction power gave x = 0.18, hence p to lie within 10 <p < 10™ Pa (10® <p <~
10" atm) at 1000°C.

3.1.2 Meta-Lithium titanate (Li,TiO,)

The scheme (1) with no spinel presence (a = 0) leads to w = x. It is convenient to use a
parameter A = 2x directly connected to the Ti valence decrease from the fully oxidized value +4
during reduction. Figure 4 shows the evolution of A for “nominal” stoichiometric Li,TiO;
FN6A-1100 (Table 1) and JPBL-0 (mentioned in Tables 1 and 2) pebbles reduction to Li,TiO;
(x=A/2) at 900°C in flowing Ar+3%H, and in Ar+0.1%H,, respectively. The isochronal A values
were found to increase nearly in direct proportion to H, partial pressure, unless Li-loss was
observed to occur in the 3%H,-doped purge (last and higher part of the data). XRD, however,

_4_
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cannot show the presence of spinel phase into the m-titanate at levels below few %, not to speak
below 0.1% that should responsible of the reduction observed. For example, TPR test of the
FN6A-1300 pebbles in the R-purge (Ar+0.1%H,) is also reported in Figure 4 to show how a few
Li-loss due to heat treatments deeply affects (increases) the reduction rate. FN6A-1300 differs
from FN6A-1100 only on the sintering treatment (1300°Cx2 h) which involved the reversible
monoclinic-to-cubic phase transition (m-Li,TiO; — ¢-Li,TiO;) occurring above 1150°C [13],
which improved grain growth (Figure 2) and Li-loss. But no spinel phase was detectable by
XRD. The role played by the specimen microstructure seems to be not important: since the
slightly Li-depleted FN6A-1300 undergoes a higher reduction rate, although its grains is larger
than those of FN6A-1100 (Figure 4), which should have suggested a higher reaction rate for this
last, while the contrary is observed. A nucleation of a fine dispersed phase at the grain surfaces
of FN6A-1300 was also observed (Figure 4), but its level was too low to be detectable by XRD.

Kleycamp [13] claimed the following scheme (2) to hold as the most probable bulk-
reduction mechanism for the pure Li,Ti0;

H

6Li,TiO3 —2—> 4LiTiO 5 +4Li,TiO4 + 4 H,0, 2

in which the reduced LiTiO, product (containing Ti’>* ion, A=1) is accompanied by the formation
of lithium orthotitanate (0-Li,Ti0O,) that could occur at temperatures for which Li,TiO; may
disproportionate in a solid solution extended from o-Li,TiO, to R-Li,Ti;O; (ramsdellite type)
phase. In the present TPR tests (900°C), we were far from this situation.

3.1.3 Spinel phase lithium titanate (Li,Ti;0,,)

The scheme (1) for pure spinel phase (a=1) leads to w =y = A/2.

In the TPR-TPO tests, the reaction rates of pure spinel “pellets” when performed by
Ar+3%H, gas sweeping at 900°C (Figure 5) were found remarkably higher than that observed
for fine “powder” (IT-SP) as swept by Ar + 0.1% H,. No Li-loss was observed during the runs,
indicating the value A = 0.3 (y = 0.15) as best fitting the curve at equilibrium.

It is known that the spinel oxides Li,Ti0, and Li,;Tis,0, (= Li, Ti,0,,) are the end
members of the solid solution series Li,,,T1,,0, with O < z < 1/3 [10,14-18] involving a decrease
in Li/Ti ratio while the reduction increases.

Very interesting was the XRD analysis (Figure 5-B) of the reaction products showing the
presence of m-Li,TiO; among them due to the peak for 26 = 20.5° which exists only for this
compound in the Li-Ti-O ternary system data-files. All the other peaks of this phase were also
recognized to be present; and the resulting cell parameters (a=5.097A, b=8.78A, ¢=9.75A,
B=100.5°) as compared to the standard ones (a;=5.069A, b;=8.799A, ¢;=9.759A, p=100.2°)
give a cell volume slightly larger than the theoretical value. This is because its formulation as
Li,TiO,, is suggested to hold for very low x (Ti* in this phase remains nearly unchanged inside
this “reduced” product).

The relations (3) follows the scheme (1) for a=1 (pure spinel) by assuming co-produced
m-Li,T10; as not reducible by (2); this means that we got the Li,,T10, product (cubic-spinel,
75% mol fraction with an average Ti oxidation number (No.) =+3.6) accompanied by m-Li,T10,
(25% mol fraction) as confirmed by XRD analysis)
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3+5y

The XRD pattern of Figure 5-B showed the presence of orthorhombic Li,,,Ti0,, a phase
known to be generated from Li, TiO, “bronzes” (0.14 < v < 0.5) exposed to free air at room
temperature [14,15]. This degradation involves further Li-oxide phase generation (as sketched
by the vertical arrow in the scheme (3)) that occurred on sight during XRD measurements. The
consequent Li,0 transport at the air-aged grain surfaces was well detected by XPS (Figure 5-C)
showing a very high Li-surface concentration on the reaction products.

The TPO run in Figure 6 [12] refers to a similarly TPR reduced specimen not removed
from its reaction vessel. It shows several peaks corresponding to a step-wise re-oxidation up to
fully reversion of (3) for T = 400°C in 0.1% O, (scheme (4)) or for T = 700°C in 1.5% H,O-
doped Ar gas.

LigsTiO, —2% D 5 1 TiO, + (1/4- v)Li ,0— 222 I0CH 0D |, 15 TiO s (4)

The kinetics of the process (3) was evaluated by elaborating the data plotted in Figure 5-
A by assuming diffusion rate control for the fractional reaction advancement 6(z). The 6(t) is
given by the classical solution (5) of the boundary diffusion problem for spherical geometry by
assuming a as diffusion path (spherical radius) and D as effective diffusion coefficient both
unknown but connected to the observable rate constant & by the relationship (6),

6(!):———4—@-——=[l—6/n22wn‘zexp(—nzt/r) (5
A 1
(equilibrium )
2 2
T a 1
= = 6
D "% ©

For t <t the good approximation of (5):

3
9">=4\E T

puts in evidence the initial square root 6(7) time dependence to diagnostic diffusion control of
the reaction rate. That was indeed observed in the plots reported in Figures 4-A and 5-A (slope
172 of log-log plots).

The eq.(5) gave the best fitting to the data for T=15h and ©=300h (Figure 5) for Ar+3%H,,
and in Ar+0.1% H,, respectively; and the k increase of a factor 20 was quasi proportional to that
of H, concentration (a factor 30).

The study of spinel phase reduction at 1000°C was not accessible to our TPR device. It
could be approached by TG technique with the advantage to explore endo- and exo-thermal
transitions by simultaneous DTA.

Figure 7 shows the weight loss of the spinel powder due to its reduction in flowing Ar +
3%H, (100 cm®/min) during the heating ramp (f=10°C/min) starting from room temperature up
to 1200°C. The DTA signal puts in evidence the presence of an endo-thermal peak (1021°C)

__6_
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overlapping that of the spinel (Li,Ti;0,,) decomposition to ramsdellite R-Li1,Ti;0, + cLi,T10;
solid solution [13] involving a simultaneous weight loss rate increase (note the slope variation of
the TG signal at ~ 1020°C). During the successive cooling ramp (B=-10°C/min), the observed
exo-thermal peak (907°C) could be assigned to the reverse transition changed by the reduction-
annealing performed up to 1200°C. This peak was indeed observed also during cooling in the
same way reduced-annealed specimens held at 1000°C for 17 h in such environment (isothermal
reduction-annealing runs, Figure 8), which is a strong indication that this transition was
occurring as overlapped to the reduction process.

The mixture powder was also tested by TG-DTA (Figure 7), and a more complex DTA
signal was observed with two endo-thermal phase transitions (at 971 and 1066°C) suggesting
that the spinel decompostion step is accompanied by the reversible monoclinic-cubic m-Li,T10,
— ¢-Li,TiO; phase transition which should start at 930°C and completed above 1008°C
following the Izquiero-West and Mikkelsen phase diagram used by Kleykamp [11]. A steep
increase in the weight loss rate was observed to start at ~1050°C, corresponding to this phase
transition for both spinel and mixture specimens.

The Figure 8 [19] reports the weight losses of the spinel and mixture specimens (as
corrected for Li-loss) observed during the reduction annealing in Ar+3%H, held 17 h at 1000°C
(lower curve). The final weight loss foe spinel was 1.1% and its extrapolation to equilibrium
gave 1.24% following the scheme (7) by which resulted an average V, =3.86 (A=v =0.14).

1000°C H, 1000°C

LisTisOp

5Li, TiO, +

[LisTis0; + LiyTiOs + Ti0, ] “ '75 v)

-Li,0 +(%1'-) ‘H,o (D)

In this case, in fact no Li,TiO; phase could be detected by XRD analysis of the products,
indicating that not only the Ramsdellite was involved in the reduction leading to a complete
decomposition of the original spinel phase into the orthorhombic Li, ,TiO, and Li,O as shown
by XRD and XPS analysis of Figure 9 [19]. The weight loss of mixture powder (as performed in
the same conditions, also reported in Figure 8) was observed to evolve similarly by an extent
proportional to the concentration of spinel phase. This difference corresponds to the spinel phase
fraction (60%). That suggests how meta-titanate phase in this composite specimen is not
significantly reduced even at 1000°C annealing step (according also to XRD analysis of the
reaction products).

The reduction kinetics of such a very complex process was evaluated by classical TG
isothermal and non-isothermal methods reported in Appendix. The 6(f) function is now referred
to the fractional weight change (8)

W) - Wo

6(t) = ,
() Weo— Wo

®

where W, W(t) and W, are the initial, actual and final mass, respectively, during the reduction
of spinel following the scheme (7). The rate of reaction (9)

de(n _ N _ E
o Kf(0(1) = Aexp( =T

) £(6D) ©

is a formula in which the reaction rate constant K is assumed to follow an Arrhenius type
thermally activated law (A= frequency factor, E= activation energy, R= gas constant, 7= Kelvin
degrees temperature); f(8) is a differential conversion function depending on reaction
mechanism (see Appendix) where g(68) integrals (10) are formulated for the different reaction
types (Table A1).
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Excepting the small range 0.34-0.40 corresponding to a flattening of 6 (Figure 10 [19]),
the reaction rates are of the same order of magnitude and are similar for both the specimens.
They seem to be initially reduced by different mechanisms; the pure spinel follows diffusive
type steps (according to TPR tests at 900°C), while in the other cases (R2-R3) the geometric
growth of the reaction interface is the rate controlling process.

In any case, it could be stated that the reduction of the mixture specimen has to be
attributed mainly to its spinel phase component.

In non-isothermal conditions the kinetic analysis is performed by the equation (11)
obtained from (10) with 6 formulated as function of temperature (T=T +t).

do E
ﬁjﬁwAf(H)exp(-—RT—) (11)

The dependence of E on 6 (Figure 11 [19]) was evaluated by iso-conversional integral methods
(see Appendix [) by experimental 6(7) obtained at various f (Figure 12 [19]). The initial
difference between the two specimens (for 0 < 6 < 0.4) tended to decrease by increasing 6 up to
disappear (within the error of measurements) for 6 = 0.8 where E = 250 kJ/mol.

3.2 Reduction of TiO, doped Li-Ti pebbles and pellets

Figure 13 [20] shows the reduction evolution of few specimens selected as “typical”
among all the investigated Li-Ti-ceramics (Table 1) by isothermal annealing TPR runs at 900°C
in Ar + 3%H, flowing gases. This figure gives the results reported in Table 2 at the end of the
tests (after 15-17 h or as extrapolated to the expected equilibrium).

The Li/Ti ratio of pebbles was spanning from 0.145 (Li-d-CTI) to 2 (JPBL-0). The
reduction evolution for the last value (Li/Ti = 2) (Figure 13) corresponded exactly to that of
observed for the pellets (PLT-0) already shown in Figure 4. These results demonstrated the
reproducibility of the TPR measurements and the care applied in the fabrication of so different
ceramic specimens (Table 2) by keeping the same microstructure.

The JPBL-10 specimens have a phase composition close to that expected at the end-of-
life Li-burn-up of Li-Ti pebbles. For them it was possible to try the same kind of analysis
performed for the pure spinel phase by the equations (5) and (6) in spite of a lower TPR signal
and Li-loss detected only at the end of runs; the time constants for Ar+3%H, and Ar+0.1% H,
were found to be T= 5h and T = 185h, respectively. Although the order of magnitude of these
parameters agrees with that of the pure spinel pebbles, the slight higher rate constants involved
some (significant) meta-titanate phase reduction to Li,TiO,, (see the last column of Table 2). Li-
loss was found randomly related to Li/Ti in the range 0.8 < Li/Ti < 2 for which the two phase
system of the m-Li,TiO;/ Li,Ti,0,,-spinel keeps Li activity constant. For Li/Ti < 0.8 no Li-loss
was observed by TPR tests, which suggested that the couple Li,Ti,0,,/TiO, fixed a much lower
Li-activity of the system. _

Following the scheme (1), the average Ti oxidation number V; is related to those of Ti in
the spinel (V,) and in m-Li,TiO; (V,) phases by the implicit equation (12).

Vi=(l-o)W; +aV (12)
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For a=0, we got a=0.01 (Figure 4) hence V,=3.99. To the other extreme of pure spinel phase
a=1, we got a=0.3 (Figure 5) and V,=3.7. Let us use these values to evaluate intermediate
situations of composite specimen by the expressions

Vi =[Vi-(1-a)x3.99) a = (V;-3.99)/c +3.99 and
Vo =[Vi-ax37]/(1-a)

far from the limits a—0 and a—>1 for which the right members diverge respectively.

The last two columns of Table 2 and Figure 14 report the so calculated average V,and V,
values for spinel and Li-metatitanate reduced products.

These results show that the spinel phase is mainly responsible of the “bulk” reduction
phenomenon of the Li-Ti pebbles. One of the reason of that could be attributed to the highly
defective structure of the spinel phase in which Li* ions substitute 1/3 of the Ti* ions in their
octahedral sites leaving void in half of all the Li* tetrahedral sites [14,15,21], and the
redistribution of lithium ions upon heating makes this titanate much more reactive than the
stable metatitanates or perowkites.

The plot of Figure 14 shows that as the equilibrium the “average” titanium oxidation
numbers V; of Li-titanates exposed to Ar+3%H, is a linear function of the Li/Ti atom ratio (13).

Vi =35+ Y/ (Lil Ti) for0 <Li/Ti<2.0 (13)

Hoshino et al. obtained this kind of data by TG methods in flowing Ar+20%H, at 800
and 1000°C [21, 22], which are also plotted in Figure 14; they nearly follow the trend of (13) in
spite of the different environmental conditions which corresponded to an oxygen partial pressure
p=10" Pa (10* atm).

4. Conclusion

Our scheme (1) which splits the Li-Ti-ceramics reduction into the two phases in thermo-
dynamic equilibrium (“formally” Li,TiO,, and Li,TisO,,5) was tested at 900°C by reaching
near steady state reaction in the reduction environment given by Ar+3%H, purge gas. The
oxygen vacancy concentration resulted to be x = 0.005 and y = 0.15, whatever the Li/T1i ratio (or
spinel mol fraction a per Ti atom) is (Figure 14). At this temperature this formalism (typically
used in solid-state-defect chemistry) was found effective only for the meta-titanate which
resulted poorly reduced. On the contrary the spinel phase was found to decompose in a “bronze”
Li,TiO, (0 < v < 1/2) with Li,TiO; (scheme (2)) with a sort of disproportion of Ti ions, Ti** in
m-Li,TiO; and Ti**/Ti* 1:1 in Li,TiO, that resulted to be the compound reduced at the
maximum level in our TPR apparatus. This compound is a well known superconductor
compound having Ti** and Ti* ions shared by “order” (1:1) on octahedral sites of the cubic Ti
sub-lattice. This result was in agreement with results of reduction tests performed in the same
environment on pure TiO, which leaded to T,O,, also an ordered Ti**-Ti* (1:1) Magneli phase.

Similar tests performed on fine spinel powders at 1000°C by TG-DTA showed a more
complex reduction mechanism, although similar to that obtained for a spinel-metatitanate (near
one-to-one mol) composite powder, which confirms the Li,TiO; phase reduction as “negligible”
even at this temperature. The time constant of these reactions was found to be of the order of a
day which should increase to a month for a “reference” purge gas composition (He+0.1%H,) of
the blanket technology.
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The reduction rate of Li-Ti-ceramics at 900°C was influenced by their spinel phase
Li,Ti;0,, content depending in turn on the Li/Ti atom ratio. Even in Ar+0.1%H, (simulating
“reference” purge gas) pure Li,TiO; pebbles undergoing very low reduction rate (Figure 4) was
suddenly attacked when modest Li-loss occurred. The Li/Ti atom ratio (due both to initial TiO,
doping and to Li-loss during testing) was determined, the reduction rate how if a consequent
spinel phase is soon generated at the grain boundary surface of the specimens. Since in Li-
ceramic breeding blankets the Li-loss is mainly determined by °Li-burnup, the rate of this
transmutation reaction will control the reduction attack that will be limited to the consequent
spinel phase generated.

The reported Kkinetic parameters (characterizing this process) allow conservative
extrapolations to 800°C for which negligible effects have to be envisaged for Li-Ti-pebbles
exposed for a time comparable to the life in service (years) of this type of ceramic breeder
materials. The radiation effects remain to be explored.

Note: Several of the present data have been reported (partially and in different forms) in recent
international workshops on Ceramic Breeder Blanket Interactions (CBBI-11, Tokyo-2003 and
CBBI-12, Karlsruhe-2004) whose proceedings are available as a Japan Atomic Energy Research
Institute Report JAERI-Conf 04-012 (2004), pp.148-162.
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Table 1 List and main characteristics of the examined titanium oxide specimens
Formula Code Density S.A.! G.S? Heat treat. Phase composition by XRD
(%TD.) (@%g) (uwm)
[Pebbles]
(sintering)
Li,TiO,  FN6A-1100 603 . 1-5  1100°Cx2h m-Li,TiO,
Li,TiO;  FN6A-1300 69.0 . 520  1300°Cx2h m-Li,TiO, + LiTi;O,, traces
Li,TiO4 JPBL-0 823 - 2-7 1235°Cx15min  m-Li,TiO;4
(TiO,: Omol%)
TiO,- Li,TiO; JPBL-2.5 84.0 - 2-7 1170°Cx15min m-Li,TiO,
(TiO,: 2.5mol%)
TiO,- Li,TiO; JPBL-5 81.7 - 2-7  1130°Cx15min m-Li,TiO;
(TiO,: 5Smol%)
TiO,- Li,TiO, JPBL-10 84.8 - 530 1210°C x15min m-Li,TiO, + Li,Ti;O, , traces
(TiO,: 10mol%)
Li-d-LiTi  Li-d-CTI - - - HCPB ref. LiTi pebbles Li-depleted
in HNO; solution, Li/Ti = 0.149
[Pellets]
Li,TiO4 JPLT-0 82-84 - 13 1076°Cx 4h  m-Li,TiO,4
(TiOy: OWt%) 0.4
Li,TiO,  JPLT-10 82-84 - 1.6 960°Cx 4h  m-Li,TiO,
(TiOy: 10wt%) 0.5 :
1i,TiO;  JPLI-20 82-84 - 1.6 960°Cx 4h  m-Li,TiO, + LiTi O, , traces
(TiOy: 20wt%) +0.4
Li,TiO,  JPLT30 82-84 - 14 960°Cx 4h  m-Li,TiO, + Li,Ti;O,, traces
(TiO;: 30wt%) +0.5
Li Ti;0,,  JPLI-SP 82-84 - 0.9 960°Cx 4h  Li,TisO,, spinel phase
+0.5 '
[Powders]
(reaction)
Li,TisO,,  Spinel [10] - 7.56 0.2 800°C x 36h  pure Li,Ti;O,, spinel phase
Li,TisO;,+ Mixture - - - 800°C x 36h  Composite Spinel (55%) - meta-
Li,TiO; titanate (45%)
TiO, Aldrich-1317 - 147 0.1 - anatase
Ti,0,4 Aldrich-1344 - 0.65 2 - corundum type

1 : surface area, 2 : grain size
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Table 2 Measured lithium loss and average Ti oxidation numbers V; (both numbers are
experimental data) in pebbles and pellets reduced in flowing Ar+3%H, at 900°C for
17 h and extrapolated at steady state.

Sample Initial Li/Tiloss LiysTiOgys Av.Tioxidat. No. Av. Ti oxidat. Av. Ti oxidat.
codes LI/Ti  (x0.5%) fraction V; (£0.5%) No. in the spinel  No. in m-Li,TiO;
(£2%) a (x2%) exp.17h st-state phase (V) phase (V,)
Pebbles
JPBL-0 200 -0.017 0.014 3.99 3.99 3.99
JPBL-25 195  -0.024 0.062 3.98 3.98 3.83 4.00
JPBL-5 1.90  -0.005 0.11 3.95 3.95 3.63 3.98
JPBL-10 180  -0.019 0.18 3.93 3.93 3.66 3.98
Li-d-CTI 3.81 3.54
TiO,-an. 0 0 0 3.75 3.50
Pellets
JPLT-0 2.000 -0.017 0.014 3.99 3.99 399
JPIT-10 174  -0.005 0.225 3.91 391 3.69 397
JPLT-20 149  -0.020 044 3.87 3.86 3.69 3.99
JPIT-30 126 -0.011 0.63 3.84 3.81 3.70 4.00
JPLT-SP  0.80 0 1.00 3.74 3.70 3.70
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Shape
Code No. Photograph (mrg) Remarks
Li2TiO3 pebbles obtained
FN Pebble by powder agglomeration
. (~61) in a rotating milling device
Series (TASK WP-B8-2.2 ENEA-
EURATOM assoc. 1998).
These pebbles were
JPBL Pebble | fabricated by the wet
: ~b1 process with substitution
Series (~o1) reaction.
Pellet These pellets were
JPLT fabricated by the cold
Series (010x8) | pressing and sintering.
‘ method.

Figure 1 Photographs and shapes of specimens in this study.
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Figure 2 SEM photographs of as received surfaces of main specimens.
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Figure 3 Oxidation rate of Ti,O; powder in He+0.1%0, (+0O, in figures) and in Ar+1.5%H,0
(+H,0 in figures) [12].

Isotherms at 900°C in Ar-Hz
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SEM image of the FN6A-1300
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annealing at 900°C in Ar+0.1%

Figure 4 Evolution of A = 2x in Li,TiO,, during pure Li-metatitanate pebbles (Tables 1 and
3) reduction at 900°C in 0.1%H, (black squares) and 3%H, (open triangles) Ar
doped sweeping gas. The cross points refer to the FN6A-1300 pebbles showing a

nucleation of a new phase on the grain surfaces after its reduction.
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Figure 6 Oxidation rate of the “black” reduced product of spinel powder by TPO (spectra
(on the left) obtained using He+0.1%0, (+0, in figure) and Ar+1.5%H,0 (+H,0 in

figure) [12].
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Figure 7 TG and DTA curves for pure Li,Ti,0,, spinel powder (left) and its mixture with
Li,TiO; (right) under dynamic heating in Ar+3% H, atmosphere.
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Figure 8 Spinel and Mixture weight loss during reduction-annealing at 1000°C (left). After
17 h during their cooling exo-thermal transitions (right), the DTA signals are not
calibrated to the amount of specimen [19].

8
=
@ | Reduces| '
2
£ i
8 m-‘%—-_j-‘.....} U..Q‘\j_,.A.J[JJ»A_
g Spinel ’ i
g : i . EE I A
O | LiowTiOe JJ

Li20 | I . 4 1 h A ‘ i .

10 20 30 40 50
26 (deg)

60

Binding energy (eV)

1000] s Tiss
0 :
- "i : !
5 900 FL e
& )
> : r" : M‘Jﬁiﬁ“ r
g 800 4 ‘;'m / i P}]‘?
E g i':'-;‘ Wit
700 ;N l!(;‘ti e 2
kil
v:::i.t !;
600 : —
45 50 55 60 65 70

Figure 9 XRD pattern and XPS signal of spinel powder expos‘ed 17 hours at 1000°C to
Ar+3%H, in the Pt crucible of our TG apparatus [19].
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Figure 12 6(T) plots obtained for spinel and mixture specimens undergoing heating ramps at
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Isotherms at 900°C in Ar+3%H2
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Figure 13 Average A evolution in Ti*** In JPLT-30, JPLT-10 and JPLT-0 specimens (see Table
3) during reduction in Ar+3%H, at 900°C. See the effect of the 0.17 Li/Ti loss on
the reduction rate of the originally stoichiometric (Li/Ti = 2) specimen [20].
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data from refs. [14,15].
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Appendix I : Kinetic Elaboration by Thermogravimetric Tests

Al-1. TG isothermal tests: Kkinetic elaboration.

The experimental 6(7) curves (Figure 10 in the text) were sectioned in 8 fields in which
they were compared to the theoretical formula (11) in the text by using the g(6) of Table Al.
The aim was to individuate the best-fitting mechanism for each zone of 6 by the method
described in ref. [A-1]. The results are reported in Figures A1 and A2 [A-2] and Table A2.

Al-2. TG dynamic tests: kinetic elaboration.

Equation (12) is a non linear differential equation which is approximated to manageable
formulas to get the kinetics parameters, mainly the activation energy E. That is approximated by
eqs. (Al) [A-3] or (A2) [A-4] in the isoconversional integral method applied to data obtained
by varying B (Figure 13 in the text) [A-5, A-6, A-7].

FWO Inf =In—2E_ _533]- 1.052% (A1)

Rg(6)

For 6 = costant the Inf vs (1/T) plots should be a straight line whose slope gives E with an error
higher than 10% for E/RT<20.

The second method known as KAS (Kissinger-Akahira-Sunose) [A-4] is based on the
Coats-Redfen [A-8] approximation of the eq. (11) in the text. In this case the slope of In(B*T) vs
1/T gives E.

KAS nl AR E (A2)

T®  Eg® RT
The application of FWO and KA S methods to our results are reported in Figure A3 [A-2].
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Table Al Forms of f{6) and g(8) for different reaction mechanism
Symbol  Kinetic model J(6) 2(0)
Nucleation and nuclei growth
A2 Avrami-Erofeev 2(1-6) [-In(1-6)]"? [-In(1-8)]'*
A3 3(1-0) [-In(1-6) F° [-In(1-6)]'*
A4 4(1-6) [-In(1-6) F"* [-In(1-6)]""
Phase-boundary reaction
R2 Two-dimensional movement [2(1-8)]"? [1-(1-6)"?]
(shriking cylinder)
R3 Three-dimensional movement  [3(1-8)J” [1-(1-8)"*]
(shriking sphere)
Diffusion mechanism
D1 One-dimensional diffusion 1/(26) &
D2 Two-dimensional diffusion [-In(1-6)]" (1-6)In(1-6)
D3 Three-dimensional diffusion 3/2(1-0)*3[1-(1-8) ] [1-(1-0)J°F
D4 Ginstling-Brounshtein 3/2[(1-6)"-1]" [1-(26/3)]]-(1-6) F?
A-J Counter diffusion [(1+0)]5-1F
n-Order reactions
F1 First order (1-6) -In(1-6)
F2 Second order (1-6y° 1/[1-0]
F3 Third order (1-6)° 1/[1-8F

Table A2 Rate (K) and time (t) constants with the related correlation factor (r*) as evaluated by

using the models best-fitting the data in the different ranges of 6 for spinel and
mixture powders at 1000°C in Ar + 3%H,

Sample Models 0 K107 h?) T(h) ¥
Spinel A-J <034 1.93 52 0.998
D3 0.34 - 0.40 0.014 7342 0.996
R3 0.40 - 0.60 1.45 69 0.999
R2 0.60 - 0.72 0.68 147 0.997
Mixture R2 <034 3.38 29.5 0.994
0.34 - 0.40 0.018 5555 0.996
R3 0.41 - 0.54 231 43 0.998
0.54-0.70 0.77 130 0.987
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Figure A1 Spinel phase powder reduction. Time plots of the best data fitting to g(6) models

of Table A1 [A-2].
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