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This report is the Proceedings of "the Eleventh International Workshop on Ceramic
Breeder Blanket Interactions" which was held as a workshop on ceramic breeders Under the
IEA Implementing Agreement on the Nuclear Technology of Fusion Reactors, and the
Japan-US Fusion Collaboration Framework. This workshop was held in Tokyo, Japan on
December 1 - 17, 2003. About thirty experts from China, EU, Japan, Korea, Latvia, Russia
and USA attended the workshop.

The scope of the workshop included 1) evolutions in ceramic breeder blanket design,
2) progress in ceramic breeder material development, 3 irradiation testing, 4 breeder
material properties, 5) out-of-pile pebble bed experiment, 6 modeling of the thermal,
mechanical and tritium transfer behavior of pebble beds and 7 interfacing issues of solid
breeder blanket. In the workshop, information exchange was performed for designs of solid
breeder blankets and test blankets in EU, Russia and Japan, recent results of irradiation tests,
HICU, EXOTIC-8 and the irradiation tests by IVV-2M, modeling study on tritium release
behavior of Li2TiO3 and so on, fabrication technology developments and characterization of
the Li2TiO3 and Li4SiO4 pebbles, research on measurements and modeling of
thermo-mechanical behaviors of Li2TiO3 and Li4SiO4 pebbles, and interfacing issues, such as,
fabrication technology for blanket box structure, neutronics experiments of blanket mockups
by fusion neutron source and tritium recovery system.

Keywords: Ceramic Breeder Blanket, Blanket Designs, Fabrication, Properties, Pebble Bed,
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1. Executive Summary of CBBI I I

CBBI II has been held in Tokyo, Japan on December 15 - 17, 2003, as a forum for the
specialists involved in the design, research, development and testing of materials and
components for lithium ceramic based breeding blankets. The workshop included presentations
on recent technical progress, discussions on the status of selective key issues for ceramic breeder
blanket iteractions, and formulation of ways of addressing those issues in the future. Ceramic
breeder blankets are regarded as the primary option of the power demonstration plant blankets.
Therefore, integration of blanket technology is increasing its importance aiming at ITER test
blanket module testing, which will be the first module scale testing inn real fusion environment.
From this view point, a variety of topics are categorized to 6 sessions, which are, "Test Blanket
and DEMO Blariket Design", "Irradiation Testing", "Tritium Behavior", "Material Development
and Properties", "Out-of-Pile Pebble Bed Experiment and Then-no-Mechanical Behavior", and
"Blanket Design Interface Issues". The following is the executive summary.

Session 
In the session of "I. Test Blanket and DEMO Blanket Design", three papers on DEMO reactors
and their solid blanket and power plant system designs (EU, R and Japan) and one paper on
neutronics study of Ferritic steel/solid breeder Test Blanket Module were presented.

- The revised version of the EU DEMO HCPB blanket concept is presented. In particular the
design and material issues connected to the manufacturing, neutronic and thermal design, and
tritium control are discussed.
- A conceptual design study of RF DEMO-S reactor with a traditional steam-turbine facility in a
second circuit was performed. Solid breeder blanket of the reactor using ortho-silicate, beryllium
and 9CrMoVNb steel was discussed.
- Dr. Enoeda presented the primary design work on the solid breeder blanket cooled by
supercritical water, whose outlet temperature is about 510'C, that has been perfort-ned with the
conditions of peak neutron wall load, MW/m� and peak FW surface heat flux, I MW/M2, with
the adequate temperature range of structural material (F82H). Parametric study of neutronics
and temperature analyses showed that net TBR will be more than 1.05 with Li2TiO3 and Be or
Beffi.
- Dr. Kuroda presented an investigation of four thermal cycles to apply to a fusion power plant.
Whit the use of a ferritic/martensitic steel, F82H, as the structural material, a direct steam turbine
cycle with supercritical pressure water gives the highest thermal efficiency. Indirect systems can
be effective to reduce tritium leakages, e.g. around turbine shaft. Helium-cooled blanket seems
less attractive in terms of thermal efficiency at least in this temperature range (250-500'C).
- Dr. Tsuru presented neutron distribution, TBR, power densities, induced activity and decay
heat calculated by a two dimensional analysis taking into account of the effect of the side walls.
The 2D calculations show that there is a relatively large flow of neutron from the TBM to the
common frame; this effect should be taken into account in the in the verification of the breeding
capability of the TBM performed with ID neutronic calculations.

Session 2
- The design of the HICU irradiation has evolved with nuclear and detailed thermal anal yses.
Prototypes of the Cd screen have been tested up to 500 T and the concept was shown to be
robust. The pre-testing for specimen design involved compatibility and uni-axial compression
tests of pebble-stacks with large H/D. Wall friction proved more important as compared to
regular UCT. Creep coefficients were found to be similar. Materials with various L-6 contents
have been supplied by FZK, CEA and JAERI and characterized. As a novel method for non-
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destructive examinations, X-ray tomography has been applied in pre-testing HICU pebble stacks.
Out of pile equipment and rig head were manufactured and assembled. Specimen loading and rig
assembly, allow start of irradiation by Spring 2004.
- HCPB Pebble bed assemblies with 2 ortho-silicate and 2 meta-titanate beds have been prepared
for irradiation in HFR, pre-compaction was applied to reduce start-up uncertainties. The design
& assembly phase of the PBA irradiation provided significant steps in the understandin of
pebble-bed thermo-mechanics. The analytical tools for nuclear ad thenno-mechanical analyses
have improved. Dedicated additional pre-tests provided adequate data for engineering. Start-up
in HFR with fine-stepped power increase in April 2003 was successful. Actual nuclear
characteristics and achieved parameters were as expected. Reduced heat transfer at bottom
causes assymmetry in overall beds temperature profile. Breeder temperature levels were kept at
modest levels to allow further data accumulation and in-pile model improvement.
- Results of in-pile lithium-aluminate, metha-silicate and ortho-silicate pellets irradiations were
discussed. Two models of ortho-silicate and beryllium tritium breeding zones for TER were
performed. Initial results of reactor tests and effect of ceramic properties on tritium systems were
discussed.

Session 3
In the session of 3. Tritium Behavior", titium release behavior of Li4SiO4 and Li2TiO3 pebbles
irradiated in HFR of ECN, or JRR4 of JAERI were presented. In the papers, kinetics of tritium
release were discussed based on the tritium release data.

- The tritium release behavior has been tested "in-pile" by the EXOTIC-8.9 experiment with
Li2TiO3 pebbles with high density 90 - 93 of T.D.) which were fabricated through the wet
process. The analysis of TPD spectra has given the correct order of magnitude of the time
constants characterizing the main desorption sites, in rough agreement with the residence times
obtained by the in-pile step-perturbation methods performed during EXOTIC-8.9 experiment.
Pure He purge increases the tritium inventory; during the last cycle of this irradiation experiment
variations of the H2 concentration in the He purge showed an increase in tritium release rate
from Li2TiO3 pebbles that was found to be proportional t (PH2) 0-34 at 4730C.
- With respect to the overview of tritium release experiments performed in HFR Petten, tritium
release data are now available up to DEMO relevant bum-ups, i.e. I I% for Li4S104 and 17% for
Li2TiO3- T-release rates from titanates depend on pebble density, and closed porosity; pebbles
by agglomeration show faster release than extruded and wet processed material; high brnup
spinel shows fast release. T-release from HCPB reference ortho-silicate limited to 4, but

iding closed porosity will reduce inventory at i ing
avo high bum-ups (EXOTIC-7). Tritium dopi
experiments allow the evaluation of specific virgin ebble properties like sintering temperature,
closed porosity etc. It appears that high temperature annealing and pebble creep reduce the
tritium release rate. This is to be checked from forthcoming breeder irradiations. Lower P112

results in (much) slower release; data collected on purcre gas chemistry will be elaborated in
2004
- Li4SIO4 pebble specimens were irradiated in capsule in JRR4 in JAERI, and tritiw-n release
behaviors were measured by TPD by post irradiation examination. By the measured tritium
concentration change and chemical form, tritium transfer parameters such as diffusivity in the
grain, rate constant of isotope exchange; reaction and mass transfer coefficients of adsorption,
were determined to obtain the best fit calculation with experiments.
- Li2TiO3 and ALO2 pebble specimens were used to obtain tritium release behavior by TPD as
the PIE after irradiation in JRR4. By the results, HTO form were supposed to be contained in
the purge gas. As the tritium recovery method, penneation tube (PdAg) was investigated to

- 2 -
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clarify the tritium recovery performance from the purge gas containing humidity. Expe 'mental

I n
observation showed that humidity in purge gas reduces the permeation rate.

Session 4
In the session of 4. Material Development and Properties", three papers on the fabrication
technology of breeder powder and pebbles and five papers on the chemical and thermal
properties have been presented, including post deadline presentation made by Dr. Park of Korea
Atomic nergy research institute with the title of "Synthesis of Li2TiO3 powder by the
combustion process".

- The feasibility to produce Li2TiO3 pebbles in the range 06 mm to 0.8 mm was shown. Pebble
characteristics are very promising. A 6 kg-batch was produced by pre-industrial means in 2002.,
This batch was used for all the EU tests foreseen in 2003, among which the HE=FUS 3 mock-up
tests at ENEA. The fabrication process was optimised for the preparation of 6Li enriched Li2TiO3

pebbles. The density of pebbles, around 92% of T.D. is in agreement with the objective.
- The Laboratory of Radiation Chemistry of Solid State of University of Latvia investigated the
effect of the influence of magnetic field on the radiolysis parameters and tritium release
parameters from i4SiO4 and LiJ103 ceramics pebbles. The magnetic field facilities the
localization of tritium in the matrix of ceramics at the irradiation up to 600 C temperatures.
Magnetic field up to 24 T increase the diffusion path of charged tritium particles as T, T-. This
effect depends from the ceramics grain size and from the magnetic field intensity.
- L14SiO4 pebbles are produced with a melt-spraying process. A new production line starting
from iOH (available at different isotopical cmposition f6 Li and 7Li) as raw material has been
demonstrated; the melting process was less difficult to control in comparison to the previous one
starting from Li2CO3. The two produced batches have been characterised showing good
mechanical properties and less content of impurities.
- Property of LiOD phase have been studied by FT-IR. The LiOD phase was formed by the
aggregation of a few isolated -13s, with the apparent activation energy of 60 kJ/mol. This
phenomenon was confin-ned by quantum chemical calculation.
- In the paper "Hydrogen isotopes behaviour on LiJ103", reaction of hydrogen isotopes and
H20 (D20) adsorbed on L12TiO3 were studied sng FT-IR (Fourier transform infrared)
spectroscopy with the photoelectron spectroscopy (XPS/UPS) under deuterium ion irradiation.

XPS/UPS: - After treatment, the surface of Li2TiO3 is similar to T102.

- Before treatment, the surface of Li2TiO3 is like Li2O.

- By sputtering, Li-deficient surface is made and Ti is reduced.
- By heating, at 673 K, the reconstruction of surface occurs: Li emerged on

the surface and Ti re-oxidation is observed.
FT-IR: - OD on Li2Ti03 exists similarly as TiO2.
The surface nature of Li2TiO3 looks like T102.

- In the paper "thernial property of measurements on Li2TiO3 being added with TiO2", thermal
diffusivity and heat capacity of Li2TiO3were determined from 300 - 1100 K and 300 - 800 K,
respectively. Thermal conductivity values were alculated using the experimental values.

- It was found that the thermal conductivity of "L100" (Li,)O/TiO2=1) is higher than
"L95" (LI20/TiO2=0.95), "L90" (Li20/TiO2=0-90) and the reported value of Li2TiO3-

- It was indicated that "L95" and "L90" had the lower thermal characteristics than
"L100" as it has the composition which is non-stoichlometry and the deficit in the
sample icreases. Doubly non-stoichometry composition, L12-.,TiO3-y, has been
confirmed.

3
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In the paper "High temperature reactivity of Li-titanates with H2 contained in He purge", the
reaction of the He+0.1% H2 purge gas with various materials (Li2TiO3, LiJi5012, TiO2 and
Ti2O3) was examined at 900 T

- Pure TiO2 does not react at all in these conditions.
- Li4Ti5O12 reacts decomposing into the orthohomobic Lio.14TiO2 phase and LiO found

among the reaction products.
- New pure Li2TiO3 meta-titanatereacts slowly by generating few 0- loss = 0.001 atom

fraction.
- The Li-Ti-pebbles reactivity to R-gas is attributed to their Li-depletion degree

(Li4Ti5O12 phase content).

Session 
- The results of a comparative study on the effective thermal conductivity for single size
beryllium pebble beds were reported. The goal is to initiate a collaborative effort on the breeding
blanket material database for the preparation of ITER TBM. Present assessment indicated that a
large scattering existed among the available data, and suggested that a unified procedure should
be defined soon through the IEA collaboration such that a consistent yet complete set of data
relevant to ITER operating conditions can be established in time.
- A new test apparatus for simultaneous measurements of stress-strain property and an effective
thermal conductivity is being established. Increase of the effective thermal conductivity with a
compressive load was confirmed in the temperature range ftom 400 to 700 'C. Following issues
should be checked:

- Degree of accuracy for obtained data
- Effects of volume or shape of the packed bed
- Effects of cyclic load or thermal creep
- Difference i material for the container

- Experiments were conducted to evaluate the consequence of the thermal creep on stress
relaxation under blanket relevant temperature conditions. The experiments provide data
necessary for code benchmarking and phenomena understanding. Initial results from DEM
calculations using effective maco-model at contact captured the trend of thermal creep evolution
behavior that observed experimentally. To reproduce experimental results, material properties
relevant to creep phenomena need to be derived.
- The presentation is focused on the validation of a model which is used to simulate the
thennomechanical behaviour of ceramic breeder and beryllium pebble beds. The current
approach is based on an extended Drucker Prager formulation. This model is combined with a
nonlinear elasticity law. Additionally volumetric creep is considered. The calibration of the
elasticity and plasticity parameters is based on the oedometric test. Finally the model has been
applied to blanket-relevant geometries and loading conditions.

Session 6
In the session of "6. Blanket Design Interface Issues", fabrication technology of blanket structure
by femitic steel, neutronics experiments on tritium production rate of blanket mockup and tritium
recovery system and tritium processing system.

- Heat treatment and joint techniques to fabricate breeding blanket were presented. The heat
treatment tests of F82H revealed that selected condition of HIP and post-hip-normalizing is
useful to make toughjoint. Preliminary investigation of dissimilarjoint between W and F82H
revealed that the ferrite phase formed by decarburization play as a roll of cushioning materials. It
relaxed the difference of thermal expansion of W and F82H.

4
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- Impact to the tritium plant by integration of the solid breeder blanket was discussed. The
necessity and effectiveness of admixture for a blanket sweep gas should be discussed not only
from the viewpoint of tritium release, but also from the viewpoint of recovery and processing.
Further trials and errors are needed to integrate the blanket and the tritium plant.
- A Method was developed to use lithium titanate pellet detectors for tritium production
measurements in mockup experiments with candidate materials for the DEMO breeding blanket.
Breeding experiments have been conducted and compared to monte carlo computer calculations
of the tritium production rate (TPR) in those assemblies. The TPR was overestimated in some
cases up to 30% which seems to be caused by an excess of epithermal and thermal neutrons in
the assembly in the computer model.

This executive summary has been written by session chairpersons, Dr. Masato Akiba, Dr.
Lorenzo V. Boccaccini, Dr. Alice Yng, Prof. Kenji Okuno, Prof. Masaburni Nishikawa, Dr. Jean
Daniel Lulewicz, Dr. Jaap G. van der Laan and Dr. Mikio Enoeda.

- -
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2. Session - Test Blanket and DEMO Blanket Design
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2.1 DESIGN OF THE BREEDER UNITS IN THE NEW HCPB MODULAR
BLANKET CONCEPT AND MATERIAL REQUIREMENTS

L.V. Boccaccini(l), S. Hermsmeyer(2), J. ReiMa,111(2), U. Fischer('), Z. XU(2), C. Kahly(2)

Forschungszentrum Karlsruhe,
(1) Institut ffir Reaktorsicherheit,

(2) Institut ftir Kern- und Energietechnik,
P.O. Box 3640, D-76021 Karlsruhe, Germany

A major revision of the DEMO HCPB blanket concept took place in 2002-2003 as consequence
of the results of the EU Power Plant Conceptual Study. In particular, it was decided to give up
the previous maintenance schema based on segments in favour of a large module concept
extrapolated from ITER. The adaptation of the HCPB concept to these modules (typical
dimension at the FW of 20 x 20 m) required a complete revision of the box. The coolant flow
scheme is based on a radial He flow (at MPa) in order to have the entire manifold system in the
rear part of the box. Furthermore, the requirement of a box capable of withstanding the coolant
pressure of 8MP`a in case of an in-box LOCA led to a design of modules with an internal
stiffening grid in toroidal and poloidal direction. This grid results in cells open in the rear radial
direction with toroidal-poloidal dimensions of about 20 cm x 20 cm that accommodate the
breeder units. These units contain the ceramic breeder (CB) and the Beryllium in form of pebble
beds and have to assure the main functions of the blanket, namely, a tritium breeding ratio
significantly above one, heat removal with a temperature control in the beds and in the structure,
mechanical stability of the beds and extraction of the produced tritium.
Due to the relatively high quantity of steel necessary to assure the mechanical stability of the box,
a strong requirement for the design of these units is to minimise the amount of steel to improve
the neutrons performance. A satisfactory design has been achieved with a radial-toroidal bed
configuration similar to the old DEMO design reaching the Tritium self-sufficiency with a radial
depth of 47 cm, using monosized Beryllium and CB beds and, using Li4SiO4 a 1 enrichment
of about 40%. This design allows a satisfactory control of the maximum acceptable temperatures
in the CB and Be beds and the steel structure.
The design of the breeder units has not been yet analysed thermo-mechanically in detail;
according to the experience from the old design no major problems are expected concerning
stress levels and gap formation in the pebble beds; in fact, the situation should be more
favourable due to the reduced dimensions (max. 20 cm) of the beds that should minimise
ratcheting and particle flow phenomena. In respect to tritium extraction, the most favourable
features of the HCPB concept (e.g. an overall low partial pressure of tritium in the beds that
minimise permeation into the main coolant system) can be kept in the new design; a
complication could be the necessity to provide each cell with a system of tubes to inlet the purge
helium in the front part of the beds or to divide the purge flow for Be and CB.
The modular design of the new HCPB blanket, that makes the breeder units almost independent
on the structural design of the box, opens interesting possibilities in the development of these
units. The present design can be optimised on the basis of the results of the present R&D
programme on Be and CB. In addition, new requirements could appear to improve the design
performances or manufacturing: i.e. in respect to filling procedures of the beds (use of pre-
packed breeder units) or the necessity of insulating layer to thermally decouple the breeder units
from the box or the selection of new materials with a better compatibility with Be and CB at high
temperatures as protection of the steel structure.

9
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Breeder Unit Thermal and thermo-hydraulic design
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Thermal and Thermo-hydraulic Design Tritium Control: TES la out in DEMO-95
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Tritium Control Tritium Control: HCS/CPS lay-out in DEMO-95

T implantation from FW 11.9 g/d
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He temperatures (blanket inlet - outlet) 250 - 450 IC
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H 2 HT, HTO
HT, HTO He mass flow 2400 Kg/s-
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Conclusions (1 /2)

* A new design for the HCPB DEMO blanket has been proposed
in this year adopting a maintenance scheme of large modules
based on ITER experience. The module is design to withstand
the full Helium pressure (8 MPa) in case of in-box-LOCA.

* The main functions of the blanket can be divided among:

- a FW and structural function ensured mainly by the box,
reinforcement grid and back plate, and

- a breeding/heating functio n by the Breeding Units.

* This allows an almost independent development of the
Breeding Units with possibility of successive optimisations.

T.ky., D.-be, 15-17,2003 CBBI-11 Pm-wi.. L.V. B.- i.1 17
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Conclusions 2/2)

• The new concept doesn't change much about the basic issues
connected to the breeding/multiplier materials; in particular for
the HCPB:

- the behaviour of the ceramics breeder and Be under
irradiation (swelling, tritium inventory, material property
degradation, etc), and

- the thermo-mechanical behaviour of pebble beds
(temperature control in the beds)

• New materials could be proposed to increase the blanket
perform 'ances (e.g. thermal insulator) or to facilitate the
assembly (e.g. Breeder unit jacket).
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Abstract
RF DEMO-S reactor is a prototype of commercial fusion reactors for further generation. A blanket is the main
element uit of the reactor design. The segment structure is the basis of the ceramic blanket. The segments
mounting/dismounting operations are carried out through the vacuum vessel vertical port. The inboard/outboard
blanket segment is the modules welded design, which are welded by back plate. The module contains the back
plate, the first wall, lateral walls and breeding zone. The 9CrMoVNb steel is used as structural material. The
module internal space formed by the first wall, lateral walls and back plate is used for breeding zone
arrangement. The breeding zone design based upon the poloidal BIT (Breeder Inside Tube) concept. The
beryllium is used as multi lier material and the lithium orthosilicate is used as breeder material. The helium at
0. 1 MPa is used as purge gas. The cooling is provided by helium at 1 0 MPa. The coolant supply/return to the
blanket modules are carrying out on the two 'independent circuits. The performed investigations of possible
transformation schemes of DEMO-S blanket heat power into the electricity allowed to make a conclusion about
the preferable using of traditional steam-turbme facility in the secondary circuit.
1. Introduction
DEMO-S reactor is a prototype of the commercial fusion reactors for further generation. DEMO-S reactor is
intended to use the operation experience with thermonuclear plasma. This plasma should have the parameters
that are correspond to the operation conditions of industrial power fusion reactors. The reactor contains the
following systems: electromagnetic system cluding the toroidal and poloidal field coils with electrical power
supply and cooling systems; fsion energy utilization system including blanket, first wall with cooling systems
and heat power conversion systems and also the divertor with cooling system; current driving system; remote
handling system; tritium recovery and extraction system; vacuum pumping and cleaning system and other
systems for reactor repair and operation.

The general layout of DEMO-S reactor adopted at the present
,1185.1,1772.. 3690 design stage and the main dimensions are shown on fig. 1. The

332- values of major and Mi or plasma radius are adopted in
2

1 0380 accordance with the results of DEMO-S plasma characteristics

analysis with account of the following restrictions: the

maximum magnetic field of toroidal coils is 14 - 14.5 T; the
780 

reactor fusion power is lower than 3 GW and correspondingly
A

the electrical power is lower than - 1.5 GW; the average

neutron load on blanket first wall is lower than - 25 MW/m�,

this value is determined by the operability of the adopted

cerarmc blanket design.

The blanket segments are mounted/dismounted through the

vacuum vessel vertical port. The main dimensions of toroidal

field coils, vacuum vessel and dertor region are extrapolated

on the ITER reactor parameters. The thickness of plasma

scrape-off layer is adopted to be 20 cm and will be refined after

the detailed calculation of magnets configuration.

2. Design scheme of DEMO-S ceramic blanket

The segment structure is the basis of the DEMO-S reactor

ceramic blanket (Fig. 2. The segments mounting/dismounting

operations are carried out through the vacuum vessel vertical

I - inboard blanket segment; 2 -outboard blanket segment, port. The inboard blanket total thickness ('including the

3 - vacuum vessel. mounting and technological clearances) is 520 mm and the

operation temperature, **- room temperature radial thickness of outboard blanket is 750 mm. The vacuum
Fig. 1. DEMO-S reactor layout

- 1 -
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vessel 's the vacuum boundary of plasma chamber
1 formed by the blanket first wall.

The vacuum vessel tightening is carried out by the
tongue welds between the cover and branch-pipe
of vacuum vessel vertical port. The tongue welds
are performed also between the vacuum vessel
cover and blanket segments flanges. The welds
places of blanket segments flanges and cover are

by bellows order to compensate the
provi in
thermal expansions.
It is poposed to use the circumferential bands (by
the analogue with cask design fastened by rings)
for oining the blanket segments. Segments
attachment concept suggests the possibility to
compensate the thermal expansions through the

2 radial and vertical displacements providing, the

displacements in toroidal direction are not
4 allowed.

It is proposed to use the suspension on the inclined
plates or the spherical support pillars for the

.3 attachment of lower circumferential bands on the

vacuum vessel.
5 The inboard/outboard blanket segment is a tight

welded design. The inboard/outboard blanket
segment contains the welded back plate, first wall
module and breeding zone. Back plate is a load-
bearing structure and the first wall modules are
welded to back plate. The structural material of
blanket segment elements is ferrite martensite steel
(9CrMoVNb).

I -back plate; 2 - first wall; 3 -breeding zone;-4 -coolant collector; The internal space formed by the first wall module
5 - compensatory; 6 -tailer.

back plate used for breeding zoneFig-Z Toroidal cross-section of inboard blanket segment and
arrangement (Fig. 3). The breeding zone design

7 9 1 3 4 based upon the poloidal BIT concept (Breeder
Inside Tube).
The coolant pipelines are located in the back plate
cavities. The pipelines dimensions are the
following: 140 im in diameter (for inboard
blanket), 180 nun in diameter (for outboard

13 blanket). The compensatory are located the
5 weld places of pipelines sections. These
2 compensatory are intended to compensate the

16 difference of pipelines and back plate thermal
N

expansions.
The module is the main blanket design element
having the back plate as the carrying element. The

L_,- blanket module contains the first wall and
breeding zone.
The first wall has a complicated shape plate with
toroidal coolant channels. The first wall has a
beryllium protective coating. The first wall has
stiffness ribs (one rib for the inboard blanket and
two ribs for outboard one) for the required

1 -first wall; 2-stifffiess rib; 3-breeding element; 4-multiplier; 5-back plate; strength during all types of the operation
6-partitions of first wall collectors; Mirst wall inlet collector; 8,9-first wall conditions. The first wall has the two iet and
outlet cllector; I 0-segment coolant supply collector; I I -segment coolant two outlet collectors. The first wall outlet
return collector; 12-supply branch-pipe for module coolant; 13,14-return collectors are connected with the breeding zone
branch-pipes for module coolant; 15-back plate; 16-back plate coo ing
channel. 1 inlet collectors.
Fig. 3. Toroidal cross-section of inboard blanket segment The inboard/outboard blanket breeding zone

contains 47 rows of circular coolant channels 28

- 16 -
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mm in exterior diameter and 14 mm in internal diameter, wall tickness is I nun). The nternal space of circular
channel is used for breeder location. A pebble-bed of lithium orthosilicate is used as breeder material. The
breeder enrichment on 6Li is increasing moves away from the first wall. The free space between fst wall, back
plate and external surfaces of coolant circular channels is used for multiplier location. A beryllium pebble-bed or
porous beryllium is used as multiplier material. The rows of breedmg zone coolant channels are connected in
series.
The coolant supply/return to the blanket modules are carrying out on the two independent circuits. Tis
allows to perform the coolant supply to the first wall cooling channels from the two dependent collectors and
to prov'de the coolant opposing flowing the adjacent channels. This cooling scheme allows maintaining
blanket integrity in LOCA conditions in a single circuit.
The possible sequence of the segment assembling process (inboard blanket) is shown on figure 4 The element
numbers mean the piority of design elements joining.

6_�

qqii T
T

Fig. 4 Blanket segment assembling scheme

3. Neutronic calculation results for DEMO-S cerarnic blanket
The neutronic calculation is performed for the case when the blanket has been assembled from modules (module
characteristics are presented in table 1). Each module in the calculation model corresponds to the detailed
description of design elements. The technological clearance between the modules is 20 mm. The reactor total
thermal nuclear power is specified at 25 GW. The accuracy of the rear presented values for reaction rates, TBR
and specific heats is higher than 1.

Tablel.
Parameters of DEMO blanket module

Row Cell dimension (cmxcm): Channels Gasket diameter(cm) Ceramic breeder
X2 radial x toroidal number channel breeder enrichment on 6Li,%

Outboard blanket
1 5x3.154 36 2.8/0.1 1.4/0.1 40
2 5x3.154 36 2.8/0.1 1.4/0.1 40
3 5x3.154 36 2.8/0.1 1.4/0.1 50
4 5x3.154 36 2.8/0.1 1.4/0.1 50
5 7x3.5 36 2.8/0.1 1.8/0.1 50
6 7x3.5 36 2.8/0.1 1.8/0.1 90
7 50.5 36 2.8/0.1 1.8/0-1 90

Inboard blanket
1 5x3.55 30 2.6/0.1 1.4/0.1 40
2 5x3.55 30 2.6/0.1 1.4/0.1 40
3 5x3.55 30 2.6/0.1 1.4/0.1 50
4 50.55 30 2.6/0.1 1.4/0.1 50

Cerarmic- L4S'04 d with 38% porosity, beryllium - pebble-bed with 22% porosity.
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Table 2 contain the following neutronic parameters of reactor outboard and inboard blankets: poloidal
distribution of neutronic load on the reactor first wall; module area; heat power of each module and it's elements
- first wall including beryllium layer, lateral first wall, stiffness ribs (partitions), lower and upper headers,
materials of row cell (beryllium and ceramic pebble -bed and steel gasket), back wall. The total power
generation is presented for module and blanket section. Maximum neutron load is the area of module WI 
(outboard blanket) and module N'4 (inboard one). These are 380 MW/rn� and 283 MW/m2 respectively.

Table 2.
Heat power generation (kW) in the module design elements for DEMO outboard/inboard blanket

Module No 8/1 9/2 10/3 11/4 12/5 13/6 14/7
P,*MW/m� 2.97/1.79 3.24/2.46 3.41/2.73 3.80/2.83 3.79/2.71 3.12/2.41 2.39/2.74

S,** rn2 0.983/1.25 1.05/1.19 1.13/1.23 1.10/1.19 1.06/1.19 1.06/1.32 0.9/1.44

First wall 720/673 801/730 940/793 866/742 838/793 772/828 588/893
Lateral wall 122/72 121/87 131/98 133/95 129/98 109/93 93/96
Partitions 190/60 185/72 199/87 210/81 203/79 177/76 144/81
Headers 226/169 253/177 283/191 299/185 292/185 263/193 215/218

1 -row 554/588 613/681 687/707 722/696 696/690 593/719 492/880
2-row 458/456 492/534 546/577 579/566 560/560 472/583 381/733
3-row 400/390 425/453 471/494 495/488 475/471 403/499 313/621
4-row 339/346 357/422 393/462 414/473 387/442 323/456 247/615
5-row 380/- 400/- 441/- 465/- 440/- 374/- 279/-
6-row 302/- 322/- 349/- 359/- 3 )44/- 290/- 214/-
7-row 169/- 176/- 182/- 208/- 199/_ 160/- 124/-

Back wall 290/593 339/684 363/786 373/776 341/766 289/810 215/964

Total in module 4150 4488 4986 5123 4904 4225 3305
3347 3841 4195 4102 4085 4257 5101

Section 22.5' 12450 13452 14958 15369 14712 12675 9915
1 6694 7681 8390 8204 8169 8514 10202

neutron load on module first wall, first wall area

The heat power of outboard blanket segment (includes 7 modules) is 32.4 MW, for inboard one - 30 MW and
1/16-th part of reactor 22.50) extracts 157 MW. The materials of divertor cassette generate the power of MW.
Taking into account that no less than horizontal ports should be occupied by the plasma heating and diagnostic
systems (this fact of course reduces the number of power modules in blanket) the total heat power of reactor
blanket is be 2508 GW. This value corresponds to the energy multi lication factor of 1. 1 8.
The heat power distributes in module as follows: 17-20% - in the first wall, 912% - in the lateral wall, headers
and stiffness ribs 719% - in back wall and 53-63% in module lattice. The heat load on the back wall of inboard
blanket is twice higher than for the outboard one because of the lower thickness in inboard blanket.
Table 3 contains the total value of tritium generation on all the channels of each row (on one source neutron on
the sector rows). The TBR is 092 for 22.50-section. The total n,2n reactions number on beryllium and iron is
0.798. The assumption on the presence of non-blanket ports decreases the TBR in DEMO reactor down to
0.87.

Table
Tritium breeding ratio (TBR) in DEMO reactor (on one source neutron)

Row N' Row thickness, cm 6Li,% Inboard blanket Outboard blanket In reactor
1 5. 40 0.084 0.108 0.192
2 5. 40 0.076 0.093 0.169
3 5. 50 0.076 0.093 0.169
4 5. 50 0.076 0.071 0.147
5 7. 50 - 0.099 0.099

6 8. 90 0.089 0.089
7 5 . 90 - 0.055 0.055

Total on' reactor 0.312 0.608 0.920
Relation to the surface area. 35.7% 58.0%
Number of n, 2n-reactions - 0. 798

4. Thermal hydraulic calculation results for circulation circuit of DEMO-S blanket module
The coolant circulation circuit of DEMO-S reactor contains 4 loops. Each loop removes the heat power from 12
outboard and inboard blanket segments that are connected parallel to the supply and return collectors. Each
segments contains its own supply and return collectors. The 7 modules with first wall and breedmg zone are

- 1 -
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connected parallel to these collectors. The inboard and outboard blanket modules have the dfferent thickness
of breeding zone 200 mm and 400 mm correspondingly). The helium (P=10 Mpa, inlet temperature is 300' is
used as coolant. The total helium mass flow rate through the breeding zone is 1800 kg/s.
Table 4 contains the evaluation results of coolant pressure drops cooling system with the channels prelinunary
dimensions (the drops in steam-generator have not been taken into account). The total pressure drops in the
circulation loop are 0. 6 MPa at coolant outlet temperature of 5 19'C.

Table 4.
Geometrical dimensions and pressure ops for coolant circulation channels

Circulation channel section DI in L, in V, ni/s Ap, MPa.

Steam-generator - supply collector 1.00 20 70.9 0.011 -
Supply collector-module outboard blanket 0.18 25 64.7 0.030

inboard blanket 0.14 25 66.2 0.039
Module outboard blanket - - - 0.0630

inboard blanket - - - 0.0392

Module-return collector outboard blanket 0.18 25 94.6 0.043
inboard blanket 0.14 25 101.2 0.060

Return collector - steam-generator I 1.0 1 20 1 98.6 1 0.014 1
where D - internal diameter of pipeline section; L -section length; v -coolant velocity Ap -pressure drop.

Thernial hydraulic calculation results for DEMO-S inboard and outboard blankets are presented in tables 56 It
is visible from calculation results that the temperatures on the first wall external surface (for outboard and
inboard blankets correspondingly) are 528'C and 605'C, coolant heat-ups - 53'C and 84'C, pressure drops -
0.057 and 0019 MPa.

Table 5.
First wall thermal hydraulic p ameters

First wall T,, OC T, OC TFW, C V, nils AP, MPa

Outboard/inboard blanket 300/300 /384 529/605 75/45 0.045/0.015
where: T -coolant inlet temperature; T - coolant outlet temperature; TFw -temperature on first wall external surface;

V - coolant outlet velocity; Ap -pressure drops.

Table 6.

Thermal hydr le parameters of outboard/inboard blanket breedi g zone

Row number 1 2 3 4 5 6 7

Qk KW 21/20 17/16 14/13 13/11 12/- 1 0/_ 5/-

AT, C 65/49 54/40 59/33 47/26 55/- 43/- 1 17/-

G, kg/s 0.05/0.08 0.05/0.08 0.05/0.8 0.05/0.08 0.051- 0.05/- 0.051-

T,, T 418/433 472/474 413/507 460/530 5151- 558/- 489/-

AP, atm 0.03/0.05 0.03/0.05 0.04/0.06 0.052/0.065 0.066/- 0.071/- 0.108/-

T.,,, C 998/1000 1017/1012 954/997 910/945 1002/- 981/_ 785/-_

Tzcrmx, C 1004/1006 1024/1018 960/1003 915/950 1005/- 984/- 786/-

Tbemaxpb5 C 650/655 640/630 537/619 553/617 687/- 681/- 509/_

T�1, OC 488/491 540/530 493/560 525/577 559/- 597/- 5101-

Ts2, C 493/497 524/517 454/537 490/555 552/- 582/- 493/-

VI, n-1/s 23.4/31.2 25.5/33.3 26/35 26.5/36 27/- 29/- 35/-

Where: Qk - element heat power; AT - coolant beat-up; G - coolant mass flow rate; T, - coolant outlet temperature; AP - pressure drops on
hydraulic channel; T-a. - maximum temperature of ceramic pebble-bed; T_1,,,x - aximum temperature in the center of ceramic
pebble-bed grain; T--pb - maximum temperature of beryllium pebble-bed; T,, and T,2 - maximum temperatures of breeding
element internal and external jackets; VI -maximum coolant temperature in hydraulic channel

It is visible from the calculation results that the breeding material maximum temperature is in the range of 700-

1050'C. The maximum temperatures ofberyllium pebble-bed in the outboard/inboard blanket are 680'C /655'C.

The multiplier (beryllium pebble-bed) temperature in the contact points with metal structure is not higher tan

600'C. The operation temperature of breeding elements steel 'ackets is not higher than the allowed temperature

for the given steel grade (6000C). The outlet temperatures from outboard/inboard blanket module are 5150C

/5280C, the helium outlet temperature from blanket is 520'C. The total coolant pressure drop in DEMO-S

circulation circuit (without the steam-generator account) is 0 16 MPa tat is the acceptable value.

5. Evaluation results of temperature fields and thermal stresses in modules

The temperature fields in the equatorial cross-sections of outboard (fig. 5) and inboard (fig. 7 blanket modules

have been calculated on the ANSYS program. These temperature fields have used for the the-nal stresses
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evaluation in modules structure. The thermal stresses have been calculated on the assumption of planar stressed
state. The thermal stresses fields for outboard and inboard blankets are presented on figs. 6 and .

11, 9"

Fig. 5. Temperaturefield in the equatorial cross- Fig 6 Stresses distribution in te equatorial cross-
section of outboard blanket segment section of outboard blanket segment

FM

mm

Fig. 7 Temperaturefield in the equatorial cross- Fig. 8. Stresses distribution in the equatorial cross-
section of inboard blanket segment section of inboard blanket segment

6. Power transformation system for helium-cooling DEMO-S, blanket
The number of heat-removal loops for fusion reactor blanket is the defining item for power transformation
scheme choice. The safety problem of reactor and station as a whole also have been taken into account. The
possible schemes of power transformation are presented on fig. 9.

Scheme structure

Single-circuit or more circuits
(Option k) (Option )

1: I

Reactor working. Any one of
substance working substances

Additional - Without- Secondary circuit team-turbine
heat-up heat-up heat-up cycle

Steam-turbme Gas-turbin team-turbine as- ine Gas-Grine+stearn-
cycle cycle cycle cycle turbine cycle

Fig. 9 The possible schemes ofpower transformation
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The performed vestigations of possible transformation schemes of DEMO-S blanket heat power into the
electricity allowed to make a conclusion about the preferable using of traditional steam-turbine facility in the
secondary circuit. This facility is performed on the moderate steam parameters that have been produced the
direct-stream steam-generator with helium adopted parameters in the reactor primary circuit. These parameters
are defined by the possibility of the ensured cooling of all the design elements ('ncluding the first wall and
breeding zone).
The initial data for the development of power transformation scheme for DEMO-S blanket are the following: the
cooling is performing by helium at nominal pressure of 10 MPa and inlet/outlet temperatures of 300/500'C on
the four identical loops 625 MW is removing by each loop). This scheme should provide the possibility of
turbine facility operation on the norinal power level during 15-30 nun. (the mode of technological pause the
plasma burning reaction). This scheme should also provide the prelinunary warm-up ossibility of the
metalwork, pipelines and secondary circuit facility up to the norminal mode temperatures.
Taking into account the above mentioned information the K800-130/3000 steam turbine has been proposed for
DEMO blanket power transformation. The contact design of this turbine has been developed by LenM' grad Metal
Plant for the BN-800 reactor design.
The adopted solution about the steam turbine using has determined the structural scheme of blanket heat power
transformation (fig. 10). This solution allows to reduce (in 4 times) the technological space as compared with te
using of turbine apparatus for each separate helium loop.

I --- :::�_ I

I 'helium Helium purification
circuit system

id2' helium
circuit Water

Blanket ----- oil, Turbo-generator preparing Service
K-800-130/3000 system ---- - -

,d --------3 helium water
circuit ---- ------ - - ----

4th helium Helium filling
circuit system

Fig. IO. Structural scheme of DEMO blanket heat power transformation

The principle technological scheme of DEMO blanket power transformation system with intermediate
overheating by own live steam is presented on fig. I . The blanket heat removal scheme includes four identical
enclosed loops of the primary circuit (fig. I contains only one loop) and one secondary loop with steam-turbine
cycle.

------- water,
----------------------

steam,

Al z�_ e ium
I lium ftom blanket,

-- ------- 2 -helium to blanket;
------------------ +------------ 3 - steam from rear 3 loops,

------- 4 -water to rear 3 loops;
I'MyAn ffff ------ rbine condenser.-j i 5 -to tu

X I .8 n.- � I HPC - high pressure cylinder;
LPC - low pressure cylinder;

F SOH -steam over-heater;
SSOH - separator-steam over-heater;
TDFP - turbo-drive of feeding pump;
CP -condensate pump;
FP -feeding pump;
EG - electrical generator;

C condenser; CP - condensate purification; WU - warm-up facility; DC - drainage cooler; D - deaerator; SV - stop valve; SG - steam
generator; HYA - heat exchanger-accumulator; FHX -finish heat exchanger; - blower; MF -mechanical filter; EH - electrical heater; TV
- throttle valve; EDV - electrical drive valve; PDV - pneumatic drive valve.

Fig. IL Principle scheme of helium circuit with intermediate steam overheating
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Each primary loop contains the equipment for heat transformation and transportation (HXAl and HXA2 heat
exchangers-accumulators with FHXl, FHX2 corresponding finishing heat exchangers and two parallel modules
of direct-flow team generators SG1 and SG2), coolant circulating facility (131-133 blowers), EH electrical heater,
MF mechanical filter, FHX3 heat exchanger, connecting pelines. The secondary circuit loop contains the K-
800-130 turbine flow part with intermediate separator-steam over-heater (SSOH). The turbine flow part loaded
on the electrical generator (EG), condenser (Cl), regenerative system of feeding water heat-up that contains the
warm-up facilities (WUl-WU6), deaerator (D) and condensate pumps (CPI-CP3). The turbine facility contains
the steam over-heater (SOH) that is necessary for feeding pump (FP) turbo-drive (TD), condenser (C2) and
condensate pump (CP4). This scheme provides the three operation modes: 1) preliminary warm-up of blanket,
equipment and pipelines up to the temperature of 300T 2 nominal operation mode of DEMO-S reactor during
the plasma burning 3 the turbine facility operation during the pause.
The main characteristics of K-800-130/3000 steam-turbine facility are presented table 7 Table contains the
evaluative calculation results of scheme thermal technical parameters. The calculations have been performed

' hout the account of heat drops to the envirom-nent. Te calculations objective is to dete ine the no
wit rM1 nu
characteristics of main equipment.

Table .
Table 7 The evaluative calculation results of scheme

The main characteristics of K-800-130/3000 steam-turbine facility thermal technical parameters.
Fresh steam mass flow rate, A 317112 Value
Fresh steam pressure, kgf/cm� 130,0 Helium mass flow rate loop, kg/s 600.6
Fresh steam temperature, T 485 Steam generator:
Steam pressure after intermediate over-heating, kgf/crr� 4,24 capacity, MW 528.3

Steam temperature after intermediate over-heating, T 250 - coolant mass flow rate, kg/s 480.7
Calculating pressure condenser, kgf/cm 2 0,04 Blowers:

Turbine maximum capacity, MW 856 gas heat-up (E;=1,035), T 11.2
inlet temperature, C 288.8

Specific heat flow rate, kW/kVvh 2,395 outlet temperature, C 300
-Turbine mass, t 1800 capacity, MW 36.36

Condenser mass, t 1300 Heat exchanger-accumulator:
Turbo-drive for feeding pump capacity, MW 2312 capacity, MW 133.1
Feed water temperature, C 210 coolant mass flowr'ate, kg/s 121.1

The preliminary evaluations shown that it is reasonable to use two identical parallel modules of direct-flow
steam generators. The steam generating element is a steeply-
bended tube 016x2 mm) with 80 mm uiddle diameter of tbe
arrangement, spiral slope of 433'. Thew internal extruder is a

tube 056x3 mm. The elements (18) are collected (the step is
4 100 mm) in the hexagonal cassette the 'acket with theJ

dimension for wrench of 504 mm It is necessary to locate 19
3 cassettes in the steam generator cross-section by the traditional

hexagonal arrangement.
The cross-section of SG module is shown on fig. 12. The tubes
beam 19 cassettes) is located in the ylindrical jacket 2600
mm internal diameter and 12 in cylindrical part length without
the ellipse bottoms account). The jacket external part is cover
with thermal insulation. It is preferable to perform the heat
exchangers-accumulators in the same jackets as the SG modules

504 (for example as the steel spheres pebble-bed). The steel spheres
I - cassette; 2 - extruder; 3-jacket; have 15-20 mn diameter with natural porosity of F,=0,4. The
4 - thermal insulation. used blowers are the single-stage centrifugal unit (0,5 m wheel
Fig. 12. Cross-section of SG module diameter) 'ointed on the single axis with electrical induction

J
engine 12,1 MW capacity, 6000 rpm frequency) in the steel 'acket for 10 MPa pressure. The electrical
efficiency factor (net) of the considered scheme is 34.2

7. DEMO materials

7.1. Structural material
The ferrite-martensite steel is used as structural material for helium-cooled blanket of DEMO reactor. The
cherical composition of this grade steels is presented table 9 Table 10 contains the physical mechanical
properties of 9CrMoVNb. The chrorium. ferrite and ferrite-martensite steels are susceptible to the cracks

- 22 -



JAERI-Conf 2004-012

formation (due to its capability to harden on air) in the volumes near the welds. The danger of these cracks
fori-nation increases with the carbon content increasing. The 9CrMoVNb steel has the perfect weldability. The
hand, automatic and argon-arc welding are can be used for 9CrMoVNb steel 9CrMoVNb steel.

Table 9.
Chemical composition of ferrite and ferrite-martensite steels

Steel Chemical elements contents, 
grade C Si Mn Ni Cr S P V MO Nb

9CrMoVNb 0.8-0.12 0.17-0.34 0.3-0.6 <0.5 8.6-10 <0.025 <0.03 0.1-0.2 0.6-0.8 0.1-0.2
9CrW -0.5 0.02-0.06 0.15-0.3 0.3-0.6 1,2-1.6 11-12 <0.01 <0.015 - 0,8-1.0
9CrW 1 0.14-0.18 1.0-1.3 0.5-0.8 '.5-0.8 10-12 <0.02 <0.03 0.2-0.4 0.6-0.9 0.2-0.4
9CrW 2 0.10-0.15 <0.6 <0.6 <0.3 12-14 <0.0 I <0.018 0.1-0.3 <1.63 0.25-0.55
F82H 0.20 0.17 0.57 i 0.51 i 12.1 i 0.003 0.016 1 0.28 1.04

Table 10.
Physical mechanical properties of 9CrMoVNb steel

Property Te ting temp rature, 0C
20 100 200 300 400 500 600 700

Heat conductivity 0.272 0.276 0.276 0.280 0.284 0.284 0.289 0.289
coefficient, m�-s-K

Normal elasticity 220 215 210 203 194 184 178 171
modulus, E, GPa
Thermal expansion

106 - - 10.6 10.9 11.2 11.5 12.0 12.5
coefficient, I/K, I I

The chronu'um content reducing from 13 down to 9-10% and structural state optimization by melting method,
heat treatment and precision micro-alloying selection cause to the lower shift of ductile-brittle transition
temperature after irradiation. The other reasons have the sgnificant influence on the low-temperature radiation
embrittlement of ferrite-martensite steels (damage dose, helium breeding, irradiation temperature). The ferrite
and ferrite-martensite steels with 912% of Cr have a few advantages such as producibility and high resistance to
radiation swelling. However it should be noted that these steels have some features that can strongly restrict the
operation parameters of DEMO reactor.
1 . From the standpoint of physical and mechanical properties of chromium ferritic-martensitic steels their main

shortcomings are the tendency to ductile-to-brittle at temperatures close to room ones and low temperature
irradiation embrittlement (an increase of brittle fracture transition temperature, a sharp decrease of upper
shelf stored energy, degradation of short-term mechanical properties and crack resistance parameters). These
disadvantages restrict the lower operating temperature of the products.

2. These steels have the lower high-temperature strength than the austemite steels that could not provide the
product reliable operation at temperatures igher than 620-6500C.

3 . As for the technology of chromium steels the difficulties could appear due to the hardening cracks formation
in the near-welds areas. This fact causes the necessity of welded joints heat treatment.

4. The use of at pure is preferable the chrorium. ferrite and ferrite-martensite steels ixture of raw materials
melting in order to reduce the concentration of P and Cu. The above mentioned elements increase the low-
temperature radiation embrlittlernent. The electroslag melting is used for chromium steels to receive the
uniform structure. The 9CrMoVNb steel radiation effibri'ttlernent can be reduced not less that on I O'C at the
high metal uniformity. The helium presence in steels on the level of 35 appm can increase (irradiation at
4000C by 40 dpa dose) the critical bttleness temperature of steel on 100-150T. The reasing of
irradiation temperature up to 5000C elirminates the helium influence

5. The 9CrMoVNb steel radiation embrittlernent is determined by the dislocations density increasing. This
radiation embrittlement is completely eliminated by the aging (550'C 4 h). The radiation embrittlement
eliminating for less pure and uniform metal requires more high temperature and aging duration.

72. Breeding material
The lithium orthosilicate is one of perspective materials for tritium breeding in fsion reactor blanket. This
material has the following advantages as compared with another candidate breedig materials for DEMO-S,
helium-cooled blanket: (1) high content of lithium atoms; 2 low induced activity; 3 higher stability to
hydration that L'20 one normal conditions; 4 estigation of properties and behavior at the tritium
extraction. The si ificant disadvantage of lithium orthosilicate is chermical sorption of moisture from air at the
normal conditions with further lithium carbonate formation. The other disadvantage is the high thermal
expansion coefficient and that why the low resistance of products at the high thermal differences and thermal
cycling. Moreover the lithium orthosilicate is thermal decomposing at temperatures higher than 1250'C that is
negative factor for its radiation strength.
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The initial materials for lithium orthosilicate fusion is natural lithium carbonate and silicon oxide. The silicon
oxide is the strength sntered granules. For good distribution of mixture of raw materials components the silicon
oxide is prelinnnary gnding with sifting through the sieve (0 I rnm cell). Figure 13 contains the technological
scheme of fusion process. The mixturing of initial components with its further additional ginding is performed
in the mill by the corundum spheres (018 mm). Taking into account the following fusion reaction

2L 2CO3+S --->2CO2T+Li4SiO4 the mass loss is 42,3%, the fusion extent could be determined by stages
(weighting of reaction mixture of raw materials on the intermediate and final stages).

Lithium carbonate Silicon dioxide

2Li2CO3 Si02

w

mi?�W �m on the sheet

Mix with additiongffind�inin mill, t--2 h.

Press e of raw materials, P=100 MPa

Brick

Bricks roastiRg������

Bricks

Bricks

2 h.

Bricks pressi a

Bricks sinte Ln �,T 9 �OO 0 C, t- 1 h_

Bricks

Bric

Powder d ol and phase �l sis

Fig. 13. Technological scheme ofLi404. Fusion.

7.3 Neutron multiplier material
Beryllium is used as neutrons multiplier material for helium-cooled DEMO blanket with ceramic breeder. This
material could be performed as pebble-bed with 20% porosity (reference option) or as the porosity beryllium
blocks alternative option) fixed on the breeding zone cooling channels.

The beryllium granules (00.5-1.0 m) pebble-bed is proposed to use in DEMO blanket breeding zone. These
dimensions are determined by the clearance between the coolant channels and by the required coolant
temperature providing. The industrial technology to produce the spherical particles of the above mentioned
dimensions (without the internal cavities and shrinkage pits) is absent now. That's why the working results of
Bochvar Institute on the receiving of particles with relatively equiaxed shape. These particles could be received
by the nodulizing of beryllium grinding groats. Basing upon the existing experience it is proposed to create the
industrial technology of granules producing for breeding zone filling.
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The developed in Bochvar Institute technological method allows to produce the poros' beryll'
corresponding to the main requirements for multiplier material. This material could be received by the heat
treatment of preliminary pressed mixture (metallic beryllium powder+beryllium hydride (BeH2 powder at
temperature of 250-3500C. The ultra disperse beryllium is chemically high active and used as a connecting
substance between the larger particles of metallic beryllium powder. The extracting hydrogen provides the
formation of uniform micro-porosity structure with completely opened pores. The porosity of prodic'ing material
could be regulated by the BeH2 content changing in the initial mixture of raw materials. The required porosity
could be received using the mixture of raw materials with BeH2 content of 75-13.5 .
The commercial powder of metallic beryllium and the powder of amorphous beryllium hydride are could be used
as the initial materials for mixture of raw materials preparing. The characteristics of the above mentioned
powders are presented in table 1 1.

Table I .
Characteristics of iitial materials for mixture of raw materials preparing

Material Particles size, Specific surface, Impurities content, wt.
M2/g

�Irri oxygen spectrum determined impurities*

Be commercial powder less than 30 0.7 less than 025

BeH20 1 1-250 1 0.6 1 0.8 less than 025
the total content of following elements is presented: Si, Mn, Fe, Mg, Cr, Ni, Al, Cu, C,
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2.3 Design of Supereritical Water Cooled Solid Breeder Blanket for Fusion
Power Demonstration Plant

M. Enoeda, Y. Kosaku, T. Hatano, T. Kuroda, N. Mki, T. Hom-na and M. Akiba

Japan Atomic Energy Research Institute, 801 -1 Mukoyama, Naka-machi, aka-gun,
lbaraki-ken, 311-0193 Japan

'I contact of main author: enoedam�fus'on.nakajaeri.go.jp

Abstract. This paper presents results of conceptual design activities and supporting R&D's of a solid breeder
blanket system for the demonstration of power generation fusion reactors (DEMO blanket), which is cooled by
supercritical water. The Fusion Council of Japan developed the long-term research and development program of
the blanket in 1999. Among the program, Japan Atomic Energy Research Institute has been assigned as a hub
institute for developing a solid breeder blanket system in Japan. To make the fusion DEMO reactor more
attractive, higher thermal efficiency of more than 40 has strongly been envisaged. The design work has shown
the feasibility of the first wall thermo-mechanical performance and tritium breeding performance of the blanket.
For major part of this paper, please reffer to "Design and R&D results of Solid Breeder Blanket Cooled by
Supercritical Water in Japan", M. Enoeda, Y. Kosaku, T. Hatano, T. Kuroda, N. Miki, T. Honma and M. Akiba,
FT/Pl-08, Fusion Energy 2002 (Proc. 19th Int. Conf. Lyon, 2002) (Vienna:IAEA) CD-ROM file FT/Pl-08 and
http://www.laea.org/programmes/ripc/physics/fec2OO2/html/fec2OO2.htm.

1. Introduction

The Fusion Council of Japan has established the long-term research and development
program of the blanket in 1999. In the program, Japan Atomic Energy Research Institute has
been designated as a leading institute for developing a solid breeder blanket system in Japan.
To make the DEMO reactor more attractive, higher thermal efficiency of more than 40 has
been strongly envisaged. From this viewpoint, the conceptual design of the DEMO reactor
has been performed by JAERI recently, aiming at the achievement of similar plasma
performance, such as fusion power, Q value, and neutron wall load with more economical
attractiveness [1]. In line with the reactor design proposed, the DEMO blanket design has
been intensively conducted. Major design parameters of the DEMO blanket are summarized
in Table 1. Load conditions and applied materials are similar to those of SSTR[2]. Therefore,
past R&D results are available. Not only the design development, but also recent achievement
of technology development was reported in this paper.

2. Design Conditions and Coolant Temperature

One of most critical issues of the TABLE 1: MAJOR DESIGN PARAMETERS OF

DEMO blanket design is the removal of SUPERCRITICAL WATER COOLED BLANKET

a high heat flux of MW/m2 onto the Item Value
Surface heat flux 0.5 (peak 1) MW/M 2first wall, while keeping the temperature

of the first wall structure lower than Neutron wall load 3.5 (peak 5) VW/m'

450 C with exit coolant temperature, Neutron Fluence Wa/m
Coolant Material Supercritical water

5 1 0 'C. To solve this problem, a unili__ Coolant Pressure 25 MPa
coolant flow pattern has been developed

Inlet Exit Temperature 280 1510 C
in this design. As can be seen in FIG. 1, Tn'tiurn Breeding Ratio >1.05

the coolant with the inlet temperature, Structural Material RAFS* (F82H)
280 'C first flows through the first wall
area of the blanket modules, which are Tritium Breeder L120 or L12T'03

connected in series, and the cool Neutron Multiplier Be or Be12Ti
ant * Reduced activation ferritic steel

temperature is raised up to around
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380 'C at the exit of the first walls of the Turning Point from FWs to Breeding Regions

same series of modules. Then, the 0 550 1 Bree'

coolant flows into the breeding area of F s Recicn
500 Coolant temper tur

the blankets, which are also connected in 7'
c"
'O 450series, and at the exit the coolant

temperature of 510 'C can be obtained 400

(FWs-to-Breeders Series Cooling 350 Inlet
Pattern). The thermal efficiency analysis

0 300
of the cooling system showed that the Coolant mpera e in F

thermal efficiency of more than 41 is 250
expected with this flow pattern by the 1 2 3 4

Module No.
heat balance calculation of the process FIG 1. Coolant Temperature Design by

flow diagram of the cooling system. FWs-to-Breeders Series Cooling Pattern.

3. Concept and Geometrical Structure Neutron Multiplier bed layer
( < 2mm)

Detailed structure of the blanket module is eeler bed layer< m)
shown in FIG. 2 Dimension of the blanket

module is smaller than 2 m high, 2 in wide,

and 06 in thick. Reduced activation

ferritic steel, F82H, which is currently

under development by JAERI, was

selected as the structural material. Ceramic

breeder and beryllium neutron multiplier

are packed in a form of a small pebble in a

layer structure as shown in the figure.

Lithium ceramics, such as Li2TiO3 or L'20,

was selected as the primary candidate

tritium breeder material. Beryllium or

inter-metallic compound, such as Be12Ti,

was selected as the neutron multiplier. First Wall

4. Neutronics and Thermal Design FIG 2 Schematic structure of the supercritical water

In the neutronics and thermal analyses of cooled blanket.

the breeding blanket, it is the 1200
Temperature limit of F�most important point that the A 0 1 Fi

temperatures of the breeder 1000 breder material
- --------- -- ---------------------- lo-' -

and multiplier materials are Temp. limit of
800

required to be kept in the mult' lier

appropriate range without 02 
600 TV ---------

reducing the net tritium 0
CL� V

breeding ratio (TBR) less 400 3
lo-than 1.05, from the TBR

fuel self 200 Breeder layer
viewpoints of - Temp.

ion -4
sufficiency and preparati 0 1 
of startup fuel for the next 0 100 200 300 400 500 600 700

fusion plant. In this study, Distance from the first wall [mm]

neutron and 24ray sectrum FIG 3 Profiles of temperature and tritium breeding ratio along

analyses have been the thickness of the blanket.
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TABLE 11: RESULTS OF TBR CALCULATION WITH CANDIDATE OPTIONS OF

MATERIALS

AND STRUCTURE.

Materials L120 Be L12T' L 2TiO3 / Be12Ti103 / Be I 1

6Li Enrichment 30% 190% 30% 90% 1 90% 30% 190% 130% 190%

Packing Structure Breeder Multiplier Separate Breeder Multiplier Mix

Breeder 900'C 9000C 6000C 9000C
Temperature Limits Multiplier 6000C 9000C

Local TBR 1.53 1.56 1.41 1.52 1.37 1.24 1.35 1.35 1.431 1
Coverage Requirement* 69% 67% '74% 69% 77% 185% 78% 78% 73%

Required coverage fraction of the plasma facing surface of the breeding region of the blanket n

the total area of the plasma facing surface, to achieve net TBR, 1.05.

performed by using one dimensional SN

code, ANISN with the group constant set, 8

FUSION-40. Nuclear heating rate and 7
TBR has been estimated by using APPLE-3 [O

,491-C C] .223MPa [MPa]

code. 365 11.4

By using obtained values of 78 43.4

nuclear heating rate, one dimensional 91 75.5

thermal analysis has been performed to 3900C 04 3MPa 108417 140
obtain temperature distribution [3]. 30 172

FIGURE 3 shows the distribution of local 39(�� 44 8MPa 204
57 236

TBR in radial thickness direction, together
70 268

with the temperature distribution in case 483 300
0 6 1 and 332

where 3 Li enriched L2TiO3
509 364

were applied as the breeder and multiplier 22 396
materials. As can be seen from this figure, -35 428
temperature of the breeder can be kept 4MPa

below the temperature limit of 900 'C. In Temperature Tresca Stress

this case, the local TBR reached 141, FIG 4 Temperature and stress analyses of the
which satisfies the net TBR of 1.05 with first wall structure.

74% of coverage ratio of the blanket in the Temperature of structural material at

total plasma facing surface area in the each cooling channels

vacuum vessel. Table 11 summarizes 600
cl�

estimated values of TBR with major 500 -

candidate options of materials, 'Li

enrichment and structure. L2TiO3 and 400 -

Bel2Ti is expected to have better
Cn 300 - Thermal stress

compatibility with water in high --:,
U 0 Stress by coolant pressure

temperature than Li2O and Be. Even in case 0 .200 - Sm

L'2T'03 or Be12T' are applied, net TBR 0
100satisfied more than 1.05.

0

5. Thermo-mechanical Analyses of First 0 50 100 150 2 

Wall Dimension ftom the first wall [mm]

FIG 5. Estimated values of temperature and

In the design process, thermo-mechanical stresses at each cooling channels.

design is also another critical issue for the feasibility of the design. FIGURE 4 shows the

results of temperature and stress analyses of the first wall structure by using ABAQUS code
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speci led by the design requirement and coolant temperature design. The highest temperature
appears at the rear side of the first wall due to the apparent heat flux (about 04 MW/M2 by
the volumetric heating in the breeder zone. Peak stress appeared at the comer of the cooling
channel, however, it satisfies the 3Sm value of the reduced activation ferritic steel, F82H at
500 C 430 MPa). FIGURE shows the estimated values of the temperature and stress of
structural material in this design. As can be seen from FIG. 5, the stress by the nternal
coolant pressure in the cooling channels and pipes satisfied Sm or 1.5Sm value. Temperature
estimation showed the temperature ranges from 400 C to 570 'C. This result indicates the
necessity of the incorporation of creep effect in the thenno-mechanical design.

6. Conclusions

This paper addressed the progress of the DEMO blanket development in Japan, which
can be concluded as follows,
(1) A solid breeder blanket cooled by supercritical water was proposed as the advanced

concept of the water cooled solid breeder blanket to realize the thermal efficiency of 41%
with inlet/outlet temperature of 2 0/5 1 0 oC.

(2) A new coolant flow pattern was proposed to maintain temperature of structural material
to less than 570 oC and peaking of thermal stress at the first wall to less than 430 MPa.

(3) Neutronics analysis showd that local tritium breeding ratio of the blanket satisfies more
than 141, resulting the net TBR of 1.05 with 74% of coverage ratio of the blanket in the
vacuum vessel.
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2.4 POWER PLANT SYSTEMS FOR FuSION REACTORS

T. Kuroda*, Y. Nomoto**, M. Enoeda*, S. Nishio*, S. Konishi*** and M. Akiba*

Japan Atomic Energy Research Institute

Kawasaki Heavy Industries, Ltd.
Kyoto University

Abstract

To investigate and compare the applicability of thermal cycles for power generation to nuclear fusion,
four plant systems, i.e. direct steam turbine, in-direct steam turbine, direct gas turbine and in-direct

steam turbine with gas-cooled blanket, have been designed with the estimates of their then-nal

efficiencies. All plant designs here are based on the same power core: fusion power 2300 MW,
external heating power 58 MW, thermal power of blanket 2420 M and diver-tor 490 MW [1] In

addition, it is assumed that the construction of the power plant is near future so that the structural
material would be a erritic/martensitic steel such as F82H to be used at temperatures lower than
500-550 'C. Also the divertor is always cooled by water at pressure of 10 Wa, and inlet/outlet
temperature of 150-200 'C/200-250 'C. The removal h cat from the divertor is utilized to heat the
coolant fed to the blanket inlet in all above plants.

The direct steam turbine cycle employs supercritical pressure water at 25 NVa and blanket inlet/outlet
temperatures of 280 'C/500 'C. The steam out from the blanket directly flows into a high pressure
turbine. The steam intermediately extracted from the high pressure turbine and/or a part of main steam
from the blanket outlet is utilized to reheat the steam coming out of the high pressure turbine. Also the
regenerative cycle is applied by using steams extracted from high, medium and low pressure turbines.
Eventually the obtained thermal efficiency is 41.4 %.

The in-direct steam turbine cycle consists of the primary loop which removes the heat from the blanket

and the secondary (power generation) loop by using a steam generator at their interface. The primary
coolant is supercritibal pressure water similar to that of above direct team cycle, i.e. 25 Wa,
290 'C/510 'C. The secondary coolant is also water but with the condition 'of a fast breeder fission
reactor,-i.e. 16.3 MN, 210 'C/480 'C. With reheat and regenerative cycle, the then-nal efficiency of
this plant reaches 3 .5 %.

The direct gas turbine cycle utilizes helium as the coolant at pressure of 1 0 Wa and blanket milet/outlet
temperatures of 220 'C/500 'C. Even with regenerative cycle and interinediate coolers, the thennal

efficiency.is rather low as 22.1 because of the low temperature for gas turbine system.

The last system utilizes helium as the primary coolant with the conditions at pressure of 10 MPa and
inlet/outlet temperatures of 250 'C/500 'C. The secondary coolant is water which receiv es the, heat
from the primary coolant at the steam generator and flows into steam turbines. The conditions of the
secondary water are 15 MPa and 130 'C/470 'C at steam generator inlet/outlet. The obtained thermal
efficiency is 35.3 .

In the temperature level currently considered for the feritic/martensitic steel, thermal efficiencies of the
supercritical pressure water systems are higher than those of the helium systems. In-direct system can
be applied in case the leak of tritium such as contained in the flow along the turbine shaft needs to be
reduced.
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To investigate and compare the applicability of thermal cycles for power Blanket coolant (supercritical pressure water)
generation to nuclear fusion, the following four systems have been designed: Pressure 25 MPa

Inlet temperature 280 C
1. Direct steam turbine cycle with (FW outlet temperature 380 C)

supercritical-pressure-water-cooled blanket Outlet temperature 500 C
2. Indirect steam turbine cycle with Flow Rate 1250 kg/s

supercritical-pressure-water-cooled blanket Divertor coolant (pressurized water)
3. Direct helium turbine cycle with helium-cooled blanket Pressure 10 M[Pa
4. Indirect steam turbine cycle with helium-cooled blanket Inlet temperature 150 C

Outlet temperature 200 C
under the conditions of Flow rate 2250 kg/s

- applying to the same power core Power plant (regenerative and reheating Rankine cycle)
- utilizing the same structural ' material, i.e. ferritic/martensitic H.P. turbine inlet steam pressure 25 Wa

steel, F82H maximum temperature limit 550 IC), assuming H.P. turbine inlet steam temperature 500 C
near-future construction of a power plant H.P. turbine steam flow rate 1250 kg/s

- the use of the removal heat from the divertor for power Gross electricity power 1203 MWe >
generation, which is supposedly made of F82H and cooled by Gross thermal efficiency 41.4 %*
lower temperature water (10 MPa, 150-200 0200-250 C) 38.2 without utilizing the divertor removal heat

0

C�

MA ioR DEsiGN PAAAmE TERs oF Po uER CORE [ 1, 21 25 MPa 1PI
50 IC
1250 kg/s

Plasma major radius 5.8 m
Plasma minor radius 1.45 m
Plasma current 12 NU Blanket

2420 MWt
Max. toroidal field 20 T

Fusion power 2300 NM
Heating (NBI) power 58 MW Divertor

Total thermal power 2910 MW 490 MWt

Blanket removal heat 2420 MW
Divertor removal heat 490 MW
Max. neutron wall load 5 MW/M2 ecuperator

Neutron fluence between blanket replacement 10-20 MWa/n,2

Max. surface heat flux to FW 1.0 MW/m,
10 MW/M2 fficiency:Max. surface heat flux to divertor

-41A_ X
[1] S. Konishi et al., Fusion Engineering and Design 63-64 2002) 11-17
[21 M. Enoeda et al., JAERI-Tech 2001-078 2001) Direct Steam Turbine Cycle with Supercritical-pressure-water-cooled Blanket



INDIRECTSTEAm TuRBLvE CcLE TnTH WATER-cooLED BL4NKET

I/ KS Blanket coolant (supercritical pressure water)

Pressure 25 M[Pa
ket Inlet temperature 290 OC

MM (FW outlet temperature 380 C)
Outlet temperature 510 OC
Flow Rate 1250 kg/s

3rt Divertor coolant (pressurized water)
MM Pressure 10 M[Pa

Inlet temperature 200 OC
Recuperator Outlet temperature 250 `C

Flow rate 2132 kg/s
Power plant (regenerative and reheating Rankine cycle)

H.P. turbine inlet steam pressure 16.3 NIPa
H.P. turbine inlet steam temperature 480 OC

S s's-Ther >
H.P. turbine steam flow rate 935 kg/s
Gross electricity power 1121 MWe
Gross thermal efficiency 38.5 __J

LID
ECD

1.0 MPa
285 'C
803 kg/s11U _U

1259 kg/s

Mt

:W
F
f fF-

L.P. Feed Water Heater ------------------
;Thdrm61,,,Efrjdj&ncy�,,



DiRE cT HELium Tup&NE CcLE Fff TH HELium- co oLED BLANKET IADIRECT STE" TuRB-vvE CcLE iff TH HELium-cooLED BLANK-ET

Blanket coolant helium) Blanket coolant (helium)
Pressure 10 MPa Pressure 10 Mpa
Inlet temperature 220 OC Inlet temperature 250 OC
Outlet temperature 500 OC Outlet temperature 500 OC
Flow Rate 1667 kg/s Flow Rate 1865 kg/s

Divertor coolant (pressurized water) Divertor coolant (pressurized water)
Pressure 10 M[Pa Pressure 10 MPa
Inlet temperature 200 OC Inlet temperature 200 C
Outlet temperature 250 C Outlet temperature 250 OC
Flow rate 2132 kg/s Flow rate 2132 kg/s

Power plant (regenerative Brayton cycle) Power plant (regenerative and reheating Rankine cycle)
Main turbine inlet helium pressure 4.2 MPa H.P. Turbine inlet helium pressure 15 Wa
Main turbine inlet helium temperature 310 OC H.P. turbine Wet helium temperature 470 C
Main turbine helium flow rate 1667 kg/s H.P. Turbine helium flow rate 839 kg/s >
Gross electricity power 643 MWe Gross electricity power 1029 MWe
Gross thermal efficiency 22.1 Gross thermal efficiency 35.3 

C,
LID
C)
,Z)
41
11.2 MPa

10 Mpa 305 'C LD
H.P. Compressor 500 'C 797 kg/s

1865 kg/s

Driving Turblne

Nt 4.2 MPa
31 0 'C
1667 kg/s Nt

1vt Intermediate Cooler
/t

1160 MM genera or
Pre-cooler oler

AI
142 M t cupera Or

A Sea Water
CD: Helium Purification and Tritium Processing System CD: Helium Purification and Tritium Processing System



CONCLUSIONS

1) Direct steam turbine cycle with supercritical-pressure-water-cooled blanket
gives the highest thermal efficiency 41.4 %) among four systems.

2) The removal heat from the divertor could be only utilized for preheating feed
water because of its rather low coolant temperature.

3) The removal heat from the divertor contributes to increase thermal efficiency by
about 3 in above case while the divertor removes 16.8 of total thermal
power.

4) Indirect steam turbine cycle with supercritical-pressure-water-cooled blanket
gives sghtly lower thermal efficiency 38.5 %).

5) Direct helium turbine cycle with helium-cooled blanket shows the lowest thermal
efficiency 22.1 %) and unattractive due to its low helium temperature.

6) Thermal efficiency of indirect steam turbine cycle with helium-cooled blanket is
not critically low 35.3 %). However, the system for utilizing the divertor
removal heat is complicated and less effective.

7) Indirect cycles would be advantageous on avoiding/reducing the tritium leakage
which would be increased in case of direct cycles by coolant (containing tritium)
leak along turbine shaft and permeation through longer primary piping. 0

LID

CD

LID
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2.5 Two dimensional distribution of tritium breeding ratio and induced activity 
Japanese water cooled and helium cooled test blanket modules

D. Tsuru, T. Hatano, M. Enoeda, T. Kuroda, N. Miki, T. Homma and M. Akiba

Japan Atomic Energy Research Institute, 80 1 -1 Mukoyama, Naka-machl, Naka-gun, lbaraki-ken,
311-0193 Japan, enoedam�fusion.nakajaeri.gojp

Solid breeder blankets are regarded as a near-at-hand blanket concept for a fusion power
demonstration plant in Japan. Test blanket module (TBM) to be tested in ITER is the most
important milestone to establish the fusion demonstration blanket. For the candidate TBM's,
two types of TBM, water cooled solid breeder TBM, and a helium gas cooled solid breeder TBM
have been proposed and-designed in JAERL For detailed performance study under operation and
after shut down, detailed neutroics analysis gives the most important design conditions, such as,
distribution of tritium breeding ratio, nuclear heating rate during operation, and induced
activation and decay heat after termination of irradiation.

In the analysis, neutron and gamma transportation was calculated by two dimensional
analysis code, DT3.5, for two TBMs. Nuclear reaction rate and induced activation rate were
evaluated by APPLE-3 and ACT-4, respectively. The analysis model included configurations of
thernio-mechanical test modules and surrounding common frames for both of He cooled and
water cooled TBMs. By the neutronics analysis, TBR and contact dose rate by induced
activation till one year after termination of the module testing have been evaluated. For te
evaluation of induced activation level change and decay heat change, the transient decreases in
one year after termination of the module testing have been calculated. The time duration of the
module testing before termination of testing is assumed to be 133 continuous days of full power
operation.

The result of TBR analysis showed that TBR distribution in the toroidal direction of
TBM is not significant, however, the neutron flux decreases in the region of sidewall of common
frame made of SS and water. This result shows that there is relatively large neutron loss from
the TBM to the common frame. Thus, it is considered that the TBR value observed in the TBM
testing may be smaller than the estimation by one dimensional neutronics analysis which does
not take into account the common frame. In the verification of the tritium breeding ability of
TBMs, this effect should be accounted. The result of induced activation analysis showed that
induced activation level of the TBM is one order of magnitude lower than the fusion power plant.
However, the activation level of the test blanket module seems to be two orders of magnitude
higher than the acceptable activation level for recycle of the activated material. Analysis results
obtained in this work will be used for the detailed estimation of tritium production performance
and thermo-mechanical performance of TBM structures. The results of induced activation
analysis will be used for the planning of the post-irradiation examination of TBM's.
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3.1 PREPARATIONS FOR HICU A HIGH FLUENCE IRRADIATION
OF CERAMIC BREEDER PEBBLE STACKS

2 3J.B.J. Heaeman', J.G. van der Laan', R. Conrad ,H. Kawamura ,S. Kamer',
,ni5, 5,

J.D. Lulewicz�, L.V. Boccacci M.A.G. Ooijevaarl, G. Piazza
OUX4, M.P. c,6

B.J. PiJIgroms', N. R Stijkell, A. Yin.,

NRG, P.O. Box 25, 1755 ZG Petten, The Netherlands; 2 JRC, Petten, The Netherlands;

3 JAERI, Oarai, Japan; 4 CEA Saclay, France; FZK, Karlsruhe, Germany;

6UCLA, Los Angeles, USA

In the framework of developing the European Helium Cooled Pebble-Bed (HCPB) blanket a

high fluence irradiation test of breeder pebbles is planned in the HFR Petten. This so-called

HICU project concerns the investigation of the impact of neutron spectrum and the influence of

constraint conditions on the thermo-mechanical behavior of breeder pebble-beds in a high

fluence irradiation. The project is part of of the EU technology programme for development of

the Helium Cooled Pebble-Bed blanket concept, and performed in collaboration with Japanese

and US partners in the IEA framework.

The target dose of the HICU experiment is to accumulate 20 dpa in Li4SiO4 and Li2TiO3 in about

two calendar years. Lithium isotope compositions and spectrum tailoring measures are chosen so

as to obtain burn-u ps and dpa/burnup-ratios, that are DEMO relevant.

The status of the 'HICU' project by Fall 2003 is presented. Main critical issues concern the

specimen size and geometry, and the choice of materials for cladding and instrumentation.

Results of compatibility tests are presented. Extensive pre-testing of pebble-stacks has been

performed with variation of size and stack height to diameter ratio. Conditions for pre-

compaction the irradiation specimens have been explored.
6

Materials have been supplied by the partners, and include natural , Li enriched and depleted Li

compounds. Their characteristics will be summarised.

Preliminary results of non-destructive examinations of pebble stacks by X-ray tomography are

presented. XRT will be a quite helpful tool to prepare post-irradiation testing.

Nuclear analyses have been updated for the test matrix as evolved in the design phase. The

HICU irradiation is to start early 2004. The overall experiment layout and out-of-pile facilities

will be presented.
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3.2 IN-PILE PERFORMANCE OF HCPB PEBBLE-BED ASSEMBLIES

A.J. Magielsen', J.G. van der Laan', L.V. Boccaccini2 , R. Conrad3,
J.H. Fokkens', M. Jong', B.J. Pijlgroms', J. Reimann 2, M.P. Stijkell

I NRG, P.O. Box 25, 1755 ZG - PETTEN, The Netherlands,
2FZK, Karlsruhe, Germany, 3JRC, Petten, The Netherlands

In the framework of developing the European Helium Cooled Pebble-Bed (HCPB) blanket an
irradiation test of pebble-bed assemblies is performed in the HFR Petten. This test is focussed on
the e6ect of neutron irradiation on the thermal-mechanical behaviour of the HCPB type breeder
pebble-bed at DEMO representative levels of temperature and defined thermal-mechanical loads.
The basic test elements are EROFER-97 cylinders with a horizontal bed of ceramic breeder
pebbles. sandwiched between two beryllium beds. The pebble-beds are separated by floating
Eurofer-97 steel plates.
The in-pile test concerns a total of four pebble-bed assemblies. The two assemblies with Li4SiO4

pebble-beds are operated at different maximum temperatures. The other two assemblies, loaded
with two kinds of Li2TiO3 pebbles having different sintering temperatures, are operated at high
temperatures.
The beryllium beds are single sized mm diameter pebbles. The strong dependence of thermal
conductivity on the bed compaction has required extensive analyses and pre-tests in order to
arrive at well-defined start-up conditions for the in-pile test. The assembly procedure will be
explained along with the pre-irradiation inspections, including neutron-radiography.

In-pile operation in the High Flux Reactor started April 17, 2003. In the first operation cycle the
main performance parameters were achieved. After intermediate neutron radiography six further
irradiation cycles were performed.

The paper reports on the assembly, and the initial in-pile operation, including detailes of first
start-up. A qualitative picture of the irradiation behaviour will be presented. Detailed thermo-
mechanical analyses are underway, of which first results will be shown.
The PBA irradiation is to continue until mid 2004.
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3.3

Lithium Ceramic of Blankets Intend for Russian Fusion Reactors and an Influence
of the Ceramic Properties on Parameters of Reactor Titium Systems

V.Kapyshev*f, M.ChemetSOV2, V.Demidovl, V.Kovalenko 3, A. Lanskichl, N.P.PaltusoV2,
Yr.StrebkoV3 , G.Sernyev 2, V.Tebus', S.Zhivotov2, A.ZyryanoV2.

'Federal State Unitary Enterprise "A.A.Bochvar All-Russia Research Institute of Inorganic
Materials", P.O. Box 369, 123060 Moscow, Russia

2Sverdlovsk Branch of Research and Development Institute of Power Engineering,

PO Box 29, Zarechniy 62405 1, Sverdlovsk prov., Russian Federation
3Federal State Unitary Enterprise "Dollezhal Research and Development Institute of Power

Engineering", PO Box 788, Moscow 101000, Russian Federation

Russian Controlled Fusion Program involves development of a DEMO design and
participation in ITER Project.

A solid breeder blanket in DEMO containes a ceramic orthosilicate lithium breeder and a
beryllium multiplier. Test Modules of the blanket are developed in a frame of ITER activities.

Experimental models of tritium breeding zones (TBZ) for the Modules, materials and
technology fabrication of the TBZ, tritium reactor systems to control and treat of gases released
from lithium ceramic being developed.

Two models of tritium breeding and neutron multipl ing elements of the TBZ were designed,
manufactured and have been tested already in IVV-2M nuclear reactor. The first model
consists of lithium orthosilicate ceramic sphere pebbles ( -1. 5 mm diameter) and beryllium
sphere (0 I and 1. 0 mm diameter). Ceramic cylindrical pellets (I I mm diameter and Io mm
height) and porous beryllium 20% porosity) are in the second model. Some properties and
microstructure of the ceramic elements are performed.

Initial results of some changes of ceramic structure and in-pile experimental ratio of hydrogen
and oxygen form of tritium release in helium/neon purge gas are presented.

These results and outcome of irradiated LA102, Li4SIO4 and L12SiO3 ceramics in a water-
graphite nuclear reactor are considered to be a DATE BASE for development of the Test
Modules and the DEMO blanket and influence of the kinetic tritium release parameters on
DEMO tritium systems are discussed.

Corresponding author. Phone: (095) 190 8197, Fax: (095) 196 4168,
E-mail: ura(i0ochvar.ra (Victor Kapyshev)
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4.1

Tritium Release Kinetics from U2Ti03 Pebbles as Prepared by Soft-Wet-Chemistry

a b b bS.- Casadio , J.G. van der Laan C. Alvani', A.J. Magielsen M.P. Stijkel

aENEA-Casaccia, V. Anguillarese, 301, 00060 S.M. di Galeria, Rome, Italy.
bNRG-Petten, P.O. Box 25, 1755 ZG Petten, The Netherlands

Abstract

Lithium meta titanate pebbles has been prepared from agglomeration-sintering powders
which were obtained by Li-Ti-peroxo-complex solution precursor (Li2TiO3 dissolved at room
temperature in H20 40% H202 and stabilized with citric acid). Through this wet route
Li2TiO3 pebbles with high density (90- 93 of T.D.) has been obtained and the tritium
release behaviour has been tested "in-pile" by the EXOTIC-8.9 experiment (-440 days of
irradiation at full power in the high neutron flux of HFR-Petten). Tritium residence times (r)
in the pebbles has been measured during irradiation between 550 and 400 'C and He 
0. 1 % H2 purge gas composition. By a thermally activated process (activation heat = 1 1 1
U/mol) with 410'C as minimum temperature the tritium residence time is found to be
about day, which places this specimen in a good ranking position among those tested
by the EXOTIC-series.
A clear increase of th e tritium release rate has been observed by increased 2

concentration (up to 1 %) in the He purge.
Out-of-pile ramp-annealing tritium desorption (TPD) tests on shortly irradiated pebbles has
been also performed by various devices and conditions. The kinetic parameters from
theTPD spectra were consistent with those characterizing the equilibrium times of tritium
release rate after the gas composition and temperature transients imposed to the
specimen during the in-pile experiment.

Corresponding author: S. Casadio. E-mail: sergio.casadiogcasaccia.enea.it
FAX: 39.06.3048.3327
Telephon: 39.06.3048.3246

1 - Introduction

Lithium meta-titanate is a candidate for the European "Helium Cooled Pebble Bed"
(HCPB) Blanket design for a DEMO Fusion Reactor (long term program) [1] in form of
dense > 90% of T.D) ceramic pebbles with diameter ranging from 03 to 12 mm.
This work reports the tritium release kinetics of Li2TiO3 pebbles as prepared by an original
route 2] respectful of the mentioned main specification (dimensions and density). They
has been irradiated in the EXOTIC-8.9 experiment with the objective to study the in-pile
tritium release behaviour into the He + 0. 1 % H2 purge gas (R-gas) during irradiation.
Hence these pebbles were tested and qualified within the frame of the EXOTIC-series
designed for the HCPBB program. The aim of this paper is to report and discuss the
results with the objective of improving the data base supporting the lithium titanate pebble
bed as breeder system.
Moreover, since tritium release rate from these kind of pebbles (as shortly irradiated) also
has been measured in several out-of-pile ramp-annealing desorption (TPD) tests, an
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elaboration of these TPD spectra has been made to relate the results to those obtained in-
pile. 4 Our objective is to get complementary information on the tritium removal
mechanism from Li2TiO3 ceramics.

2 - Li2Tii03 pebbles characteristics

A batch of Li2TiO3 pebbles (ENEA code FN5) has been prepared following the "citrate"
route among those described in ref 2 A very soft microcrystalline Li2TiO3 powder
(reaction completed at 6500C, well below the normal solid state temperature reaction
between TiO2 and lithium salts) has been obtained and green pebbles have been formed
(by tumbling the powder together with an organic binder solution in a planetary mill without
grinding media) and have been sintered (1 1000C x 2 hours) up to a density of about 92%
of TD. The pebbles size weight distribution is as follows: 16% in the size range 02-0.4 mm,
40% between 04-0.6 mm and 44% between 06-1 mm. The bed density is 191 g CM-3 and,
assuming a packing factor of 60%, the density results92.8 of TD. The crystal density
characterizing this compound 3.43 g CM-3) is consistent with the density measured by
helium pichnometry 3,37 ± .01 g CM-3) with a closed porosity of 17 ± 02 and an open
porosity of 5.5 %. The grain size ranges between 320 pm as observed by SEM analysis
(Fig. ). The pebbles are covered by a compact surface layer (about 60 pm thick, see SEM
images of Fig. ). Monoclinic lithium metatitanate is the only phase detected by XRD
analysis. Neutron Activation Analysis (NAA) has showed the presence of about 0. 1 of
total impurities in the irradiated pebbles, mainly Na, K, Al and Zr elements.

A*

k ̀ ,a

Ito

SEM image of the pebble SEM image of the fractured
surface section near the surface

Figure -images of the FN5 microstructure

3 - In-pile tritium release test: EXOTIC 89 experiment

EXOTIC-8.9 objectives, lay-out, capsule design and results after the first 1 00 days of this
irradiation test has been reported in 3 The vented capsule containing FN5 pebbles has
been irradiated in HFR by 18 reactor cycles (about 450 days at full power). The average
temperature of the specimen has been step-varied within the range 550'- 4000C, the
purge gas composition has b een mainly He + 0. 1 % H2 gas (reference gas, R). Some
11 chemical" transients also has been performed by changing the purge gas composition
from pure He to He + 1 % H2 under isothermal conditions. The steady state tritium
generation rate (G) was nearly constant during each cycle 600 hours) but fluctuated
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about a value of 21 mCi/h from cycle to cycle; the total generated tritium amount is about

500 0.9

450 - 0.8
Twall

400 average 0.7

350
0.6

U
300 U

0.5
250 7;Tritium release rate

from FN5 pebbles 0.4
200

0.3
ISO

100 0.2

50 Tritium per4ation rate ---I> 0.1
ouble wall tube reported in 31

0 I I 0
0 5 10 20 25 30

Time (days)

I 00 Ci.

Figure 2 - FN5 specimen tritium release rate to the R gas purge (IC signal on the right
scale) during the EXOTIC-8.9, cycle 00-02 irradiation. The upper curve shows the
temperature C on the left scale) measured outside the specimen on the capsule wall.

The tritium residence time (c =/G)has been obtained for each run (temperature) by
evaluating the steady state tritium inventory (1) in the specimen at each averaged
temperature (T) in the volume of the capsule. The values are reported in the Arrhenius plot
of figure 3 The characteristic temperature corresponding to = 24 hours was - 410'C and
the best fitting slope of nr vs 1 /T gave the activation heat Ea = 1 1 1 ±1 0 Umol.
The runs performed in He or He + 10 vpm H2 showed a remarkable increase in tritium
inventories. The beneficial effect of H2 addition to the He purge was tested at 473'C by
step-changing the gas composition (PH2) as follows:
R-41) PH = 01 % 2 H = 0.05% 3 H2 = 0.5%H2 4 H2 =1 %H2
The corresponding measured -c's are plotted in figures 4 the best fitting gave depending
on (PH2) -0.34
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100
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1.2 1.3 1.4 1.5 1.6

1000/-r (K-1)

Figure 3 - Arrhenius plot of the tritium residence time for FN5 pebbles irradiated in
EXOTIC 89 experiment for the runs with R-gas. The black point was obtained in Oure He
purge gas.

100

0

E

U 10

E

10 100 1000 10000

H2 concentration in purge gas (vpm)

Figure 4 - Tritium residence time in the FN5 pebbles at 473'C as a function of 2

concentration in the He purge. The black point results from the best fitting line obtained for
Ref. purge

4 - Out-of-pille TPD tests

Short irradiations and out of pile tritium release tests also have'been performed to
characterize the FN5 pebbles. A few tenths of grams has been irradiated in HFR (Rodeo
device, E8-87/88 tests) and TRIGA (Lazy-Susan device) reactors at relatively low
temperature 100'C) and for neutron doses typically used in NAA 4,6,7]. Tritium has
been removed from the specimens by thermo-desorption ramps up to 800'C in R-gas
purged cells, the heating rate has been varied from 0.5 to K/min. The complex patterns
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of the resulting TPD spectra has not been influenced by the pebbles dimensions, providing
evidence that the tritium release rate is mainly determined by the microstructure, which is
the same for small and large pebble size.
According to the pioneering works on these kind of pebbles 7], the presence of multiple
tritium energy-bonding sites has been observed. In the frame of first-order approximation,
dimensionless "fractional" concentration evolution may be considered, so that it is possible
to evaluate the data without knowing the "initial conditions".Each contribute to the rate was
assumed to follow the simple "heat activated" Arrhenius law (1)

k = A exp(-E/RT) [s-1] (1)

Since in one of the device used (Rodeo) instrumental signal distortion has been observed
for > K/min, only the TPID spectra for 0.5 K/min have been elaborated by "single
peak" shape-analysis 4 and refs. therein]. This de-convolution fitting procedure also has
been employed to study the pebbles irradiated in Lazy-Susan, which spectrum has been
obtained at P=5K/min a scanning temperature rate proven to give negligible signal
distortion. The resulting kinetic parameters characterizing the three main peaks of tritium
release rate for these two values are reported in Table 1. They show that "peak-shape"
and P-variation" methods gave results in fair agreement.

TABLE - K inetic par ameters o f t he m ain T ritium r elease d esorption s ites b y T PID
analysis for 0.5 (Rodeo E-8-87) and P= 5 (Lazy-SusanTriga) tests.

S tep Tp A E
(peak) (K/min) (S-1) (kJ/mol)

1 0.5 665 7.1 60
5 755 2.5 50

0.5 735 420 90
5 856 8.6 80

0.5 794 3.0 103 110
III 5 941 1.6 103 110

By using equation (1) the rate constant ki = 1/61i (where is the "time constant" of the
reaction step i) can be evaluated with an uncertainty lower than those associated to the
values of E and A due to a "compensation effect" [8]. The ARi(t) transients obtained in-pile
(when the temperature perturbing steps are low enough to leave the steady state material
conditions nearly unchanged) allow an elaboration based on the same assumptions made
for the TPD analysis (simple pseudo-first order rate not dependent on initial conditions). In
this case the ARi(t) response goes exponentially to zero (ARj(t--->- = 0) at T through the
9C relaxation time" B = 1/ki, and the corresponding "fractional tritium inventory variation" in
the pebbles well approximated by eq 2)

t

Al feXP(-t1Oi)
AY(t) W i W 0 =4-�w,(1-exp(-t/Oi)) with w 2)

Ali fexp(-t/Oi)

0
To reconstruct AY(t) the weighing factors w (that are function of the previous history of the
specimen during irradiation) have to be known. For example in the case of EXOTIC-8.9 w,
- 0 because the step-I is always very fast (see Table 3 and the corresponding site always
void.
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Table 3 - Time constant of the main three tritium desorption sites from FN5 pebbles

P Temp. el 02 03
(K/min) (h) (h) (h)

0.5 400 1.7 6.5 32.2
5.0 400 0.84 5.27 60.5
0.5 500 0.45 0.80 2.53
5.0 500 0.26 0.83 4.75

The calculated order of magnitude Of 02 and 03 in Table 3 is in rough agreement with the
measured 's at 400 and 500'C. It suggests that an overlapping of the steps-I and 11 are
controlling the tritium release rate within the temperature range and time scale of the
EXOTIC-8.9 irradiation runs. This hypothesis is verified by the corresponding activation
heats (80-1 1 0 kJ/mol for steps I I I (Table 2 vs. 1 1 kJ/mol forc).

- Conclusions

A Li2TiO3 pebble batch fabricated by an original method (suitable for reprocessing this kind
of ceramic breeder 2]) showed tritium release properties, which are comparable to those
obtained by classical routes [5].
The tritium release property have been mainly tested in He 01 % H2 purge gas. Pebble
dimensions are not found to play a role in tritium release rate measured by out-of-pile TPD
methods. The analysis of TPD spectra 4] has given the correct order of magnitude of the
time constants characterizing the main desorption sites, in rough agreement with the
residence times obtained by the in-pile step-perturbation methods performed during
EXOTIC-8.9 experiment 3].
Pure He purge increases the tritium inventory; during the last cycle of this irradiation
experiment variations of the H2 concentration in the He purge showed an increase in
tritium release rate from Li2TiO3 pebbles that was found to be proportional to (PH2) 0,34 at
4730C.
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4.2 TRITIUM RELEASE CHARACTERISTICS FROM EXOTIC-8

1 2J.G. van der Laan R. Conrad J.D. LulewiCZ3 , A.J. Magielsen',
M.A.G. Ooijevaarl, G. Piazza4, N. RUX3, M.P. Stijkell,

3 -'NRGP.O.Box25,1755ZG-PETTENTheN6therlands, JRCUMPettenjheNetherlands,
3 4CEA Saclay, France; FZK, Karlsruhe, Germany,

The EXOTIC-8 programme has been performed in the R Petten ftom 1996 to 2001, with post

irradiation examinations extending to 2003. The EXOTIC-8 objective has been to study tritium

release characteristics and mechanical integrity of candidate materials for the Helium Cooled

Pebble Bed blanket. Both variants of Li4SiO4, as well as variants of L12TiO3 have been irradiated,

including annular pellets, while one Li2ZrO3 was irradiated. Most of the experiments were

designed to obtain in-pile tritium release characteristics. Moderate power densities in the annular

breeder' sections allowed to obtain a significant range of temperatures by gas-mixture technique

and electrical heaters. In these cases lithium bum-ups of few % were reached.

DEMO representative lithium bur nups were achieved in two of the EXOTIC-8 experiments,

namely I 1% for Li4SiO4 and 17% for Li2TiO3- In these cases pebbles were arranged in two

annular stacks, separated by thin walled tubes and 2 mm thick beryllium pebble stacks in

between. In order to reach high lithium bum-up in a reasonabl e time the breeder pebbles have

been produced with a 0% Li-6 enrichment.

Li4-Si04 pebbles have been irradiated in in EXOTIC-8/8 and /IO up to II %, with maximum

1021 M2.irradiation time of 450 Full Power Days ad a total neutron fluence of 24* n/

Li2TiO3 pebbles have been irradiated in EXOTIC-8/1, 15, 7 and 9 to about 17 % bumup. The

maximum irradiation time accumulates to over 600 Full Power Days and a total neutron fluence

of about 310 25 n/M2.

An overview of the major EXOTIC-8 results will be presented. Main irradiation parameters like

the radial temperature differences will be evaluated. The evolution of tritium release

characteristics with time will be discussed. Findings from P.I.E. will be summarised.

Results will be compared with ITER inputs 2001.
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INTRODUCTION

Ability to predict behavior of tritium in different breeding blanket materials under various

operating reactor conditions is required for design of fusion reactor blanket system because

recovery of bred tritium with high eiciency and reduction of tritium transfer to the cooling

system are demanded in design of the blanket system. Tritium transport and release behavior

from breeding materials consist of complex processes in bulk and surface of grain of the

breeding materials. In order to quantify the tritium release behavior, it is important to distinguish

the rate controlling steps that contribute to tritium release, and it is considered that the rate

controlling step can change in the presence of water vapor or hydrogen in the purge gas.

It is considered that following mass transfer processes contribute to the release of tritium bred
in blanket materials: 1) 2 (Figure )

1) tritium formation reaction in crystal grain;

2) diffusion of tritium in crystal grain;

3) interaction of tritium with irradiation defects in crystal grain;

4) absorption of tritium into the bulk of grain;

5) adsorption and desorption of tritium on grain surface;

6) isotope exchange reactions between gaseous hydrogen, H2, in the gas stream and tritium

on grain surfaces isotope exchange reaction ;

7) isotope exchange reactions between water vapor, H20, in the gas stream and tritium on

grain surfaces isotope exchange reaction 2;

8) water formation reactions in addition of H2 tthe blanket purge gas;

9) transfer of hydrogen isotopes and water through pores of sintered pellets;

IO) transfer of hydrogen isotopes and water through boundary layer formed on the surface of a

sintered pellets to the gas stream.

In this paper we propose a model to explain tritium release behavior from irradiated Li4SiO4

made by Forschungszetrum Karlsruhe (FzK) recently as the standard Li4SiO4 sample for
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tritium breeding. The release curves were obtained by the out-pile temperature programmed

desorption (TPD) techniques in a series of experiments in Japan Atomic Energy Research

Institute (JAERI). In the model formation a number of mass transfer steps'in the bulk of breeder

grain and those on the surface of grain were taken into account. There were diffusion of tritium

in the grain, adsorption and desorption of water on the surface of grain, two types of isotope

exchange reactions, water formation reaction at addition of hydrogen to the purge gas.

EXPERIMENTAL

Li4SiO4 pebbles from Forschungzetrum Karlsruhe (FzK) were irradiated in Japan Atomic

Energy Research Institute (JAERI) for 50 minutes by thermal neutron of which flux was

4.OE+13 m-'s-'. Various properties are compared in Table I about experimental conditions.

Tritium release curves of bred tritium were obtained applying the out-pile temperature

programmed desorption (TPD) techniques using the experimental apparatus of which diagram is

schematically shown by Figure 2 The first ionization chamber was used to measure the change

of total tritium and the second ionization chamber placed after a water bubbler was used to

measure the concentration of molecular form tritium, respectively.

Dry nitrogen gas, nitrogen with hydrogen gas or nitrogen 'With water vapor gas was used as the

tritium purge gas to compare.the effect of reactions on the grain surface. Water vapor was

introduced to the system gas at the inlet to the ionization chamber when dry nitrogen gas or

nitrogen with hydrogen gas was used as the purge gas to diminish the tritium memory effect

consulting the result by the present authors reported elsewhere. 3)

RESULTS AND DISCUSSION

Figure 3 shows the tritium release curves obtained when irradiated ti4SiO4 sample beds were

purged by dry nitrogen gas, nitrogen with 10,000 ppm. hydrogen gas and nitrogen with 10,000

ppm water vapor gas where temperature of the bed was raised from temperature to 800 9C with

the up-rate of C/min. This figure shows that tritium is released much faster than cases of any

other purge gas when nitrogen with water vapor gas is used as the purge gas. Identical

phenomena are observed for other solid breeder materials, and this tendency can be explained by

the faster reaction rate of isotope exchange reaction2 compared to the rate of desorption at dry

gas condition or the rate of isotope exchange reaction at addition of hydrogen. It is also known

from Figure 3 that the tritium release curve obtained at dry N2 purge is similar to the release

curve when N2 with 10,000 ppm hydrogen is used. This is explained as follows that the rate of

isotope exchange reaction I does not become large enough to give effect on the shape of tritium

release from the L14.SiO4 experimented in this study. It is confirmed in this study that only a

negligible amount of tritium is released as the chemical forra of HT from Li4SiO4 when dry 2

gas or N2 with water vapor is used as the purge gas. As can be seen from the output curve of the

second ionization chamber shown in Figure 4 only a little tritium is released from Li4SiO as
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the chemical forin of HT even when 10,000 ppm hydrogen is added to the purge gas. This

confirms the preceding assumption that the isotope exchange reaction I does not become big

enough to make HT on the grain surface of Li4SiO4. Then, it can be said that use of the release

curve with purge gas added by H2 for estimation of dflusivity in grain may lead to the erroneous

results. Accordingly, the apparent tritium diffusivity in Li4SiO4 was estimated by fitting of the

tritium release curve purged by N2 with water vapor taking the diflusivity, rate of isotope

exchange reaction 2 rate of desorption as adjustable parameter following the way reported

previously by the present authors. 4)

Figure shows comparison of the estimated release curve with the experimental tritium release

curve and the estimated release curve if only the dflusivity estimated in this study is considered

to be effective in the tritium transfer process. The apparent diffusivity of tritium in bulk of

L14SiO4, the overall mass transfer coefficients representing the isotope exchange reaction 2 and

desorption are obtained as follows from the curve fitting in this study.

DT =3.OxIO-'Exp(-79.5[kllmol-K]IRT) [m'lsl (1)

K,,2 20 x 10-7 [MIS] (2)

K,,d =1.07xlO-'Exp(-41.3[kflmol-K]IRT) [m'ls] (3)

Figure 6 compares the diffusivities of tritium in Li4S104 estimated so far various ways by

different authors .5)-7) It i supposed that diflusivities reported previously may include the surface

effect though the value obtained in this study exclude it.

Figure 7 shows comparison of the overall mass transfer coefficient representing the isotope

exchange reaction 2 and water desorption obtained in this study with reported values for the
8) .

mass transfer coefficients representing water desorption on Li4SIO4 ,isotope exchange reaction
9) . 10)

I on Li4S104 , isotope exchange reaction 2 on metal surface and water formation reaction on

Li4SiO4 where the concentrations in the purge gas are taken as the variables. This figure shows

the mass transfer coefficient for the isotope exchange reaction 2 is almost similar to the mass

transfer coefficient for water desorption. It is also known from this figure that the mass transfer

coefficients for isotope exchange reaction and water desorption are much larger than the mass

transfer coefficients for isotope exchange reaction and water formation reaction. It can be also

seen from this fiaure that the water formation reaction proceeds a little faster than the isotope

exchange reaction I in the whole range of temperature.

CONCLUSION

The apparent tritium diffusivity in crystal grain of Li4SiO4 was quantified in this study which

was estimated by fitting of tritium release curve obtained when N2 with 10,000 ppin. water vapor

was used as the purge gas. This is done because much faster release of bred tritium is observed

when irradiated L14SiO4 is purged by N2 with water vapor than any other purge gas.
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DT 30 x I 0-'Exp(- 79.5[k / mol K]l RT) [M' /S]

Most tritium was released in the chemical form of HTO even when I ,000 ppm hydrogen was

added to the purge gas. This reason is explained by the slow reaction rate of isotope exchange 

between hydrogen in purge gas and tritium on the grain surface in comparison with the reaction

rate of desorption of water vapor or water formation reaction on the grain surface.
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Table I Experimental conditions

L'4SiO4(FzK)

Grain size, d 1.2 n
9

Pebble size, d 0.25-0.63 mm

g/CM3

Theoritical density 2.4

2.352 g/cm 3Material density

volume 37.35 mm 3
of sample

Vold fraction of 0.290
packed bed

Flow rate of I 00 cc/min
purge gas

4.OE13 cm -2s-1
neutron flux

50 minIii-radiation time I

6Li(n, a)T

7U(n, ncc)T

................ "A

(LIOT+H20 2

->LiOH+HTO -->LiOH+HT)

L T (2LiOT->Ll O+T2 20)

(LiOT+LiOH
--->Li2O+HTO)

(LiT+H20 (2LiT--�2Lj'+TD
--- >LiH+HTO)

(LiT+H2->LiH+HT)
(H2+0--->H20)

..............................................

Fig. I Tritium release model from the tritium breeder materials
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Fig. 2 Schematic diagram of experimental apparatus
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Fig. 3 Tritium release curves for Li,,SiO4
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Temperature
0.05 ------------------- 800

Li (JAERI) 0 I [g]ISiO4
0.04 Grain size 12 [�trn] 600

10000ppm H IN purge gas
2 2

0.03 Neutron flux
400

2 I Ct4.OE13[cm s']
50 [min] irradiated

0.02
U 200
E / I.C.2

0.01

0

0.00
0 2 3 4 5

Time [hour]

Fig. 4 Tritium release curve purged by N2 with hydrogen gas
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'04
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0.10rU 10000ppmH ON gas CI32 2 PUrge 400
0.08

0.06 (1)Exp. data

(3)Estimated (diff. + Ad. + Ex.2)
0.04 200

0.02

0.00 0
0 2 3

Time [hour]

Fig. 5 Simulation for tritium release curve purged by water addition gas
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Fig. 6 Comparison of diffusivities estimated from different authors
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Fig. 7 Comparison of overall mass transfer coefficients
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4.4
Chemical Form of ritium Released from Solid Breeder Materials and

the Influences of it on a Bred ritium Recovery Systems

Y. Furukubo, M. Nishikawa, Y Nishida, T. Kinjyo, T. Tanifuji*, M. Enoeda** and

Y. Kawamura***

Department of New Energy, Graduate School of Engineering Science, Kyushu

University, 610-1 Hakozaki, Higashi-ku, Fukuoka, 812-8581, Japan, e-mail:

furukubo(c-Dnucl.kyushu-u.ac.ii)

*Atomic Energy Research Institute, Shirakata-Shirane, Tokaimura, Naka-gun,

lbaraki-ken, 319-1195 Japan, e-mail: tanifuii(c�maico.tokai.jqgELgg�dp

"Japan Atomic Energy Research Institute, 01-1 Mukoyarna, Naka-machi, naka-gun,

lbaraki-ken, 311-0193 Japan, e-mail: enoedam(o-)fusion.naka.iaeri.ao.ip

Atomic Energy Research Institute, Shirakata-Shirane, Tokaimura, Naka-gun,

lbaraki-ken, 319-1195 Japan, e-mail: kawamura(�t-pl.tokai.jaeri.go.jp

Abstract

The ratio of HTO in total tritium was measured at release of the bred tritium to the

purge gas with hydrogen using the thermal release after irradiation method, where

neutron irradiation was performed at JRR-3 reactor in JAERI or KUR reactor in Kyoto

University. It is experimentally confirmed in this study that not a small portion of bred

tritium is released to the purge gas in the form of HTO form ceramic breeder. materials

even when hydrogen is added to the purge gas. The chemical composition is to be

decided by the competitive reaction at the grain surface of a ceramic breeder material

where desorption reaction, isotope exchange reaction 1, isotope exchange reaction 2 and

water formation reaction are considered to take part.

Observation in this study implies that it is necessary to have a bred tritium recovery

system applicable for both HT and HTO form to recover whole bred tritium. The

chemical composition also decides the amount of tritium transferable to the cooling

water of the electricity generation system through the structural material in the blanket
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system. Permeation behavior of tritium through some structural materials at various

conditions are also discussed.

1. introduction

I t is required to develop an efficient tritium fueling cycle keeping the overall tritium

breeding ratio larger than 1.0 and a reliable tritium confinement system assuring the

radio-active safety of tritium in construction of the D-T fusion reactor. The blanket is

the place where the tritium recovery system has contact with the cooling system for

electricity generation at the elevated temperature. Therefore, design of efficient means

to recover bred tritium with minimum permeation loss is to be made. Tritium behavior

in the breeding blanket is discussed in this study targeting the chemical form of tritium

at release to blanket purge gas from solid breeder materials because the chemical form

of tritium in the blanket purge gas gives profound effect on design of tritium recovery

means and at estimation of permeation loss.

It seems to be taken as the common recognition to add about 1,000ppm of hydrogen

to the blanket purge gas probably for recovery of tritium as HT form, and the recovery

method of the bred tritium is discussed so far mostly based on this recognition, though

the reason has not been clearly explained.

It has been reported by the present authors that water vapor is generated form various

solid breeder materials at introduction of hydrogen to the purge gas at the elevated

temperature 13]. It has been also reported by the present authors that the isotopes

exchange reaction between tritium on the grain surface of breeder material and water

vapor in the purge gas, named as the isotope exchange reaction 2 by the present authors,

is the fastest surface reaction among reactions considered to take place at release of bred

tritium from solid breeder blanket such as absorption, adsorption and desorption,

isotope exchange reaction between tritium on grain surface and hydrogen in gas phase

(named as the isotope exchange reaction 1[4-6]

In this study, the ratio of HTO in total tritium was measured at release of the bred

tritium to the purge gas with hydrogen using the thermal release after irradiation method,

where neutron irradiation was performed at JRR-3 reactor in JAERI or KUR reactor in
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Kyoto University. Additionally, Permeation rate of hydrogen through palladium-silver

alloy at introduction of water vapor to hydrogen gas was measured to consider a bred

tritium recovery system useful for both HT and HTO form tritium.

2. Preparatory consideration

2. 1 Mitium release mechanism

In order to understand the tritium behavior in a blanket system packed with sintered

pebbles of micro crystal grains of ceramic breeder material, it is necessary to know the

contribution of such tritium transfer steps as

(1) tritium formation reaction in crystal grain,

(2) diffusion of tritium in crystal grain to the grain surface,

(3) interaction of migrating tritium with irradiation defects formed in crystal grain,

(4) adsorption or desorption of tritium on grain,

(5) absorption of tritium into bulk of crystal grain,

(6) isotope exchange reaction between molecular form hydrogen, 112, in the gas

stream and tritium on grain surface (isotope exchange reaction ),

(7) isotope exchange reaction between water vapor, H20, in the gas stream and

tritium on grain surface (isotope exchange reaction 2,

(8) water formation reaction on grain surface at addition of H t the -blanket purge

gas especially at high temperature,

(9) transfer of hydrogen isotopes and water through pores of the sintered pebbles,

(1 ) transfer of hydrogen isotopes and water through boundary layer formed on the

surface of a sintered pebbles to the gas stream.

Steps (1), 2) and 3) decide the diffusion inventory of tritium which corresponds to

the amount of tritium in the bulk of crystal grains when no absorption occurs. Tritium

release behavior at low temperature is considered to be strongly affected by these

tritium transfer steps. Step (5) decides the absorption inventory due to absorption of

water vapor or molecular form hydrogen into the bulk of grain. The present authors

have observed that water vapor is absorbed into L2O at the higher blanket temperature

though Li2TiO3, LiA102, Li2ZrO3 and Li4SiO4 have no detectable absorption capacity of

water or molecular form hydrogen, steps 4), 6), 7) and (8) decide the surface
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inventory of tritium which corresponds to the amount of tritium on the surface of crystal

grains. These reactions compete at the grain surface also to decide the chemical form of

tritium released into the purge gas. Then, it can be said that the amount of tritium

permeable from blanket system to coolant of electricity generation system is controlled

by steps 4), 6), 7) and (8). Step 9) decides the tritium inventory in micro pores of the

sintered pebbles. Steps (10) decides the tritium inventory under diffusion through the

boundary layer formed around the sintered pebbles. The experimental results on tritium

inventory so far indicates that effect of steps 9) and (10) are negligible 4,5].

It must be kept in mind that the same amount of oxygen as bred tritium is also

liberated from the breeder materials to make water with hydrogen added to the purge

gas.

Above consideration indicate that a certain part of the bred tritium must be released

into the blanket purge gas as the form of HTO. Accordingly, it is necessary to check if

the ratio of HTO in bred tritium is negligible or not in design of the bred tritium

recovery system.

2 2 Hydrogen Transfer in metals

The permeation of hydrogen through a metallic membrane essentially involves the

following consecutive steps.

(1) Transfer of the molecule from the asphase to the membrane surface.

(2) Dissociation of the molecules to single atoms on the surface

(3) Transfer of an atom from the surface to the bulk of the metal

(4) Diffusion of gas atoms through the membrane under the concentration gradient

established

(5) Transfer of atoms from the solution to the surface at the permeation secondary side

(6) Recombination of atoms to form molecules on the permeation secondary side

(7) Desorption of gas from the membrane surface.

It is considered that introduction of water vapor to hydrogen gas has an effect on steps

(2) and 6). This consideration indicates that permeation rate of tritium through the

structural material in the blanket system decreases when the bred tritium is released into

the blanket purge gas as the form of both HT and HTO.

- 91 



JAERI-Conf 2004-012

3. Experimental

3. 1 Experiment to release tritium from ceramic breeder blanket

Release curves of bred tritium from various ceramic breeder materials such as Li4SiO4,

Li2TiO3, or LiA102 were obtained applying the out-pile temperature programmed

desorption method using the experimental apparatus of which schematic diagram is

shown in Fig. 1 A 0.4-1g sample of breeder particles contained in a quartz tube filled

with helium gas was irradiated with the thermal neutron at JRR-4 reactor in JAERI or at

the Kyoto University Research Reactor. The flux of thermal neutron was 40 x 1013

n/CM2 s, and 16-2.8 x 1013 n/CM2S in JAERI and KUR, respectively. The irradiated

sample was purged by N2 gas with hydrogen of various partial pressures and the

temperature of the sample bed was changed linearly from room temperature to 1073K

with the rising rate of 5K/min. The flow rate of the purge gas was IOOSTPCM3 /min. The

release behavior of total tritium, HT and HTO, was measured using the first 50cc

ionization chamber connected to the experimental apparatus shown in Fig. where

humidified N2 gas was introduced to the purge gas at the inlet of the ionization chamber

to diminish the memory effect following the result reported elsewhere 7-9]. The release

behavior of tritium as the HT form was followed by the second ionization chamber

placed after the water bubbler.

After the purging procedure of each sample was finished, purge of the apparatus using

humidified N2 gas was performed to estimate the amount of tritium trapped to the

surface of piping between outlet of sample bed and inlet of first ionization chambeL

This amount is considered to be negligible when the bred tritium is released to the purge

gas in the HT form because the trapping rate of tritium to the piping surface through the

isotope exchange reaction is very slow as reported by the present authors [10.11].

3. 2 Experiment concerning permeation of hydrogen through palladium alloy at

introduction of water vapor to hydrogen gas

Schematic diagram of the experimental apparatus of this study is shown in Fig. 2 A

tube of palladium with 25% silver (Pd75%-Ag25%, 125nim long, 4.8mm inner

diameter and 5.Omm outer diameter, purchased from Nilaco Co.) was concentrically

placed in quartz tube, and copper tube and brass joints were used as the piping materials.
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Argon gas with hydrogen was used as the sample gas to the inner and outer flow

.channels. The flow rate of the process gas to each channel was 0.41/min at the standard

condition. The sample gas was initially passed through the packed bed of Pd-NT

catalyst to change residual oxygen to water. Then, the sample gas was passed through

the water bubbler at 277K to add about 8000ppm of the water vapor before introduction

to the permeation test section. Temperature of the permeation membrane was changed

from 373 to 573K using an electric furnace.

The permeation rates were measured by the steady-state method and the experiments

were carried out as follows. First, Ar gas with about 1% H2 was passed through both

channels of the permeation test section and the test section heated up step-wisely to

573K to active the permeation membrane. Secondly, the temperature of the test section

was set to the experimental temperature and the experimental sample gas was passed

through the test section until the permeation of hydrogen reached the steady state. Then,

the concentration of hydrogen at inlet and outlet of both channels was measured by

gas-chromatography.

4. Results and Discussion

The release curves of total tritium and tritium of HT form observed for Li4SiO4 (grain

size 12 micro meter, pebble size Imm, made by FzK), Li2TiO3 (grain size I micro

meter, pebble size 1mm, made by CEA), Li2ZrO3 (grain size 13 micro meter, pebble size

Imm, made by MAPI) and LiA102 (grain size micro meter, pebble size 4mm, made by

JAERI) are compared in Figs. 37, respectively, where the N2 gas with 1000 or 10000

ppm hydrogen is used as the purge as. It can be seen from these figures that most bred

tritium from Li4SiO4, Li2TiO3 and Li2ZrO3 is released as HTO though most tritium is

released as HT forrn LiA102 in the condition of this experiment and that the ratio of HT

in the released tritium increases with rise of the temperature that gives vigorous release

of bred tritium from breeder materials. It is known from comparison of Fig. 3 with

Fig. 4 that the higher hydrogen concentration in the purge gas gives the higher HT ratio.

It is considered by the present authors that competition of water desorption reaction of

tritium as HTO, isotope exchange reaction to produce HT and isotope exchange

reaction 2 to produce HTO decide the ratio of HTO to HT 4,5].
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The reactions considered to occur on the grain surface of solid breeder materials at

tritium release are listed in Table for various temperature regions under various purge

gas conditions.

The isotope exchange reaction I gives almost no contribution at low temperature,

even when 1,000-10,000ppm of hydrogen is added to the purge gas because its reaction

rate observed for LiJiO3, Li4SiO4, Li2ZrO3, LiA.102 or Li2 i so slow at the temperature

lower than 600K [10,11]. On the contrary, the exchange reaction 2 works effectively to

remove from the grain surface as HTO even when only a small amount of water vapor is

included in the purge gas because its reaction rate is large even at temperature. At the

same time, tritium trapped on the grain surface is released as the form of HTO through

desorption reaction according to the adsorption isotherm of physically adsorbed water.

Accordingly, at the lower temperature than 600K the main chemical form of released

tritium to the purge gas is considered to be HTO form. At the higher temperature of

breeder bed, the composition of HT is supposed to increase because the reaction heat of

the isotope exchange reaction is much larger than that of the isotope exchange

reaction 2 10,11]. The water formation reaction, however, becomes vigorous on the

grain surface at the higher temperature than 750K to su pply water to the purge gas. This

phenomenon makes the HTO composition large through increase of water vapor to

accelerate the isotope exchange reaction 2 and decrease of hydrogen in the purge gas to

decelerate the isotope exchange reaction 1 . .

The observed results compared in Fig. 37 and in Table 2 well correspond to the

prediction stated above.

It is necessary to keep the overall tritium breeder ratio large than .0 to develop a D-T

fusion reactor having the self sustained fuel cycle. From this viewpoint, the bred tritium

in the blanket must be, recovered with high efficiency. Then, understanding about the

chemical composition of the bred tritium released to the blanket purge gas is important

for design of the recovery system and for estimation of tritium permeation to the outer

region of the fuel system. Experimental results of this study indicated that further

quantitative discussion about the chemical composition of the bred tritium is required

because it is revealed in this study that not a small amount of tritium can be released
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from solid breeder materials as the HTO form even when the purge gas with hydrogen is

applied.

One solution is to have a precious metal catalyst bed at the outlet of the blanket purge

gas to convert HTO to HT with help of the isotope exchange reaction I as proposed by

the present authors elsewhere 6].

It is considered that the Palladium ally system with the precious metal catalyst for

isotope exchange, is effective to recover bred tritium in HT and HTO form.

The temperature dependence of H? permeabilites through palladium alloy are shown

in Fig. when the water vapor was introduced to sample gas of the pen-neation primary

side(casel), the permeation secondary side(case2), both side(case3) and neither

side(case4). The permeability of this work are given by the following equation 

KH = 170 x 10-9 exp(-9.82[kJ/mol ]IR-T) [MO, M/M2 S Pa] - --------------- (case4)

It can be seen from Fig. addition. of water vapor gives no effect on hydrogen

permeation that at 573K, but water vapor gives hindering effect on permeation at the

lower temperature.

This result indicates that the existence of HTO or H20 in the blanket gas prevents

recovering tritium with high efficiency when the Palladium alloy system is used in

recovery of bred tritium.

5. Conclusion

It is experimentally confirmed in this study that not a small portion of bred tritium is

released to the purge gas in the form of HTO from ceramic breeder materials even when

hydrogen is added to the purge gas. The chemical, composition is decided by the

competitive reaction at the surface of solid breeder materials where desorption reaction,

isotope exchange reaction I and isotope exchange reaction 2 take part. The water

formation reaction at addition of hydrogen also plays a role to increase the ratio of

HTO.

Observation in this study implies that it is necessary to have a bred tritium recovery

system useful for both HT and HTO form tritium.

It is observed that the water vapor prevents hydrogen permeation through Palladium

alloy at lower temperature.
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Table I Comparison of tritium release characteristic from solid breeder materials

Room temp - 573K 573K - 773K 773K - 973K 973K -

Dry purge gas Adsorption Adsorption Adsorption Adsorption

I'desorptin /desorptin I'desorptin /desorptin

Li liberation Li liberation

Purge gas with Adsorption Adsorption/ Adsorption Adsorption

hydrogen I'desorptin desorptin I'desorptin I'desorptin

Water, formation Water formation Water formation

Isotope exchange 2 Li liberation Li liberation

Isotope exchange Isotope exchange 2 Isotope exchange I

Isotope exchange I Isotope exchange 2

Surface condition Surface condition
change change

Purge gas with Isotope exchange 2 Isotope exchange 2 Isotope exchange 2 Isotope exchange 2

water� vapor Adsorption/ Adsorption/ Adsorpti .on/ Adsorption/

desorptin desorptin desorptin desorptin

Li liberation (Li 20) Li liberation (Li 0) Absorption (Li 0) Absorption (Li )
2 2 2

Li liberation Li liberation

Table 2 Comparison of tritium release characteristic from solid breeder materials
I TiO (CEA) Li Tio (CEA) Li So (FzK) Li ZrO (MAPI) UA10 (JAERI)

Breeder material L'2 3 2 3 4 4 2 3 2

10000ppmH2/N 10000ppm IN2
Purge gaz 2 1000ppmH2/N2 10000ppmH 2 IN 2 10000ppmH2/N2 2

Irradiated place JAERI JAERI KTJR JAERI JAERI

Neutron flux
[CM-2-S-1] 4 1013 4 1013 1.65 1013 4 1013 4 1013

Irradiation time 100min 100min 3min 100min 30min

Theoretical tritium

breeding amount

[g il 875.8 875.8 39.74 629.66 281.09

Beginning of tritium Ist: 60-70

release [min] 80-90 70-80 100 100-110 2nd: 110-120

Temp. giving peak in 1st: 300

release curve CI 360 280 430 520 2nd: 590

Tritium amount

counted

by I. C. [u Cl 717.84 1114.56 20.4 625.92 113.4

Tritium amount

counted

by 1. C. 2 [u C 64.32 24.12 1.91 64.32 79.2

Tritium(I.C.2)

/Tritium(I.C.1) 0.0896 0.0216 0.0938 0.1028 0.6984
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Fig. 3 Tritium release from L'2Tio3bed purged by 1,000ppm hydrogen.
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Fig. 4 Tritium release from Li2TiO3 bed purged by 10,000ppm hydrogen.
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Fig. Tritium release from L4S'04 bed purged by 10,000ppm hydrogen.
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Fig. 6 Tritium release from L2ZrO3bed purged by 10,000ppm hydrogen.
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Fig. 7 Tritium release from UA102 bed purged by 10,000ppm hydrogen.
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Abstract
Li2TiO3 pebbles are a ceramic breeder material option for the Helium-Cooled-Pebbles-

Bed (HCPB) blanket being developed in the E.U. The extrusion-spheronisation-sintering
process was selected in order to produce Li2Ti03 pebbles and is developed with the
collaboration of the industrial firm "Uramiques Techniques et Industrielles". Adjusting the
fabrication process parameters allows varying the pebbles characteristics which, in u,
determine the behaviour of the pebbles and pebble beds. The current sintered LiJ103 pebbles
have diameters in the range 0.8 to 12 mm. Investigation was made to determine the lower
limit of 1,12T103 pebble diameter achievable with the extrusion process with a view to find out
any benefit for the design of the HCPB blanket. Smaller pebbles can be advantageous to fill
better the ceramic breeder space and to increase pebble bed density and then-nal conductivity.
The feasibility to produce small Li2Ti03 pebbles in the range 06 mm to 0.8 mm with the
extrusion process was shown in this study and pebbles characteristics are very promising. It is
expected that this diameter range is the lowest one achievable using the extrusion-
spheronisation-sintering process. In any case, going to even smaller pebbles does not seem
desirable.

1. Introduction

Li2T103 pebbles are one of the options of ceramic breeder material for the Helium-Cooled-
Pebble-Bed (HCPB) blanket developed in the E.U. The extrusion-spheronisation-sintenng
process was selected for the fabrication of the pebbles, as it proved to be the most appropriate
one to obtain the goal characteristics. The satisfactory performance observed in the first
functional tests of the so-fabricated pebbles [1] confirmed the promise and substantiated the
validation with pre-industrial means of the steps of the lab-scale process. This work was made
with the Cerarniques Techniques et Industrielles (CTI) firm. In agreement with previous
studies 2 it was observed in the functional tests that the L2T'03 pebbles microstructural
characteristics (open/closed porosity, grain size, specific surface area) are key parameters.
Since this fabrication process easily allows varying the pebbles microstructural characteristics,
it is very advantageous to tailor pebbles properties.

2. Investigation of the lower limit of pebble diameter achievable using the extrusion
process

The current sintered Li2T103 pebbles have diameters in the range 0.8 mm to 12 mm.
Investigation was started in 2001 3 to deten-nine the lower limit of L12T103 pebble diameter
achievable with the extrusion process with a view to find out any benefit of smaller pebbles
for the design of the Helium-Cooled-Pebble-Bed blanket. Indeed, smaller pebbles can be
advantageous to fill better the ceramic breeder space and to increase pebble bed density and
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thermal conductivity. In 2002, an attempt was made to obtain a better sphericity of the
pebbles and to decrease, if possible, the pebble diameter down to 0.5 mm.
A new revision of the formulation of the extrusion paste in order to improve the sphericity
was decided. The amount of binder and plasticizer was twice higher than for the current
extrusion paste. The fabrication process parameters were once more adjusted in order to
obtain Li2TiO3 pebbles with a smaller diameter. First, a nozzle of 0.8 nun instead of I mm
was used durin the extrusion step and the cutting system was revised for the cutting step of
the smaller granules. However, the same extrusion machine and the same spheronization
device as for the preparation of the current pebbles were used for these trials. A batch of 300
grams of smaller Li2TiO3 pebbles was produced and was sintered at II OO'C. The size, the
shape and the microstructure of the smaller Li2TiO3 pebbles were observed using scanning
electron microscopy and optical microscopy. As shown in Figure 1, the shape is close to
spherical, and the pebble size distribution is 06 to 0.8 mm. The microstructure is
homogeneous, and grain size is I to 4 pm A comparison of the characteristics of the 0-1.2
mm Li2TiO3 pebbles with the characteristics of the 06-0.8 mm L2T'03 pebbles is displayed
in Table I showing that open porosity decreases significantly and closed porosity decreases
slightly for the smaller pebbles. Pebble bed density increases significantly which is
advantageous. Grain sizes are very similar for both diameter pebbles sintered at I I OO'C.
The feasibility to produce small Li2TiO3 pebbles in the range 06 mm to 0.8 mm with the
extrusion process was shown in this study and pebbles characteristics are very promising. It is
expected that this diameter range is the lowest one achievable using the extrusion-
spheronisation-sintering process. In any case, going to even smaller pebbles does not seem
desirable. Following the promising characteristics presented in the last paragraph, a 6 kg-
batch of pebbles with the size distribution in the range 06 to 0.8 mm was produced by pre-
industrial means. The characterization of L2T'03 pebbles shows that the pebbles achieve the
required specifications. This batch of smaller pebbles was used for all the E.U. tests foreseen
in 2003, among which the HE-FUS 3 mock-up tests at ENEA.

3. Optimisation of the process parameters for the fabrication of 6Li enriched L2TiO3
pebbles

A semi-industrial process was optimised for the preparation by extrusion of current Li2TiO3

pebbles. For economical reasons as well as in view of the present needs the process was
worked out with Li of natural isotope. The recent preparation of 6Li enriched Li2TiO3 pebbles
for the HICU irradiation pointed out that adjustments of the process will be necessary to fulfil
the pebbles specifications because morphological characteristics of the starting 6Li enriched
Li2CO3 powder are different from those of the commercial Li2CO3 powder of natural
enrichment. Consequently, it was decided to finalise in 2003 the process parameters in the
case of the production of 6Li enriched Li2TiO3 pebbles. In order to compare the characteristics
of Li2TiO3 pebbles prepared for the HICU experiment with the characteristics of Li2TiO3

pebbles optimised during this investigation, an enrichment of 29.5% of 6Li is chosen for the
optimisation of the process.
Preparation of the Li TiO,3 owder with the 6Li enriched U-2CO-4 powder
The following procedure was used for the preparation of the Li2TIO3 powder at CEA. The
first step was to prepare the L12CO3 powder with. the requisite 6Li enrichment. A mixture in
appropriate proportions of 95% 6 Li and natural isotope Li2CO3 powder was obtained by
sieving and by mixing in a 3 liters blender. Then, a mixture of titanium oxide powder freshly
passed through a 400 pm screen and of lithium carbonate powder freshly passed through a
200 pm screen is prepared to obtain a material with a slight lithium deficiency of 5%. The
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first reaction takes place at 680'C for 3 hours resulting in a weight loss of 26.9% which
corresponds to a reaction yield of 90%. After passing through a 200 pm screen, the powder is
once again heated to 720'C for 3 hours to complete the reaction. A weight loss of 22 is
observed. A comparison of the characteristics of the current Li2TiO3 powder and of the 6 Li
enriched Li2TiO3 powder is presented in Table 2 As can be seen in Table 2 all results are
closed one to the other, which is satisfactory and in accordance with the specification for the
Li2T'O3 powder.
Fabrication of 6Li enriched LiJ10-1 pebbles
Shaping of the pebbles was made at CTI with the powder produced at CEA. It was decided to
produce 6Li enriched Li2TiO3 pebbles with the size distribution in the range 06 to 0.8 mm. A
nozzle of 0.8 mm was used during the extrusion step. The same extrusion machine and the
same spheronization device as for the preparation of the current pebbles were used for these
trials. A revision of the formulation of the extrusion paste in order to obtain pebbles with high
density (the goal value is around of 90% of theoretical density) was made. Two batches of
small L12TiO3 pebbles was produced by CTI corresponding to different formulations of the
extrusion paste. These batches of green pebbles were sintered at II OO'C. Characteristics of
the sintered pebbles are also reported in Table 3 One can observe only for the pebbles
reference "CTI 1233 Ti II 00 CEA" that density, around 92% of theoretical density, is in
agreement with the objective. It was shown in this study that the required specifications for

6the Li enriched L2T'03 pebbles can be achieved by an optimisation of the process
parameters.

4. Conclusion

To summarize the activity in the last few years, a fabrication process was finalized to produce
1 1 irements

L'2T'03 pebbles capable to fulfil the design requi tated by the HCPB blanket design
team. The work was mostly guided by the results of the out-of-pile testing of L'2TiO3 pebble
beds. The development of Li2TiO3 pebbles has demonstrated that a wide range of pebbles
characteristics can be obtained by the extrusion process, allowing to tailor the
properties/perfon-nance of the Li2TiO3 pebbles/pebble beds according to a variety of design
requirements. With the present facility at CTI a production of 150 kg/year can be obtained,
and extrapolation of the production to industrial scale is not expected to raise any significant
problem since the extrusion process makes use of conventional, well-proven techniques of
ceramic industry.
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Table 1: Comparison of the characteristics of the 08-1.2 mm Li2TiO3 pebbles with the
characteristics of the 06-0.8 mm Li2TiO3 pebbles

Reference Pebble size Porosity Bed density Grain size Average crush

(mm) (g/CM3) (PM) load

(N)

Open Closed

CTI 1532 Ti 0.8 - 12 6.0 5.3 1.82 1. - 31

1 1 00 CEA [19 - 42]

CTI 942 T 0.6 - .8 2.0 4.9 1.91 1 - 4 3 
1 100 CEA [15 - 52]

Table 2 Characteristics of Li2TiO3 powders

Current 6Li enriched

LiJiO3 powder LiJiO3 powder

(reference CTI 1629) (reference Ti 22)

6Li enrichment natural 29.5%

Specific surface area 4.5 M2/g 5.0 m2/g

Mean particle size 0.7 pra 0.4 prn

Apparent density 0.37 kg/I 0.45 kg/l
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Table 3 Characteristics of 6Li enriched Li2TiO3 pebbles

Reference Pebble size Porosity Bed density Grain size Average crush

(mm) (g/CM3) (PM) load

(N)

Open Close d-

CTI 1313 T 0.6 - .8 10.3 5.0 1.75 1 - 3 24

1100 CEA [18 - 34]

CTI 1233 Ti 0.6 - .8 2.0 5.8 1.88 1 - 4 33
1100 CEA [25 - 52]

Figure 1: Shape of the 06 - .8 mm Li2TiO3 pebbles
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5.2 Fabrication and Characterization of Lithium Orthosillicate Pebbles

Using iOH as a New Raw Material

(2)R. Knitter('), G. Piazza('), J. Reimann P. Risthaus('), L.V. Boccaccini(3)

(1-3) Forschungszentrum Karlsruhe, P.O. Box 3640, D-76021 Karlsruhe, Germany
(2) (1) nstitut fOr Materialforschung III,

Institut fOr Kern- und Energietechnik,
(3) Institut fOr Reaktorsicherheit

(4) EFDA-CSU, Culham Science Centre, Building K1, Abingdon, Oxfordshire X14 3DB UK

Abstract

For the European Helium Cooled Pebble Bed (HCPB) blanket slightly overstoichiometric lithium
orthosilicate pebbles (Li4SiO4+SiO2) have been chosen as one optional breeder material. This
material is developed in collaboration between Research Centre Karlsruhe (FZK) and the Schott
Glas, Mainz. The lithium orthosilicate (Si) pebbles are fabricated by the melting and spraying
method in a semi-industrial scale facility. In the past, the not enriched pebbles were produced
from a mixture of Li4SiO4 and SiO2 powders, but de to the fact that enriched Li4SiO4 is not
available on the market, highly enriched carbonate powder was used that finally resulted in
nonsatisfying pebble characteristics.

Enriched iH powder is commercially available, therefore, a new production route was
pursued based on the following, simplified reaction:

4 iOH + SiO2=> Li4SiO4 2 H20

The melting process of iOH and iO2 is less difficult to control than the melting of Li2CO in
spite of the decomposition of water. The pebbles produced from iOH and 2 are similar to
those produced from Li4SiO4 and S2. They exhibit a distinctly dendritic structure and show
only a small amount of pores and cracks. In addition to the main constituent Li4SiO4, the high
temperature phase Li6Si2O7was detected due to the quenching process and the excess Of iO2.
This minor constituent, however, decomposes to Li4SiO4 and Li2SiO3 during annealing. In
compressive crush load tests of single pebbles a crush load of about 95 N was measured for
pebbles after drying at 300'C. The chemical analysis revealed a further advantage of the use of
LiOH in the melting process. As iOH is available in high-purity quality, the pebbles contain
impurities to a lower degree than pebbles produced from Li4SiO4 or Li2CO3. In order to obtain
characteristic pebble bed data, first Uniaxial Compression Tests (UCTs) were performed at
temperatures between ambient and at 850'C. Compared to results obtained with pebbles
produced from Li4SiO4 and SiO2, the pebble beds with the new material show a softer
behaviour, that is, a larger strain for a given uniaxial stress. Thermal creep strains do not differ
remarkably.

Introduction

In collaboration with Schott Glas, Mainz, FZK is developing and investigating slightly
overstoichiometric lithium orthosilicate pebbles (Li4SiO4 + 25 w% SiO2, [1]) to be used in the
HCPB blanket. The pebbles are fabricated in a semi-industrial scale facility by a melting and
spraying method, which allows a production of 200 - 300 kg/year 2].

The characteristics of the final product are strongly influenced by the fabrication parameters,
which are rather difficult to monitor in the small facility and difficult to maintain for different
batches. Consequently, the reproducibility from one production run to the other is not very high,
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and it is therefore required to control the quality of each batch of pebbles received from the
industrial producer, in order to use a well-defined standard material in all experimental activities
with pebbles or pebble beds.

Until 2002 Li4SiO4 and SiO Pwders were used to fabricate not enriched lithium orthosilicate
pebbles, whereas Li4SiO4 had to be totally or partly substituted by Li2CO3 in order to produce
6Li-depleted or 6Li-enriched pebbles. During the melting of Li2CO3 a large amount of gaseous
C02 was generated, that finally led to an unduly high porosity in the produced Si pebbles. In
2001 for the first time iOH and SiO2 had been used as raw materials. This year new batches
were produced and the first characterization results will be described in this paper.

As iOH powder is available with 7Li or 6 Li, any desired isotope ratio can be obtained with the
same process. In spite of the fact that a large amount of H20 is generated during melting, the
melting process is easier to control than in case of Li2CO3 A further advantage of using iOH is
the high purity level of the material that gives rise to reduced impurities in the product. This is
important to avoid possible activation of fusion materials by neutron irradiation 3,4].

Fabrication Process

Li4SiO4 pebbles with a slight surplus Of SiO2, are produced by melting a mixture of iOH and
SiO2 powders and then spraying the liquid material in air. The sprayed material solidifies during
the flight and is collected as pebbles with different sizes. Pebbles having a diameter in the
range of 025 - 063 mm have been selected for the use as breeder materials.

Fig. shows the pebble production unit. The premixed components iOH and SiO2 are melted
at about 1450'C in a container made of Pt-alloy. During the melting at 1450'C for h and
before spraying, the bottom feeder is kept closed by maintaining it at low temperatures. To start
the spraying process, the bottom feeder is heated and the melt begins to flow down at a rate of
approx. 200 g/min. The glass with a temperature of about 1350'C leaves the bottom feeder with
a flow having a diameter between 1.0 and 1.5 mm. The melt is then sprayed with a hot gas jet
with a temperature at air nozzle of about 400'C to form hot glass droplets of irregular shape.
Due to surface tension the droplets become spherical while flying in air. As the gas jet cannot
be well controlled, hot glass droplets are sprayed into a broad area and the flight times vary in a
wide range.

By the discontinuous fabrication process in the semi-industrial scale facility two melts/day can
be performed with a yield of about 1.5 kg of pebbles each. The production volume is of 200 -
300 kg/year of lithium orthosilicate pebbles.

Pt crucible

H eating and
insulation

Bottom .........

...................

..................
feede r ................................................ ...........................

........................... Collecting..................... . . . . . . . . . . . . . . . . . . . containe r. . . . . . . I . . . . . . . . . ....................
Air nozzle

Fig. 1: Schematic drawing of the laboratory unit for the production of lithium ohosilicate
pebbles by Schott Glas.
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Results and Discussion

The quality control of the different pebble batches based on the following tests-

o Measurement of the size distribution and of the microstructural properties of the pebbles by
optical and scanning electron microscopy;

e Measurement of density and porosity by Hg-porosimetry and He-pycnometry;
e Compressive crush load tests on ingle pebbles-,

a Chemical analysis (Li., Si., impurity level).;

6 Phases analysis by X-ray powder diffraction;

a Thermornechanical tests on pebble beds.

Microscopy

The appearance and microstructure of the batches were examined by optical and scanning
electron microscopy. Most of the pebbles appear 'pearl white', but there are also some small
glassy pebbles (fig. 2 Due to the rapid quenching from the melt, most of the pebbles exhibit
the typical dendritic microstructure at the surface as well as in cross sections, spreading out
over the whole pebble and containing a network of interdendritic micropores (figs. 3 and 4 f5,
6]. In some cases, if a smaller pebble is captured by a larger droplet, the already solidified small
sphere is acting like a seed crystal and the dendrites of the larger pebble set in at the surface of
the smaller pebble Si 03/1-3 in fig. 4 left.)

Ir

'earn-,

2 mm 2

Fig. 2 Overview of the batches Si 0311-3 (left) and Si 03/1-4 (right). (OM)
N� r 7

W

v"'i

-4 

U-8,Britoil V

0000935 5 ynl�

009342 &P- IMF I I K IMF III I KER

Fig. 3 Dendritic struct ure at the pebble surface of Si 03/1-3 (left) and Si 03/1-4 (right).
(SEM)
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Fig. 4 Dendriffic structure at cross sections of Si 03/1-3 (left) and Si 03/1-4 (right). (SEM)

The cross sections in figure reveal only a small amount of cracks and pores for Si 03/1-3,
although a few pebbles exhibit larger pores. The batch Si 03/1-4 has a larger amount of
cracks and pores. Particularly at the surface layer of the pebbles a larger amount of micropores
was detected.

4 7�

M
MM

Fig. 5: Cross sections of Si 03/1-3 (left) and Si 03/1-4 (right). (OM)

Size Distribution

The produced pebbles were screened to a diameter range of 250 630 pm, resulting in
fractions with a mean particle diameter (d5O) of 310 and 345 pm for the two pebble batches OSI
03/1-3 and 03/1-4, respectively (fig 6 and tab-. 1), The maximum of the distribution is
asymmetrically shifted to smaller diameters in both cases, with a more distinct tendency in case
of Si 03/1-3. The overall particle size distribution and therefore also the selected range of 250
- 630 pm is strongly dependent on the flow rate of the melt that is difficult to control in the semi�
industrial scale facility.

Porosity and Dnsity

He-pycnometry was used to measure the bulk density of the pebbles. In this method the open
porosity is not included, and the bulk density takes into account only the material density and
the closed porosity. To determine the open porosity Hg-porosimetry was used. The
measurement of the open porosity by the Hg-intrusion, however, is afflicted with errors, as it is
very difficult to distinguish between the intrusion of voids between the pebbles and the intrusion



JAERI-Conf 2004-012

Soo 1 Do% 500 100%
OSi wvla C i "M -4

450 450

40b 400 80%

350 �50

30D 60%
.2

250 250

200- 40% E 200 40%

150

ion- 20% 20%

51)-

0 0% 0%
2iS 245 75 4 3 N5 3�5 425 455 45 M545 575 M 635 85 215 245 275 305 335 365 395 425 455 45 515 545 575 605 635 65

Di..e,, (p.) bl...t., W)

Fig. 6 Diameter distribution of the lithium orthosilicate pebble batches Si 03/1-3 and 1-4.

of the first pores at low pressures. To make sure that all voids between the pebbles were filled
with mercury, two low-pressure cycles were performed before the final run were started. In
Table I the measured values are given together With the corresponding percentage of the
calculated theoretical density of the pebbles (TD = 24 g/CM3) . For the Osi 03/1-3 batch a closed
porosity of 27 were determined by both methods. The open porosity of 35 and a density
of about 94 were measured by Hg-porosimetry. In case of batch Si 03/1-4 a closed porosity
of 30 and 14 were measured by He-pycnometry and Hg-porosimetry, respectively. The
higher density of 95 also does not seem to be in agreement with the impression received
from the microscopic studies. In addition to the uncertainty of the methods, these to some
extent contradictory results between He-pycnometry, Hg-porosimetry and the microscopic
images may be explained by a not representative sampling due to segregation of different
pebble sizes. If a small sample quantity varies in the number of little and often glassy pebbles
and big pebbles with more cracks and (macro-)pores, the differences between the results may
arise.

Crush Loads

To investigate the differences in the mechanical tability of the pebbles, crush load
measurements were performed on 40 single pebbles of each batch, Prior to the crush load
measurements the pebbles were dried at 300'C. The load application rate was 02 mm/min.
Single pebbles with a diameter of 500 prn were placed on a glass plate and pessed by a glass
piston to avoid any plastic deformation of the pess parts that could influence the
measurements. Mean values of 10. ± 28 ± 7.7%) and 9 ± 24 N ± 26.7%) were
determined for 8i 03/1-3 and 08i 03/1-4, respectively. These values correspond to the crush
loads usually measured at the standard S]i materials. figur 7 dsplays the distribution of 40
crush load measurements of 08i 0311-3. In spite of the fact that only pebbles with a diameter of
500 pm were measured, the variation of rush -loads 'is quite la-rge, ranaina rom the minimum
value of 57 N to the maximum of 16.2 N. The differences may result from different orientations
of the dendfific structure and especially from different crack orientations in the pebbles to the
normal force of the crush load.

Specific Surface Area

The specific surface area of the batches were determined by one-point BET. The Si 03/1-3
and Si 03/1-4 pebbles have a specific surface area of 020 and 025 M2/g , respectively. These
values are in the range of the usually measured value of the standard Si material 7].
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Fig� 7-- Crush load distribution of 40 measurements of 08- 0/1-3.

Table 1: Physical properties of lithium orthosilicate pebbles ex lithium hydroxide and silica

Batch OSIi 03/1-3 OSi 03M -4

S-Ize Distribution

dj / PM 260 275

d5 PM 310 345

d9c / PM 435 465

He-Pycnometry

inner density g/CM3 2.34 ± .01 2.33 ± .01

inner density % TD 97.3 97.0

closed porosity (calc. I 2.7 3.0

Hg-Poroallmetry

density / g/cm3 2.25 ± .05 2.28 ± 0.05

density % TD 93.8 95.0

open porosity 3.5 3.7

inner density g/CM3 2.34 2.37

inner density I TD 97.3 98.6

closed porosity (calc.) / % 2.7 1.4

Crush Load Tests

crush load N 10.1 ± 28 9.0 ± 24

Specific Surface Area

sped surface area I m 2/g 0.20 0.25

Chemical Analysis

Table shows the results of the chemical analysis of the pebble batches ex lithium hydroxide
and silica. The iO2 excess of the batches is in good accordance with the desired value of 25
wt%. A lithium loss by evaporation can be neg .lected in this process t8]. Due to the high purity
level of H the impurities of the product could be reduced. The amount of auminium in the
pebbles should not be higher than 006 wt% in order to reduce activation problems with 2'Al
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[9,10]. The determined amount of aluminium of about 0002 wt% is much lower than the
maximum limit and meets the demands of the specification.

Table 2- Chemical analysis of lithium orthosilicate pebbles e lithium hydraxide ad silica

Batch OS11 03/1-3 OSi 03/1-4

Principal Constituents I wt% by schott Glas

U20 48.44 ± 0.10 48.34 ± 004

SiO2 51.12 ± 0.08 51.17 ± .18

(excess SiO2) (2.4) (2.6)

IMPUetieS Wt% by FZK, IMF I

C 0.054 ± 0002 0.046 ± .001

Al 0.00238 ± 000016 0.00189 ± 000025

Ca 0.00231 ± 000014 0.00157 ± .00011

Co < 00002 < 00002

Cr < 0.0001 < 0.0001

Cu < 0.0001 < 0.0001

Fe 0.00028 ± 0.00011 0.00025 ± .00008

K 0.00072 ± 000012 0.00060 ± 000003

Mg 0.00024 ± 000007 0.00012 ± 000002

Mn < 0.00005 < 0.00005

Na 0.00122 ± 000031 0.00102 ± 0.00008

Ni < 0.0001 < 0.0001

Ti M003 ± 000012 0.00024 ± 000007

Zn < 00002 < 00002

7r < 0.0001 < 0.0001

Phase Analysis By X-Ray Diffraction

To determine the phases in the elivered pebbles x-ray powder diffraction were carried out forI I I ituent and theevery batch. As expected, the pebbles consist of L-'4S'04 as a main consti
quenched high-temperature phase Li6Si2O7 as a minor constituent 7 which is exemplarily
shown by the dffraction diagram of S- 0/1-3 In figure .

Therfnomechanical Pebble Bed Tests

For the description of the thermomechanical interaction between pebble beds and the structural
material of the blanket, characteristic pebble bed data are determined experimentally by uniaxial
compression tests (UCTs). In these tests, pebble beds in a cylindrical cavity are compressed in
the direction of the cylinder axis and both the uniaxial stress a and the uniaxial strain (defined
as ratio of bed deformation to initial bed height) are measured. UCTs are used ' to determine
for the first stress increase period the y-f- relation, respectively, the modulus of deformation
E = le., and ii) to elaborate thermal strain correlations for = const. For the thermomechanical
tests the pebbles were annealed at 1000'C in air in order to decompose the metastable high-
temperature phase Li6Si2O7 into lithium orthosilicate and metasilicate. The sample Si ex
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Fig. : X-ray diffraction of OSi 03/1-3 (m Li4_Si04 -� Li6_Si20A

silicate were annealed for 2 weeks, whereas the batch Si 03/1-3 ex hydroxide were treated for
4 weeks.

First UCTS were performed at temperatures between ambient and temperatures of 850'C in a
test facility already used previously [I 1- 3. Figure 9 shows that at ambient temperature the
presently developed OS! ex hydroxide (batch 0311-3) behaves softer (larger strains for a gen
stress value) than the 08i ex silicate produced until 20 02. In agreement with previous
measurements, the pebble beds become softer with increasing temperature; at T=850'C, this
effect is significantly influenced by thermal creep occur-ring during the stress increase period

(stress ramp - 0.6MPa/min), After reaching 9max - 4MPa-, the stress was kept constant for about
10mins in all experiments; at 850'C strain increases remarkably due to thermal creep whereas
at ambient temperature strain increases marginally due to relocations of pebbles.

Figure 1 0 contains the deformation modules E as a function of stress: for a wide range of (3, the
slopes of the curves are fairly constant and independent of temperature; the curves can be well
fitted y an expression of the type E = Ce, with m = .5 and about C = 25 -for ambient
temperature, see Table 3 With increasing T, C decreases as generally observed for all kinds of
ceramic granular materials (compare [ 3). There had been a proposal to epress C = (T) [1 1
however, in a subsequent paper 12] it was recommended for pebble bed modelling to use the
-value of C at ambient temperature and to desceibe the bed soften-Ing by the thermal creep
model. For the new 08i pebbles the temperature dependence is larger than for the 08 ex
silicate pebbles. The data base for the new Si is still quite limited. At present, for pebble bed
modelling the procedure acording to 2] is proposed.

First thermal creep strain results for a = const and different temperatures T are presented in
figure 1 1. In this plot the initial creep strain during the pressure increase period was taken into
account compare 12]). Then, the slopes of the curves become again fairly constant for nearly
the total range of creep times and are also independent of temperature and stress. Creep strain
is correlated by an expression of the type -,r = A exp(-BTT(K)) cy(MPa)P t(s)", details are given in
Table 3 Compared to Si ex silicate pebbles, the same value for stress exponent p was
observed, and a slightly larger value for the time exponent n. In total, thermal creep strain is
slightly larger for the new Si and the temperature dependence is somewhat more expressed
(for t= I 05s: Ed , osi = 1.05 116 for T= 700'C and 850'C, respectively).

icroscopic -invest -igat-I - - licate
M' . I I .on of both samples evealed a ager amount of lithium metasi I
case of the longer treated Si 03/1-3 sample. Most of the metasilicate is located at the surface
of the pebbles and at grain boundaries. As the formation of an outer metasilicate -layer
increases the surface roughness of the pebbles, the softer behaviour of Si ex hydroxide in the
pebble bed tests may arise from the longer annealing time.
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Table 3 Correlations for ModuluS Of deformation, E, and thermal creep strain, F,,.
Granular material E(MPa = Ca(MPa)m Ecr(I) A exp(-BrF(K)) c(MPa)P tS)n

C m A B p n
OSi ex silicate 12-14] 180* 0.47 12.1 10220 0.65 0.20

OSi ex hydroxide Si 0311-3) 125* 0.50 20.1 11005 0.65 0.23

T=25'C

5. -
_OSi ex silicate

4.5 - T=25 C

4.0 -

3.5 -
0.
:2
6 10
W
a' 2.5 -

2.0 -

1. -
OSi ex hydroxide

1.0 TVC)
25

0.5 - E) 8500�0 F
M 1.0 2.0 10 4.0 5.0

uniaxial strain F-(%)

Fig. 9 Stress-strai dpendence for T=250C and T=8500C.

OSi ex silicate
A T=25 C,
--> C=180; m=0.4
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E T(C) C m

25 134 0.50
25 125 0.48
25 114 0.51

700 69 0.49
D- 745 68 0.50
0 800 56 0.52

10 
0.1

uniaxial stressa(MPa)

Fig. 10: Modulus of deformation as a function of uniaxial stress.
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Fig. I : Creep strain as a function of creep time.

The experimental results of the two batches Si 03/1-3 and 14 demonstrate that the new
production route using H and SiO2 as raw materials lead to breeding material with a high
quality that meets the demands of the specification. The results, however, also reveal the poor
reproducibility of the fabrication process in the semi-industrial scale facility. The differences in
size distribution, density, porosity and crush load may be explained by taking into account the
technical conditions of this facility:

The heated air jet can only be adjusted in horizontal and vertical direction in front of the floVing
melt, therefore hot glass droplets are sprayed into a broad area and the flight times vary in a
wide range, affecting the pebble shape.

The flow rate is determined by the static pressure exerted by the weight of the molten lithium
orthos'llicate -in the crucible, whic dminishes continuously during the run due to the decreasing
glass volume. Further reduction of the flow may be caused by the gradual blocking of the
feeder.

The reduction in flow rate and some instability in the gas jet strongly influences the final
characteistics of the pebbles, usually only about 50 % of the poduced pebbles have
acceptable characteristics in terms of size and shape.

Micro cracks arise in the bulk of the pebbles due to the rapid cooling of about 50 K/s and may
also be generated in the pebbles by hitting the wall of the collecting container. Pores may be
-caused by entrapped air during the formation of droplets or by the volume contraction during
solidification and crystallization. Both, cracks and pores, strongly influence the mechanical
strength of the pebbles.

To determine all parameters that influence the pebble characteristics and the reproducibility,
fundamental experiments were recently carried out at Schott Glas. In these experiments
parameters such as the pressure and temperature at the air jet and the melt temperature were
varied. In addition, at each experiment some pebbles were quenched in liquid nitrogen. First
observations show that the pebble shape is strongly affected by the decreasing flow rate of the
melt, i. e. the decreasing hydrostatic pressure. In the early stages of the experiments all
produced pebbles exhibit round spheres. But within a short time, i. e. with decreasing flow rate,
more irregular parts are formed. Reproducibility and the rate of yield should therefore be
increased in a continuous process in an upgraded facility, which povides a better control of the
process parameters.
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Conclusions

The new -pebble batches 08i 03/1-3 and 03/1-4 produced from lithium hydroxide and silica
show properties very similar to the previous standard material produced from Li4Si04-
Compared to the -first batches made from Li O-H Si 01/3-4) the porosity and the amount of
cracks could be. reduced. In the new batches the amount of the SiO2 excess could be adjusted
to 25 ± 0.1 wt W in addition, the high puritylevel of LOH -leads to reduced impur. Ities -in the final
product, which now meets the requirements of the specification. Summarizing the first
experimental results from the thermornechanical tests It can be stated that pebble beds
consisting of the first batches of 08i ex hydroxide pebbles are characterized by a softer
behaviour during the first pressure increase period and, to a smaller extent, in respect to
thermal creep compared to the previously produced Si ex silicate. A softer behaviour results in
smaller stresses during the heat-up phase and faster stress relaxation processes at high
temperatures; effects which are presumed to be favourable for blanket operation. In the future,
more experiments are required in order to enlarge the pebble bed data base for this new
material.

Taking Into account the availability of H with different isotopes, the ew -fabrication route,
using H and SiO2 for the melting and spaying process, should be favoured for the production
of -further lithium orthosilicate pebbles. An important advantage of the melting ad spraying
process is the possibility to recycle all rejections as well as depleted material from the breeding
pro-cess�
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INTRODUCTION

The main function of ceramic breeder materials (Li4SiO4 and Li2TiO3) in HCPI3 is to regenerate tritium continuously

during ali the operation time (approx. 20,000 hours for DEMO). However the operating conditions of the blanket zone

(the temperature up to 1200 K, the flux of fast neutrons 1018_ 1019 n.M-2.S-1, the external magnetic field approx. 7-10 T, the

lithium burn-up to 15-20%, etc. can change the composition and'structure of the ceramics affecting the tritium release.

The previous investigations were aimed to investigate mostly the effects of temperature and fast neutron radiation on the

tritium release from the various kinds of ceramic materials. The magnetic field (NU) effect on the tritium release was

investigated only in a few experiments. At present, it is technically difficult to implement the simultaneous action of all

the 3 energetic factors on the tritium generation and release from the ceramic pebbles under the conditions similar to those

in DEMO or industrial fusion reactors. The NU effect on the main parameters limiting the tritium release - the formation

of radiation-induced defects (RD) and products of radiolysis (RP) as possible tritium scavengers and the W effect on the

parameters of volume diffusion of tritium.

This study had the following task:

I - To estimate the MF effect on the formation of RD and RR

2. To estimate the MF effect on the parameters of tritium release from the ceramics under conditions of high-

temperature radiolysis.

3. To test the NM effect for the Li4SiO4 pebbles irradiated under the real conditions (EXOTIC-8).
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EXPERIMENTAL

L Samples. The following 4 kinds of LOA and Li2TiO3 ceramic pebbles were investigated in this study:

Cerainics Source Batch code and comments Grain size, �im Pebble 0 mm

Li4SiO4 FZK 00/2-3, enriched with 20% 'Li 10-15 0.2-0.6

Li2TiO3 CEA CT14C2Ti/100, the natural 6Li content 1-3 1

Li4SiO4 FZK 42/93-2 1-5 0.2-0.6

Li4SiO4 FZK 42/93-2, irradiated in the EXOTIC 8/8 experiment, 20-30 0.2-0.6

the Li burn-up I %, the total neutron fluence 24 1025 M-2

2. Irradiation. Radiation-induced defects (RD) and products of radiolysis (RP) were generated in the pebbles by

accelerated electrons (5 MeV) (to 70-100 MGy-h-1 at the temperature 300-1273 K. The pebbles were marked by

tritium by means of a photoneutron source 0=2. 108 n.CM-2_S-1) up to the specific activity of 30-200 kBq.g-1.

3. Methods of analyjis. Radiation-induced defects (RD) and products of radiolysis (R.P) were determined in the

irradiated pebbles by both general methods (ESR, radioluminescence, reflection spectroscopy, photoluminescence,

thermoluminescence, X-ray diffraction, electrical conductivity, differential thermal analysis, etc.) and original

methods - the method of chemical acceptors and lyoluminescence.

4. The method of chemical acceptors enables to analyse selectively RD of electron type (F-centres, colloid Li and Si)

and RD of hole type 0-, 02-, Ob 02, etc.) in the samples having the solubility above 10-2 M.

5. The method of 1yoluminescence enables to determine RD, RP and the radial distribution of tritium in a separate

pebble, to determine the chemical forms of tritium (TO, V, -, T2) and their distribution in a pebble.

6. The ceramic structure, the grain size of both polished-etched and fractured pebbles were investigated by optical

and SEM methods.

7. The tritium release. The parameters of tritium release (D/r2for the volume diffusion, k for the desorption from

surface) were determined at the thermoannealing of the marked samples without and within MF (H=2.4 T) at the

constant temperature or at the linear temperature increase. He+O. 1 % H2 was used as the purge gas. Kinetics of the

tritium release was measured by means of a gas-flow counter TN4H-2 Tritium activities in liquid were measured by

the liquid scintillation method (LSM, the efficiency 17%).
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RESULTS AND DISCUSSION

The effect of an intense magnetic field (MF) on the tritium release in HCPB can appear:

1) as a change in the efficiency of generation of radiation-induced defects (RD) and products of radiolysis (RP) at the

radiolysis of ceramics (RD and RP can act as scavenging centres of tritium);

2) as a change in the parameters of volume diffusion of charged tritium forms T+ T) in ceramic grains (mostly - the

diffusion path).

1. The MF effect on the formation of RD and RP in the U2-4 and Li O-; ceramic pebbles

Li4SiO4 and Li2TiO3 are oxycompounds having ion-covalent bonds. Primary RD induced by neutron radiation form

through the impact mechanism as primary excitons (02�)* forming at their relaxation simple RD of electron (F-centres)

and hole 0-, jo, 02-, etc.) types. Aggregated RD and products of radiolysis (RP) form as a result of aggregation of simple

RD (Fig. 1). The primary excitons can form in either singlet (deactivation without decomposition) or triplet (deactivation

forming RD of electron and hole types) states. The RD of electron and hole types form in stoichiometric amounts.

The accumulation of RD in Li4SiO4 pebbles obtained by the different techniques is shown in Fig. 2 but that in the

Li2TiO3 pebbles is shown in Fig. 3 Increasing the temperature of irradiation, the efficiency of localisation of RD

decreases (Fig. 4. All the RD generated recombine at 600 'C. NU (H=1.34 T increases the amount of localised RD in the

Li4SiO4 pebbles at RT by .025% (Fig. 5).

The chemical yield of radiation for RD and RP in the Li4SiO4 pebbles is approx. 0 1-0.4 defects on 1 00 eV. The

degree of radiolysis is 0. -I % at I 00 MGy. The Li2TiO3 pebbles have much greater radiation stability - a is 10-3 % at 500

MGy. Colloid lithium, which is the main cause of tritium retention in ceramics (forming thermally stable LiT), forms only

in the Li4SiO4 pebbles under the determined dose and temperature of irradiation. The 2 following kinds of colloid lithium

particles form in the Li4SiO4 pebbles at the dose 10-20 MGy and the temperature of irradiation 150-300 'C: the particles

of size approx. �trn (ESR singlet, g=2.0025, AH<10-2 mT), and the particles of size - �tm (ESR singlet, g2.003 5,

AH=1 0 mT). The effect of NU on the radiolysis of ceramics appears as the transformation of primary singlet excitons into

triplet excitons (S->T) if their life time 10-8_10-9 s) is longer than the time of the spin transformation induced by NU, tSIT,

which is inversely proportional to the MF intensity:

tS-4T _ h(Ag,8H am)-'.

Because the part of singlet excitons is 25-30%, it can be predicted that te effect of magnetic field on the radiolysis of

ceramics will reach a saturation at H>1 T. The role of MF in the aggregation of RD (formation of colloid Li) was not

studied.
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2. The tritium release in MF

Tritium forms as T', To, T- and T2 in grains of ceramics (Table 1).

Table 1. Distribution of the cemical forins of tritium in the Li4SiO4 pebbles

No. Irradiation and its conditions Fractions of T forms, 

V T- To T2 (HT)

1 Irradiated with neutrons to 1017_1018 n.M-2 at room temperature 100 - - -

2 Irradiated with electrons (5 MeV) to I 00 MGy at 1 1 00 K, 95+9 2±1 - 3±1

neutrons to 5- 1017 n-M-2

3 Irradiated with neutrons > MeV) to 2.4. 102' n.M-2 in HFR (EXOTIC-8) 75±3 5±2 - 20±2

The most part of tritium is localised in the subsurface layer of a pebble, where is a higher RD concentration (Fig. 6.

The tritium release from the solid phase into the flow of purge gas takes place as a result of 2 sequential processes: the

volume diffusion and the desorption or isotope exchange from surface. The slowest process limits the total rate of the

tritium release. Therefore, the fractional tritium release, , can be divided into the fractional release controlled by diffusion,

FD, and the fractional release controlled by kinetics, FK: F=FD+FK- MF reduces the tritium release at thermo-annealing.

The effect is proportional to the grain size of ceramics and the N1F intensity in the given place of the blanket zone (BZ).

MF affects the volume diffusion of charged tritium forms (T+, T-), lengthening the diffusion path. The Larmor radius, R,

characterises the diffusion path within MF (the circular or helical motion depending on the angle cc of the particle velocity

with respect to the lines of magnetic flux). The Larmor radius is proportional to the particle velocity and inversely

proportional to the MF intensity (Fig. 7. The volume diffusion of tritium takes place as jumps into cation vacancies or

interstices in a crystal grain. The velocity of jumping particle (approx. 103 m-s-1) depends on the jump distance and the

oscillation frequency of crystal lattice, which depends on temperature. The complete tritium retention within an inner part

of a crystal grain will take place at the grain size more than 4 Larmor radii. At the operating NM intensities of 79 T in the

blanket zone, the critical grain size can be 50-100 �tm. The manufactured Li4SiO4 and Li2Ti03 pebbles have the grain size

of I -IO �tm, however, it can increase during a long-term operation at high temperature and radiation (Table 2. Tritium

retention at thermoannealing up to 1200 K in the NV of different intensity was observed also in the L4si04 (FZK)

pebbles irradiated in the EXOTIC-8 experiment (Fig. 8). The SEM micrograph confirms the increase of the grain size

during the irradiation (Fig. 9.
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CONCLUSIONS

1. The MF facilitates the localisation of tritium in the matrix of cerarnics at te irradiation at temperature below 900

K, forming additional 20-25%) radiation-induced defects as tritium scavenging centres. No MF effect of this kind

takes place at te higher temperature. At present, there is no information about the NE effect on the formation of

colloid lithium and other products of radiolysis.

2. The MF decreases the parameters of tritium release, increasing the diffusion path of charged tritium particles in the

grain volume of the cerarnics. This effect is proportional to the NU intensity and the' grain size of ceramics.

3. Irradiation at a high temperature facilitates the grain growth of the ceramics enhancing the retarding effect of NE

on the tritium release.

Table 2 High temperature treatment of reference materials

No. Ceramics Treatment Time, h T, D, Average grain Grain Composition
OC MGy parameters characterisation

Grain size, Layer
�Im thickness

4m
1 . Li2TiO3 1-3 0.4 Lamellar Li2TiO3 + 5

(CEA) structure, some wt. TiQ2

CTI thermal 12 970 - 3-5 0,4 grain boundaries did not change
4C2Ti/100, radiation 12 970 1200 3-7 1.2 appeared partly, did not change
natural Li-6 thermal pores both on
content grain boundaries

and in grains
2. Li4SiO4 10-15 Dendrites Li4SiO4 +

(FZK) 2wt. % SiO2,
00/2-3, someLi6SiA,

20 % no Li2SiO3
enrichment thermal 1 5 930 15-20 Irregular blocks, Decreased
Li-6 microcracks Li6Si2O7, SiO2

content did not
change.

radiation 15 930 1100 20-25 Irregular blocks,
thermal microcracks

increased
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Possible influence of magnetic field and temperature on processes in HCPB

MF 710 T constant Temperature 400-900 C
and changing

Radiolysis of Tritium Tritium Electrophysical
processesceramics generation release

U

Radiation yield of Reaction DT; Conductivity, ;
6the RD and R; Li (n, cc)T; The time of Voltage of

Ceramics Changes in tritium release breakdown
degradation degree cross section

+ increasing; - decreasing

e ------- 1>1 RDelec. (F+F 0X2 I RPej,�..(Lin, Si.)

To, T2 UT
HCPB RP molec.

nq LiO (07 T U20,
LiSiO, SorT SiO2,
LijiO,

e.t.c. V TiO, I

0
0- RDhole(O- 09 2 02

Fig. 1. The scheme of the formation of radiation-induced defects and products of
radiolysis and their role in the trapping of tritium in the blanket ceramics
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- i4SiO4 cond.
1 0 2 - Li4SiO4 uncond.

9 A 3 - LAS04 synthesised from Li2CO3

8 4 - LASiO4 synthesised from H
--w- - Li4SiO4+2 wt.% TeO2

UO 7

6 4

5 3

4

5

2

0

0 2 4 6 8 10 12 14
D, MGy

Fig. 2 Radiolysis of different Li4SiO4 ceramics at RT
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- -- O- Sum.
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4 - 3
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0x
U 2 -

0 -
0 �O 4'0 �O �O 160 1�0 1�0 1�0 1'80
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Fig. 3 Kinetics of the formation of radiation-induced defects of the radical type in the Li2TiO3 pebbles

(electron irradiation at room temperature)
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I - the unconditioned pebbles; 2 - the conditioned pebbles.

Fig. 4 Effect of the temperature of the irradiation of the dose 50 MGy on the radiolysis of the Li4SiO4 pebbles
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Fig. 5. Formation of RD and RP in the conditioned Li4SiO4 pebbles: I -with MF 2 - without MF
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Fig. 6 Distrtibution of T+ and radiation defects in the Li4SiO4 irradiated pebble at

RT with 100 MGy ("O" level is the surface level)
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0

;T/2R

f sin(a)da
0 RFor <a,<7E/2: where as a function of cc was calculated numerically

F 7r12
D mean fsin(a)da

0

using a model.

Fig. 7 Scheme and formulae to simulate the effect of magnetic field on the volume diffusion of V.
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Temperature, K

Fig. 8. EXOTIC- 8 LM04 ceramic pebbles. =5 'C/min.

Before irradiation, 5 �tm After irradiation in the HFR Petten
(EXOTIC 8), D = 24 1 025 n. M-2 5 [LM

Fig.9. The structure of grain size in the Li4SiO4 (FZK) pebbles by SEM method.
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1. Introduction

In order to establish a secure and efficient fuel cycle for a fusion reactor, understanding of

hydrogen isotope behavior in a blanket breeding material is required. In the case of lithium oxide (LiA,

one of the candidate solid breeding materials, tritium release rate has been extensively evaluated in various

neutron irradiation conditions and an important role of radiation defects has been pointed out [I]. Therefore,

generation and annihilation behavior of radiation defects, especially F centers 2] and Li colloid 3], were

also investigated. Despite these devoted works, however, the hydrogen isotope behavior has not been

sufficiently understood for lack of direct information about interaction of hydrogen isotope with radiation

defects. Hence, in order to clarify influence of radiation defects, hydrogen isotopes in different chemical

states, such as those interacting with or without radiation defects, should be separately analyzed. IR

absorption spectroscopy satisfies this requirement: IR absorption species, like an -D bond, show multiple

peaks by interaction of surrounding ions or vacancies 4 In the present paper, we introduce progress of

study about hydrogen isotope behavior in Li2O, conducted using IR absorption spectroscopy particularly

focusing on the influence of radiation defects.

IR
m4: Ion2. Experimental - - - - - - -

A disk sample was cut from a Li2O Single

crystal rod grown by the floating zone method [5]. The

disk has a diameter of mm and a thickness of I mm. In
d tor

order to remove the ipurities, such as LiOH and Li2CO3, S I

the sample was annealed in a vacuum Of 1XI04 Pa at

II 73 K for 2 hours. Subsequently, the sample was loaded

into the IR absorption spectroscopy system. The

schematic drawing of this system is shown in Fig. 1. This
ZnSe window

system consists of FPIR Mattson, Infinity Gold) with a I

MCT detector, an ion gun, a vacuum chamber, and a Sample ZFT-IR i I det
heating and cooling unit. In-situ IR absorption catmg
spectroscopy can be conducted under ion irradiation and ooling
pressure in the order of 10-6 Pa with the sample unit
temperature controlled in the range 173 - 1173 K. Before

a series of experiments, the sample was annealed again

under pressure in the order of 10-6 Pa at 923 K until IR Fig. I Schematic drawing of in-situ

absorption peaks related to the impurities disappeared. IR absorption spectroscopy system
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Three types of experiments have been completed:

(1) In-situ IR absorption spectroscopy under 3 keV D2+ irradiation at room temperature (R.T.)

(2) In-situ IR absorption spectroscopy under 3 keV D2+ irradiation at 228 K.

(3) In-situ IR absorption spectroscopy during heating after 3 keV D2' irradiation

In experiment (1), dynamic transitions of chemical states of irradiated deuterium ions were studied. At 228

K 2), the mobility of ions and vacancies has been kept low. Detailed behavior of hydrogen isotopes was

focused. In experiment 3), the stabilities of various -D states fon-ned by 3 keV D2+ irradiation were

evaluated, and the transitions of various -1) states occurred on heating were discussed.

3. Results and discussion

3.1. In-situ IR absorption spectroscopy under 3 keV D2+ irradiation at R.T.

Three IR absorption peaks corresponding to stretching vibration of -D bonds in different

chemical states were typically observed during/after 3 keV D2' irradiation as shown in Fig. 2 These peaks

had been attributed as follows:

(i) 2710 cnf': -1) existing as LiOD phase 6]

(ii) 2660 c-': surface -Ds 7]

(iii) 2605 enf': -1) affected by defects 4]

Intensity of these peaks varied as D2+ fluence M-2
2 4xIO21 ions

increased, and the variations showed different C.
1.8xIO" ions m-1fluence dependence as described in Fig. 3 In the

-1beginning of the D2+ irradiation, only the 2660 rri _E I.2xIO11 ions m 

peak, surface -D, was observed, and te other 6 Ox IO" ions m-1

peaks relating with -1) in the bulk did not appear.

As the fluence increased, intensity of the 2660 cm7' G)

peak had been almost saturated, and the 2605 cnf' 28FOO 27100 2600 25�0'

peak started to increase. The peak at 27 1 0 nf 1 was Wave number / cm- I

finally detected at around fluence of , X 1021 D2+ nf2. Fig. 2 Typical IR absorption spectra under

According to the reported results of 3 keV D2+ irradiation

quantum chemical calculation by density functional

theory (DFF) with local density approximation 0.24-

(LDA), W can stably stay in the bulk by formation m 2710enf': UD phase
* 2660cnf': surface -D

of 0-H with a neighboring constitutional oxygen ion )K 2605cid': -D affected by defects

Ci
[8]. It was also concluded that 0-H of interstitial H+

could migrate more easily than that of substitutional 0.12- -

for lithium ion: diffusion barrier of the fonner is 014
0.06-0.45 eV, and the latter 098 eV [8]. In the beginning

of deuterium ion irradiation, -1) of interstitial D,
0.00

not tat of te substitutional D, should be mainly I �0 �0 �0 60 70

formed because little amount of vacancies could Ion fluence/ 102') D 2+m -2

exist in the U20 sample with thermal equilibrium. Fig. 3 Variation of each -D peak intensity

Hence, most of irradiated deuterium ions are under 3 keV D2� irradiation
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thought to easily move as the -D of the interstitial D+ without existing as the -D of the substitutional W.

Some of them can reach the surface. As for the surface' it was fully covered with -OH before the ion

irradiation because the base pressure had not been low enough to prevent the -OH formation on the surface.

However, the surface became activated due to the sputtering effect by ReV D2+- Consequently some of the

D+ reaching the surface were trapped to form the surface Ds. These explanations have a good agreement

with the experimental observation that in the beginning of the irradiation, little amount of bulk -D

appeared although the sufficient amount of surface O-D was found.

As the ion fluence increases, the density of vacancies becomes high. It is known that in the case

of U20 a kind of anti-fluorite crystal, lithium vacancy is enerated much more easily than oxygen vacancy.

The amount of -D formed with the substitutional D enlarges as the fluence increases, In the present

experiment, 2605 cm7' peak did not appear in the beginning of the irradiation, and grew as the fluence

increased. These results suggest that 2605 m7' peak may correspond to -D of the substitutional D, and

that the -D of the substitutional D' can stably exist at R-T. because of high difflusion barrier [8]. As for the
surface,, -OD was fully formed with D reaching the surface from the bulk, and the sputtering and the

formation rates became balanced. Saturation of 2660 cm7' peak had occurred as the fluence increased as

shown in Fig.2.

The fori-nation of LiOD phase is not observed until sufficient amount of O-D is introduced in the

bulk because aggregation of several -Ds is required to fonn LiOD phase. In the present experimental

condition, the average doped depth of 3 keV D2+ is about 47 nm according to TRIM calculation, that is, the.

irradiated D2+ localized near the surface. In high fluence region, therefore, the f6iniation of LiOD phase

through the aggregation of several -Ds easily occurred. The LiOD phase finally became the dominant

chemical state of O-D in the bulk as seen in 'Fig.2. Detailed discussion was described in ref. 9]. The results

of the experiment (1) are summarized as follows:

(i) When the density of vacancy is low in the bulk, most of irradiated deuterium ions can esily

migrate. If some of them reach the activated surface, surface -OD is formed.

(fi) As the density of vacancy increases, some of D can stably stay in the bulk at R.T. with

formation of O-D, probably as the substitutional D+.

(iii) As the sufficient amount of -Ds is introduced in the bulk, LiOD phase is formed by the

aggregation of O-Ds.

0.05 

3.2. In-situ IR absorption spectroscopy under Inadiation at 323
Jxmdi

0.04 -3 keV D2+ irradiation at 228 K
C�

In-situ IR absorption spectra under 3
0.03 -

keV D2+ irradiation at R-T. or at 228 K with the

same fluence and flux are compared in Fig. 4 As 0.02 -

remarkable differences, restraint of LiOD phase
0.01-

formation and additional growth of the range

2700-2500 errf' were observed in the spectrum at 0.00
228 K. The igration rates of ions and vacancies 2500 2550 2600 2650 2700 1 2750 2800

Wave nu er cm
are reduced at 228 K. By the restraint of D Fig. 4 Comparison of spectra obtained under
migration, -Ds are prevented from aggregation, 3 keV D2+ irradiation at 323 K or at 228 K
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and the formation of UOD phase is suppressed. Moreover, other -D states, which are not stable at R.T.

due to their low stabilities, can exist at low temperature. IR absorption of these -Ds is considered to make

the broad peak over 2700-2500 crrf . The results of experiment 2) are digested below:

(iv) At low temperature, the UOD phase fonnation is prevented by the restraint of D' migration.

(v) Some -D states, which are not stable at R.T., can exist at low temperature, and their IR

absorption appears as a broad peak over 2700-2500 nf'.

3.3. In-situ IR absorption spectroscopy during heating after 3 keV D2+ irradiation

Spectra at 27 1 0 cnf 1 and those over 2700-2500 c-' during stepwise heating are shown in Fig. .

Variations of peak intensities were divided into two aspects: variation between 233 K and 263 K and that

between 263 K to R.T. In the former, only the increase of the intensity of 27 1 0 crrf 1 peak could be found.

Deuterium ions without forming -D state were considered to fonn UD phase. On the other hand,

between 263 K and R.T., the increase of the intensity of 27 1 0 cm7 1 peak and the decrease of the intensity of

broad peak over 2700-2500 cm-' were simultaneously observed. The -Ds of low stabilities, which was not

stable at around R-T., was though to change to UOD phase as the sample temperature increased. Detailed

discussion has been reported in ref. [IO].

From 320 K to about 363 K the decrease of the intensity of 2605 cm-' peak and the increase of

the intensity of 2710 cm-' peak were observed as shown in Fig. 6 It was considered that -D affected by

defects changed to that fonning LOD phase as the temperature increased since the decreasing behavior of

2605 cm7 1 peak intensity and the increasing behavior of 27 1 0 eff 1 peak intensity were comparable. The

decrease of the intensity of 2605 cm71 peak was analyzed as a function of heating time at 333 K and it

seemed to be a second order reaction. Two processes for aggregations of O-Ds to form the D phase

were considered. One is combination of a few isolated -Ds, and another is attachment of isolated -D into

the D phase. The fonner is thought to be a second order reaction and the latter a first. Therefore, the

combination might be a dominant process to form the LiOD phase. Quantum chemical calculation is now

being conducting to conclude this mechanism. The apparent activation energy for the decrease of 2605 cm7l

peak intensity was evaluated to be 60 U/mol from Arrhenius plots over 3 20-3 63 K.

The decrease of UOD phase started to be observed above 403 K The decreasing behavior could

be fitted to be a first order reaction, and the apparent activation energy was estimated to be 130 kJ/mol by

0.06 0.008-

......... .........0.0 -

0.006-
0.04-

0.03 - 0.004-

0 0
0.02-

0.002 -
0.01

0.00--1--l- 0.000I
2730 ' 2�20 2�10 A0 240 2650 26M 2550

Wave number cm -1 Wave number cm

Fig. Variation of O-D peak intensity during stepwise heating from 203 K to R.T.
The left focuses the 2710 cm-' peak, and the right the broad peak over 2700-2500 cm-'
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0.06 - (1) at LT. after the irradiation (.0 0 (1) at -T. after the irradiation
(2) at 333K in the beginning (2) at 333K in the beggining

7i 0.0 - (3) at 333K after hours (3) at 333K after hours
�:i 0.008
CI

0.04 -
0 0.006 -

0.03 - 2)

0.004 -
Cn 0.02 - (2)

(.01 0.002 - (3)

0.00 0.00(_
2730 27'20 27'1 0 2�00 2690 2660 2 0 20'20 26'00 ' 2580 2560

Wave number cm-' Wave number cm-'

Fig. 6 Variation of O-D peak intensity by isothermal heating at 333 K. The left focuses the 2710 cm-' peak,
corresponding to UOD phase, and the right the 2605 cm-' peak, O-D affected by defects.

Arrhenius plots over 403-473 K. This value was comparable with the reported value for the decomposition

of LiOD crystal, not LiOD phase [I I]. However, the decomposition temperature was quite different: 473 K

in the present work and 673 K in the reported. This difference was though to be resulted from the different

analysis methods, namely IR absorption spectroscopy in the present and mass spectroscopy in the reported.

The decrease of LiOD phase studied in the present work was attributed to the interface reaction between

LiOD phase and U20 crystal. Detailed discussion can be seen in ref 12]. The informations obtained by the

experiment 3) are described as follows:

(vi) At low temperature, D without forming -D can stably stay in the bulk. These D+ form -D

at around 263 K due to its low stability.

(vii) At low temperature, various -D states are possible to stay in the bulk. These -Ds change

to more stable -D states, such as LiOD phase at around R.T.

(viii) Over 320-363 K, -D affected by defects forms LiOD phase by aggregation as a second

order reaction. The combination of a few -Ds may be a dominant process to form the LiOD

phase. The apparent activation energy is estimated to be 60 U/mol.

(ix) Over 403473 K, LiOD phase decreases as a first order reaction with the apparent activation

energy of 130 U/mol. This decomposition is considered to occur on te interface between LiOD

phase and U20 crystal, not on the surface.

4. Summary

Recent progress of the study about hydrogen isotope behavior in Li2O made by IR absorption

spectroscopy was introduced. Various -D states have been observed, and their behaviors were separately

analyzed. In the results, the transition among various -D states during ion irradiation or heating were

clarified, and iportant values, such as the apparent activation energy for the decomposition of LiOD phase

on the interface, were estimated. The hydrogen isotope behavior in U20 containing radiation defects has

been partly elucidated in an atomic scale in comparison with the reported results of quantum chemical

calculation. We are undertaking further calculation to verify the obtained experimental information and to

define the influence of defects.
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1. Introduction

Lithium titanate (Li2Ti03) has been designated as a promising candidate material for the

breeding blanket because of its excellent tritium release performance [1 2 In recent blanket designs,

helium gas with hydrogen or deuterium is planned to be used as a purge gas to enhance titium recovery

and reduce tritium inventory in the breeding material. Hence, it is one of the most important tasks to

elucidate hydrogen isotope behavior on Li2Ti03 surface.

In the present study, the hydrogen isotope behavior on Li2TiO3 surface have been studied by

X-ray/ultraviolet photoelectron spectroscopy XPS/UPS) and Fourier transfonn infrared spectroscopy

(FT-IR) with a diffuse reflectance unit. These'methods have high sensitivity to the surface region. In the

former, hydrogen isotopes are detected through the observation of the electronic structure. In addition,

surface composition can be estimated and chemical states of constitutional elements and hydrogen

isotopes are identified simultaneously. In the latter, surface -Ds in various chemical states, such as those

interacting with or without surrounding ions and defects, can be separately observed as multiple IR

absorption peaks 3].

2. Experimental

2.1. X]PS[UPS

Li2Ti03 pellets provided by JAERI were used. The samples have a diameter of mm and a

thickness of 2 mm with 81.2 theoretical density. Photoelectron spectra were recorded by JEOL

JPS-9800 at a resolution of 02 eV. MgKa 1253.6 eV) and He II discharge lamp 40.8 eV) were

used for XPS and UPS, respectively. The apparatus consists of a preparation chamber and a

measurement chamber. Sample pretreatment such as heating, ion sputtering and exposure to various

gases are available in the preparation chamber. The measurement chamber was kept at 2x1 0-7 Pa during

XPS measurement and WV Pa of He gas for UPS. In the case of an insulator sample, it is known that

charge pile up occurs during photoelectron spectroscopy measurement due to the release of

photoelectrons, and that peak position shift to the higher binding energy. Hence, peak positions were

calibrated by Ar 2p peak at 241.6 eV.

2.2. FT-IR

Various samples of Li2Ti03 and O2 powder were used with purity ranging from 99-99.9%.

The experimental system consists of an Fl'-IR (Shimadzu, FIF-IR 8 1 00) with a diffuse reflectance unit, a

chamber, a heating unit and a gas introductory line. FMR measurement is available under controlled

atmosphere and temperature between room temperature (R.T.) to 973 K_ Prior to a series of experiment

the sample was kept at 873 K i dried N2 gas flow for a few days until the peaks related to 0-H were

totally removed. D20 exposure experiment was performed in the present study.
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3. Results and discussion

3.1. XPSIUPS 70

The composition of constitutional elements near the 0
60-

surface was estimated from areas of Li Is, Ti 2p and Is
50-

peaks in XPS spectra. The composition was varied by the Ar r.
40

ion sputtering as described in Fig. 1. The sputtering rate was LI

30 nm/min in SiO2 standard sample. As the sample was 30

sputtered, the percentage of Li has decreased and Ti has 20-
Ti

increased due to the selective sputtering. Consequently, Li U io- AA-A-

. AA
deficient surface have been obtained. By heating Ar sputtered

0 20 40 60 �0surface, Li percentage increased from 15 to 25 %. On the

other hand, Ti percentage lowered from 30 to 25 %, and Spuffering time / see

that was kept almost constant at around 50 %. These results Fig. I Variation of surface composition

denoted that Li emerged on the surface by heating. of Li2Ti03 by Ar in sputtering

Figure 2 shows Is peaks in TS spectra: (a)

before any treatment, (b) after Ar ion sputtering and (c) during (a) Before any treatment
....... (b) 60 sec Ar sputtering

subsequent heating after sputtering. A peak was observed at (c) Heating at 673 K for 12 h

531.5 eV before any treatment. By sputtering, intensity of this

peak gradually decreased, and another peak appeared at 530.0

W In the case of U20, 0 Is peak appears at 528.5 eV 4 FE

LiOH is readily formed by water vapor exposure, and it

shows a peak at 531.0 eV 4 On the other hand, in most 'A

metal oxides including 2, only the peak broadenin is

observed by water vapor exposure, corresponding to srface
534 532 530 528 526

-OH [5]. The peak at 531.5 eV was therefore considered to be Binding Energy eV

from Is of LiOH. The little difference in the peak position Fig. 2 0 Is spectra of Li%2Ti03

is thought to come from the calibration of peak positions: Ay in various conditions

2p was used as the standard peak in the present work and C Is

in the reported 4]. The UOH was totally removed by heating - (a) Before any treatment

after sputtering. The peak at 529.5 eV would be related with ....... (b) 60 se c Ar sputtering

0 Is of Li2TiO3. As for the Ti 2p, two peaks corresponding to (c) Heating at 673 for 12 h

T�+ 2p3/2 and Ti4+ 2p3/2 were observed before any treatment Ti4+ 2p312

i3 i3
and additional two peaks, T + 2p,/2 and T + 2P3/2, appeared at T& 2p f2

j Ti3+ 2P3/2
lower binding en by sputtering as shown in Fig 3 Theergy ID IT13+ 2P11 I I

latter two peaks of Ti'+ disappeared by the subsequent heating

at around 573 K. These results implied that Ti was reduced by

sputtering and was re-oxidized by heating. .........

Valence band spectra of Li2TiO3 under te same

conditions were obtained by UPS as shown in Fig. 4 The

spectrum before any treatment resembled that of U20 before

the treatment which contains iOH and Li2CO3 near the 468 464 460 456 452

surface 6]. By sputtering and heating, the peaks Binding energy/ eV

Fig. 3 Ti 2p spectra of Li2Ti03

in various conditions
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corresponding to -OH 3a and C p disappeared, and the

spectrum became similar to that of TiO2. These experimental (a) Before any treatment
........ (b) 60 sec Ar sputtering

results by XPS and UPS suggest that the electronic structure (c) Heating at 673 for 12 h

of Li2TiO3 resembles that of O 7 rather than U2 6 :i

after sputtering and heating treatment although the surface

condition of Li2TiO3 would become similar to that of U20

co�with UH and Li2CO3 near the surface by keeping the

sample in the air for long time.

After the heating treatment, water vapor exposure

was performed under IxIO-5 Pa D20 at 623 K for I min. In

XTS spectra, no obvious change was observed except the little

broadening of Is peak, which indicates the existence of 20 is 10 5

surface -OH. iOH was not formed. To confirm the existence Binding Energy eV

of the surface -OH, valence band spectra were acquired using Fic, 4 Valence band spectra of Li2Ti03

UPS as shown in Fig. 5. It is well known that -OH In and Ry 3a IX

peaks are formed when -OH exists on the surface [8], and

they can be detected more obviously than the broadening of 0

Is peak in S spectnun. In the obtained valence band

spectrum (Fig. 5), -OH Ry peak was observed at about I V,

although -OH In peak was not clearly found because it After exposure

overlapped in Li2TiO3 valence band peaks. It was appeared

that H20 could be dissociatively adsorbed on te surface of Before exp osar e

Li2TiO3. Note tat the valence band spectra of Li2TiO3
15 10 5 0

before/after the water exposure resembled those of TiO 7 Binding energy /eV

not U20 6]. Fig. Valence band spectra of Li2TiO3

before/after water exposure at 673 K

3.2. FTLIR

D20 exposure experiments for Li2TiO3 and 2

powder have been conducted. The result for U20 powder had
0

been reported 3 and was compared with the results of the
... ... ... . . .. .........

present work. The M absorption spectra of Li2TiO3 and O2

obtained under N2 gas flow containing 100 Pa D20 at 573 K

is shown in Fig. 6 Li2TiO3 spectra showed the product

dependence, that is, the intensities and shapes of peaks were

different among various products. These differences were
AW

considered to be resulted from the manufacturing process,
... ... .... .grain size, pre-treatment history and so on. In this stage, just 100 Pa D20 573K.. .. ..... . .... .

A . ........................
the similarity of te Li2TiO3 spectra to te TiO2 spectrum,

rather than the U20 spectrum, could be pointed out: only in wavv vambiff-- cav,
the case of U20 a very large peak at 271 crrf 1 corresponding Fig. 6 IR absorption spectra of Li2TiO3 and

to UOD phase was observed 3]. TiO2 dUnng water exposure at 573 K
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4. Summary

'Ihe surface nature of Li2Ti03 and the adsorption behavior of water on Li2Ti03 surface were

studied by XPS/UPS and FT-IR. Preliminary experiments by Ar ion sputtering, heating and water

exposure were conducted, and the following results were obtained.
fG) By Ar sputtering, Li deficient surface was made, and Ti was reduced roin Ti4+ to Till-

(ii) By heating sputtered samples over 573-673 K, Li emerged on the surface and Ti was

re-oxidized to Ti4+. The surface -OH was removed. The valence band of Li2Ti03 became

similar to that of Ti02-

(iii) By water exposure at 623 K, H20 could be adsorbed dissociatively on the surface. iOH

was not formed.

(iv) The ature of Li2TiO3 surface resembles tat of TiO2, rather than Li2O-
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Abstract
Lithium titanate (Li2TiO3) ceramics is among the most promising candidates for

solid breeder materials of fusion reactors. So far, many thermal property data of Li2TiO3

have been reported. However, those data are different from researcher to researcher and
not appropriate enough for the blanket design.
In this study, thermal properties of Li2TiO3 ceramics having different compositions
(Li2O/TiO2=0.80-1.00) have been determined with the laser-flash method over the
temperature range from 300 to 1100 K. The observed value of thermal diff-usivity
decreased with the increase of non-stoichiometry. It was found that the temperature
dependence of thermal difflusivity showed a break at around 700 K each for all the
samples, in accordance with the lattice parameters of the samples which also showed
variation at about 700K.
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1. Introduction
Tritium breeding materials for thermonuclear fusion reactors are required to have

good therinal properties, especially high thermal conductivity, as well as satisfactory
tritium breeding characteristics.

In this respect, U20, UAI02, Li4SiO4, Li2ZrO3 and Li2TiO3 have been considered
as candidate ceramic materials for tritium breeding'). Li2TiO3 has been recently noticed
as a prominent candidate because of its considerably good tritium release behavior 2) and
its low activation characteristics. Several thermal property data of Li2TiO3 have been
hitherto reported 3-6) . These data are, however, inconsistent with each other. Thermal
property data are primarily important for the blanket design, as the thermal energy
produced by the nuclear fusion has to be transferred to the coolant through the blanket
materials.

In the present study, the values of thermal dffusivity and heat capacity of different
compositions (Li2O/TiO2 =:: 0.80- 1.00) were determined from 300 to I 00 K and from
300 to 800 K, respectively, by using the laser-flash method and the differential scanning
calorimeter The thermal conductivity values are then derived.

2. Experimental
2. 1. Sample

Powder mixtures of Li2CO3 and TiO2 were calcined under air at 1223K for 10 hr.
The resulting products were isostatically pressed at 15OMpa and were sintered at 1323
K for 24 hr. In the case of these Li2TiO3 samples, Li2CO3 and TiO2 powders were mixed
in the proportion '- corresponding to -the molecular ratio Li2O/TiO2 of either 1.00, 095,
0.90 or 0.80, in order to examine the effect of the composition of specimens. These
samples are designated as LI 00, L95, L90 and L8 0, respectively, as shown in Table .

Table I Compositions of Li2TiO3 pellets.
Notation of Sample Molar ratio Li2O/TiO2 I Relative Density I Chemical formula

LIOO 1.00 80.0% L'2.OT'03.00

L95 0.95 79.7% Li1.9TiO2.95

L90 0.90 71.6% 0.929ULMM2.938

(L93.8)
+ 0.014Li4Ti5Ol2

L80 0.80 72.4% 0.744Lil.876TiO2.938

(L93.8)
+ 0.05 1 Li4Ti5O12

Theoretical density of 8 -Li2TiO3 = 343 g/CM3 3)

In case of L90 sample, Li4Ti5O12 peaks of the second phase appeared. However,
the X-ray diffraction (XRD) pattern of L95 sample was nearly the same as that of the
L93.8(Li2O/TiO2 = 0938) sample, where no presence of Li4Ti5O12 was indicated. This
means that the L95 sample used in the present work was non-stoichlometric compound
Li2-XTiO3-y.
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(n
�LijisO 12

L90 L
i2orri02 = 0'90)

Cn L93.8 (Li2orri02 0.938)

L95 (U2 O/TiO2 0.95)

35 36 37 38 39 40
2 

Fig. X-ray diffraction patterns of several Li2Ti03 related compounds.

2.2. Measurements of thermal properties
In thermal diff-usivity measurement, the apparatus used was a laser-flash

calorimeter Model LF-TCM-FA8510B of Rigaku Co.. The surface of the sample was
coated with a thin layer of carbon film to provide sufficient energy absorption. Then, the
sample was heat-treated at II 00 K. Thermal diffusivity measurements were made at
temperature from room temperature to II 00 K, by analyzing rear-surface temperature
history 'ust after a flash of laser irradiation o the front surface of the sample by the use
of the logarithmic method 7) . Adjustments for pulse-width effect were made by the
gravity method).

On the other hand, in heat capacity measurement, a differential scanning
calorimeter (DSC) Model PyrisIDSC of PerkinElmer, Inc. was used. The temperature
dependence of the heat capacity was then determined on the L 1 00 sample up to I I 0 K
using an enthalpy method. The pellets were crushed to powder of 23 [tin in particle
diameter for the measurements.

3. Results and Discussion
3. 1. Thermal diffusivity

The obtained thermal diffusivities of Li2Ti03 are shown in Fig.2 in comparison
with literature values. The scatter of the present data is within 3% over the temperature
range measured. The thermal diff-usivity of LI 00 decreased with temperature from 0. 12

2 -1 2 -1 at 1100 K.cm .S at room temperature to 0.005 CM s
Roux[5] reported the thermal dffusivity of the similar LIN up to 1000 K and her

values agree well with the present results of LI OO. On the other hand, the reported data
on Li20/Ti02 = 1.00 samples of the similar true density[3 4 are considerably lower,
especially at lower temperatures, than 1,100 data of the present study. While lithium and
oxygen defects in a sample increase, the thermal diffusivity decreases. It is thought that
this difference in these results is based on the difference in the preparation method of
the samples.

L80 contains the largest amount of TiO2 and defects of Li and 0. Accordingly the
order of thermal diffusivity was as follows,
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LI OO> L95 > L90 L80
reflecting the order of the molar ratio L120/TiO2 of the samples.

0 L100 80.0% T.D.
1.2 - A L95 79.7% T.D.

L90 71.6% T.D.

O "O 72.4% T.D.
T 1. -

0 Li
20/TiO2 = 1'00

coE - Davis[3187.5%T.D.
0.8 -Saito[41 83.0% T.D.

Li /Tio 095
2 2

Roux[51 82.0% T.D.

0.6 -

A A A

0.4 0

200 400 600 800 1000 1200
TIK

Fig.2 Thermal diffusivities of Li2TiO3

Furthenuore, inverse thermal dffusivities of Li2TiO3 are shown in Fig.3. It was
found that the temperature dependence of the thermal diffusivity showed a break at
around 700 K for all the samples, in accordance with the lattice parameters of the
samples which also showed variation at about 700K (Fig.4).

240

200 Pi

T
CqT 160 O'",

0 L80E
0 L90Q,120 A L95

0. 0 MOO

80 

200 400 600 800 1000 1200
TIK

Fig.3 Inverse thermal dffusivities of Li2TiO3-
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Fig.4 Lattice parameters of LI 0

3 2 Heat capacity

Results of the heat capacity measurements are shown in Fig.5. The scatter of the

data is within 3% up to 800K. The present result of LIOO agrees fairly well with the
6)

data obtained by JANAF Thermochemical Tables ,Christensen.9) and Kleykamp'o).

180
Davis and Haasz[31

170 (laser flash)

Roux et al.[51 Table[6]
ri� 160 (DSC)

E� 150
5%

140 Christensen et al.[91
(drop cal.)

130 MP[10]
(drop cal.) o L100

120 A L95
aito et al.[41 o L90

110 (DSC)
o L80

100

200 400 600 800 1000 1200
TIK

Fig.5 Specific beat capacity of Li2TiO3.
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3 3 Thermal conductivity
Thermal conductivity of the sample were calculated from thermal diffusivity and

the smoothed values of heat capacity of this study using eq.(3),

A=a- CP-P' (3)

where A thermal conductivity, x: thermal diffusivity, Cp: specific heat capacity, and p
density. For the density of the sample, the value at room temperature was used up to
II 00 K. The resulting values of thermal conductivity are shown in Fig. 6 together with

3-5)literature values
The present results differ from the other reported values greatly. This is because the

difference in the data of heat capacity is large.

0 L100 80.0% T.D.
A IL95 79.7% T.D.

IL90 71.6% T.D.
MO 72.4% T.D.

4
"2oTn0 = -00

-Davisp] 87.5% T.D.

0 -Saito[41 83.0% T.D.

3 - 0 1120/Ti02 = 095

----- Roux[51 82.0%T.D.
A

2-
A

200 400 600 800 1000 1200

TIK
Fig.6 Temperature dependence of thermal conductivity of Li2Ti03-

3 4 Measurement of thermogravinietry
In ceramics, the carrier of heat transportation is a phonon. In order that the increase

in a defect of sample might enlarge dispersion of a phonon, L95 and L90 showed lower
thermal conductivity than LI 0.
For making more reliable analysis of the non-stoichiometry, L95 was investigated by
means of thermogravimetry.
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The calculated values are given in Fig.7 for reduction/oxidation and reduction
cases, respectively. Molecular formula of L95 changed fTom Lil.9TiO2.95 to

Lil.876TiO2.91, by reduction and then to Ll.876TiO2.938 by oxidation. Molecular ratio
L120/TiO2 of the sample changed from 095 to 0938 by reduction. This means that the
limit of non-stoichiometric molar ratio nature is 0.938(L93.8).

Pre-measurement molecular formula Li1.9TiO2.95 Li2O/TiO2 = 095)
_ZL reduction

Molar fraction of Li2O deficiency 0.012
Molar fraction of Li deficiency 0.024
Molar fraction of 0 deficiency 0.027
Molecular formula after reduction Lil-876TiO2.911

-0- oxidation
Molecular formula after oxidation Lil.876T'02.938 Li2O/TiO2 = 0.930' )

Fig.7 Compositional expressions of Li2TiO3 after reduction and oxidation.

4. Conclusions
Thermal diffasivity and heat capacity of L12TiO3 were determined from 3 0 to I I 00

K and from 300 to 800 K, respectively, and thermal conductivity values were calculated
using the experimental values. It was found that the thermal conductivity of LIOO is
higher tan L95, L90 and the reported value of Li2TiO3, which suggests a possible
advantage of the LI 00 as a tritium breeding material. It was indicated that L95 and L90
had the lower thermal characteristics ihan LIOO as they have the non-stoichiometric
compositions and the deficit in the sample increases. The high-temperature X-ray
diffraction analysis showed that O-y phase transition occurred at about II 00 K, and it
turns out under the influence that thermal diffusivities of Li2TiO3 decrease slightly at
above II OOK.

The behavior was attributed to the non-stoichionietry of sample, and indicated
lithimn and oxygen defects of the samples effect on the thermal prosperities.

146 -



JAERI-Conf 2004-012

References
1) K. Yamaguchi, A. Suzuki, M. Tonegawa, Y. Takahashi, M. Yasumoto and M.
Yamawaki, J. Mass Spectron. Soc. Jpn. 47 1999) 10.
2) N. Roux, J. Avon, A. Floreancig, J. Mougin, B. Rasneur and S. Ravel, J. Nucl. Mater.
233-236 1996) 1431.
3) J. W. Davis and A. A. Haasz, J. Nucl. Mater. 232 1996) 65.
4) S. Saito, K. Tsuchiya H. Kawamura, T. Terai and S. Tanaka, J. ucl. Mater. 253
(1998) 213.
5) N. Roux, Proc. 6t Iternational Workshop on Ceramic Breeder Blanket Interactions,
October 22-24, 1997, Mito, Japan 1998) 139.
6) M. W. Chase, J, NIST-JANAF Thermochernical Tables, 4th ed., J. Phys. Chem. Ref.
Monograph 9 Am. Inst. of Phys., Woodbury, 1988) 1515.
7) Y.Takahashi, H. Yokokawa, H. Kadokura, Y. Sekine and T. Mukalbo, J. Chem.
Thennodyn. 11 1978) 379.
8) T. Azumi and Y. Takahashi, Rev. Si. Inst. 52 1981) 141 .
9) A.U. Christensen, K.C Conway and K.K. Kelly, Report BMRI-5565, 1960).
10) H. Kleykarnp, J. Nucl. MateL 295 2001) 245.
1 1) T. Hoshino, M. Yasunioto, Y. Takahashi, T. Teral and M. Yarnawaki, J. Mass
Spectrom. Soc. Jpn., 163-167 2003) 5 1.

- 147 -



JAERI-Conf 2004-012 III 11111 11111 11111 11111 11111 11111 1111 1111
JP0450765

5.7

High temperature reactivity of Li-titanates with H2 contained in Ar purge
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Salernitano (ENEA-Casaccia, V. Anguillarese, 301, 00060 S.M. di Galeria, Rome, Italy.)
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M.P. Stijkel, J.G. van der Laan (NRG-Petten)

Abstract

The reduction of stoichiornetric and Li-depleted Li2TiO3 (Li-Ti) pebbles was studied by
isothermal step-annealing at 900'C in Ar + 0. 1 %H2 sweep gas (R-gas, TPR cycl'=�
followed by their re-oxidation (TPO ramps) performed in 02 and in H20 vapor doped inert
gases. The pebbles were found to react by a complex process whose characteristics
(reaction rate and reduction degree) seem to depend mainly on the compound Li-depletion
degree. When the depletion degree is high a new phase could be observed to nucleate at
their grain surfaces.
A fine powder of Li4Ti5O12 spinel oxide was also studied by TPR/TPO and by Thermo-
analysis. Under reduction at 1 OOOOC in flowing Ar + 3%H2 gas the spinel powder was
found to react decomposing into orthorhombic LiO.14TiO2 phase and Li2O. TG-DTA patterns
were consistent with the relative TPR/TPO spectra, including those performed on the Li-Ti
pebbles. The high temperature reduction rate and degree of these materials were then
assumed to depend on their spinel phase content which decomposes with nucleation of
orthorhombic type Li.TiO2 phases (with 014 x < 045) at the Li-depleted grain boundary
surfaces.
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High temperature reactivity of Li-titanates with H2 contained in Ar purge

C. Alvani, S. Casadio, V. Contini, R. Giorgi, M.R. Mancini, F. Pierdominici and E.
Salernitano (ENEA-Casaccia, V. Anguillarese, 301, 00060 S.M. di Galeria, Rome, Italy.)
K. Tsushiya, H. Kawamura (JAERI-Oarai)
M.P. Stijkel, J.G. van der Laan (NRG-Petten)

1. Introduction

Li2TiO3 (Li-Ti) ceramic pebble beds have been proposed by U.S.-Canada, Europe and
Japan [1] for tritium breeding in blankets of Fusion Reactor power plants. The European
"Helium Cooled Pebble Bed" (HCPB) blanket for DEMO 2] foresees the use of pebble
beds undergoing temperature gradients with a maximum close to about 9000C 3]. This
temperature could also be reached inside the Li-Ti pebbles of the HCPB Pebble-Bed
Assemblies under testing in HFR-Petten 4.
The "dry" He + 0.1%H2 purge gas is also considered as "reference" (R) everywhere 1-4 to
remove the tritium from the pebbles while it is generated under irradiation. This gas was
found to more or less react with Li-Ti pellets and pebbles 5,6] depending on their
fabrication route which includes some TiO2 doping 7] with consequent formation of
Li4Ti5O12 spinel phase at the grain boundary surfaces [8].
This reaction was studied by observing the evolution of the consumed hydrogen
generated water (per Ti g-atom) during the reaction, following the cheme (1)

H2 + Li-Ti-pebbles - wH2O + (1 -w)H2 [black box] (1)

The kinetics was formally described in terms of O-vacancy generation in the oxides, i.e. by
assuming into the black box (1 -a)Li2TiO3-, (a/5)Li4Ti5O12-5y- with w = x + a y.
Lithium loss also was claimed to occur during these processes so that doubly non-
stoichiometry titanates could be produced under high temperature reduction annealing of
Li-Ti pebbles 9] A close relation between the ceramic breeders vapour pressures and
work function changes due to their interaction with H2 (as injected in flowing He gas) was
observed and discussed in the frame of the thermochemical performance of ceramic
breeders studied by University of Tokyo [1 0 and ref.s there in]. The Knudsen effusion tests
with D2 injections gave results, as extrapolated at 900-1 OOOOC, showing the dominant D20

partial pressure generated in the system according to (1) with a simultaneous increase in
Li species evaporation [1 0].
Aim of this work is to contribute to the understanding of the reactivity of Li-Ti pebbles (to
have a look inside the black-box of equation (1)) at the highest foreseen service
temperature in the HCPB pebble bed blanket by taking into account effects due to their Li
content.

2. Materials

Two different Li2TiO3 pebble batches were prepared (with the same starting powder
obtained as reported in ref [1 1]) as A) sintered for 2 hours at 1000C (code FN6A-1 00)
and 13) sintered at 13000C (FN6A-1300). This last sintering annealing step determined
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some lithium loss and a significant grain growth (Figure and Table 1, compare A and 
data).
A Li-Ti pebble batch doped with TiO2 (1 0% by weight, as fabricated by the wet process
with dehydration reaction [8]) and a fine Li4Ti5O12 powder (prepared in the frame of Lithium
battery development program [ 2) were also re-considered here.
The main characteristics of these specimens are reported in Table .
X-ray-diffraction (XRD) spectra were obtained using Cu Kx radiation in a Bragg-Brentano
powder diffraction-meter equipped with a graphite monochromator positioned in the
diffracted beam. No evidence of any secondary phases were found in the XRD pattern of
LiJi5012.powder indicating that this was a pure phase sample. The cell parameter,
calculated using the Unitcell programm 13], wais 8347 A, in good agreement with the
theoretical value (a=8.357 A JCPDS card 72-0426). This spinel phase was also well
detected in the PN 1 0 pebbles, the XRD-pattern has been reported in 6,8].
The pebbles microstruture was evaluated by Scanning Electron Microscopy (SEM,
Cambridge stereo-scan 250-MK3). Images of the pebble-specimen surfaces are reported
in Figure .

W

"�7 'n�
'V,

A) - FN6A-1 00 B - FN6A-1 300 PN-10

Figure - SEM images of the Li-titanate surfaces of the pebbles in Table 

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

TABLE - List and main characteristics of the examined titanium oxide specimens

Index - Form/source/code bed % of Grain Final heat Phase composition by XRD
formula densit T size treatment

(g/cm (pm) T('C) x t(h)

Pebbles/ intering)
A- Li2TiO3 ENEA/FN6A1 1 00 1.24 60.3 1-5 1 1 00 x 2 m-Li2TiO3
13- Li2TiO3 ENEA/FN6A13OO 1.43 69.0 5-20 1300 x 2 m-Li2TiO3 + Liji5012 traces
C-LiJiO, PN-10/PBL10 6] 1.74 84.8 5-30 1210 x precursors m-Li2TiO3+1 0 wtTiO2
+Li4TI5012 of Liji5012 spinel 6]

SA
Powders/ rn2/g (reaction)

D-UJ5012 I ENEA/ ref. [12]-T 7.56 10.2 1 800 x 36 1 pure Liji5012 spinel phase
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3. Reduction annealing tests

TPD-TPR-TPO equipment and methods to study the Li-ceramic pebbles reaction
(reduction) with the R-gas have been reported elsewhere 5,6]. The lithium titanate
reduction was found to start above 6500 C 5,6] and the reaction rate to increase with
temperature. The evolution of the reaction (1) was recorded after imposing a steep
increase of the specimen temperature up to 9000C under flowing 40 CM3/M in) R-gas.
H20 and C02 impurities from their surfaces were first removed by preliminary "cleaning"
ramp-annealing 6].
The amount of H2 consumed = H20 generated (mole per Ti-atom) during these reduction-
annealing steps are reported in the log-log plot of Figure 2.

reactivity of H2 (0.1 %) at 900'C
with different Li-Titanates samples

+3.80
Ti

U 12

Jaeri PNIO

U. I - +3.98
6A (1 300) -

E

13 FN6A (1 1 00) 0
CN

0

0.001 +3.998

+3.9996
10 100 1000

Time (min.)

Figure 2 - Log-log plots of the Li-Ti pebbles and spinel powder reduction degree
evolution in R-gas purge at 9000C.

The SEM images of the pebbles after the reduction run are reported in Figure 3
The reduced specimens appeared black, a nucleation of a new phase on their surface
could be observed only on the pebbles FN6A-1300 and PN-10. Although they have a
completely different microstructure, they have in common an evident presence of Li4Ti5O12

spinel phase and their reduction rate is much higher than that of the stoichiometric FN6A-
1 1 00 pebbles (in which spine[ phase could not XRD-detected). The nucleation of this new
phase could result from the generation-ordering of O-vacancies involving a deep structural
re-arrangement. Keynkamp 4] suggested LiTiO2 as possible reduction product of Li-meta-
titanates. However we think impossible to have a full Ti(Il 1) valence oxide in our reaction
pot where even very fine TiO2 oxide powders could not undergo any reduction at 9000C in
R-gas (see Appendix). To investigate this point more drastic reduction conditions were
applied to a pure LiJi5012 spinel powder.
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Figure 3 - SEM images of the pebbles
surfaces after the reduction runs (Figure 2).

COMMENTS by comparison with images of
Figure 

A) No variation observed
B) A nucleation of a new phase on the

A) - FN6A-1 00 grain surfaces is detected

C) A nucleation of a new phase on the
grain surfaces is detected

7",

B - F 6A-1 300

7

N

V

C - PN-10 PM

Differential thermal analyses (DTA) and gravimetric analyses JG) were carried out
simultaneously by a Netzsch STA 409 instrument (with its high temperature furnace). The
equipment was previously evacuated ad then filled with Ar up to oxygen elimination in the
reaction chamber. Samples (1 40-160 mg) were heated in Pt crucibles at rate = O'C/min
in flowing (1 00 CM3/M in) Ar+3%H2 gas up to 1 OOOOC then kept at this temperature for 17
hours. In figure 4 the TG signal evolution is reported. The reaction starts at 570"C. The
weight loss observed after 17 hours at 1000'C is WI= 084%. The XRD pattern of this
reduced powder is reported in Figure 5; it shows a well-crystallized product composed of
a mixture of LiO.14TiO2 95 % and Li2Ti4O9 (5 % ). LiO.14TiO2 a black compound [ 4, is an
orthorhombic phase (JCPDS card 82-1122). The experimental values for the cell
parameters are:
asp = 4.983A b sp = 9.548A C Sp =2.942A
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XPS measurements were performed with a V.G. ESCALAB Spectrometer. Detailed
spectra were acquired at eV pass energy, which corresponds to 12 eV FWHM of the
Ag3d 52 peak) Powered samples were pressed in a proper stainless steel sample holder
in order to minimize charging effects due to weak contact with the spectrometer.
The spectra collected from the Li4Ti5O12 sample, before and after the reduction (Figure 6)
showed the same difference that was observed comparing pure Ti(Ill) with Ti(IV) oxide
reported in Appendix. The "as prepared" sample was essentially similar to the anatase
sample, whereas the reduced sample was similar to the Ti2O3 sample. These results
highlighted the effectiveness of the reduction treatment, even though due to the surface
sensitivity of the XPS analysis, the surface behaviour partially masked the bulk
characteristics.
Moreover the surface of this reduced titanate powder appeared lithium enriched with
respect to the unreduced one- indeed the atomic ratio between Lil s and Ti3s
photoemission peaks, not shown here, was inverted.

All the above results suggest the occurrence of the following main reaction scheme 2)

H2 + Li4Ti5O12 ---). 5LiO.14TiO2 165 U20 + 0.35H20 (2)

................................................................................................... ................... 0.01000 

-0. 1

800 -0.2

-0.3
600 - -0.4

-0.5
400 -

-0.6

-0.7
200 -

-0.8

0 -0.9
0 60 120 180 240 300 360 420 480 540 600 660

Time /min

Figure 4 - Li4Ti5O12 mass loss (right axis) evolution under the temperature cycle (left axis)
during the reduction in Ar+3%H2 and P=10'C/min.
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Fig. - XRD pattern of the reduced sample- most of the sample is made of Lio.14TiO2 (the
diffraction peaks of this phase are shown with a bar)

Ti 2p 32 2 12

M

Reduced titanate

Li titanateC

460.0 462.5 465.0 467.5 470.0 472.5 475.0

Binding Energy (eV)

Figure 6 - XPS spectra of LiJi5012before and after reduction.
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4 - Re-oxidation runs

The re-oxidation of the specimens was tested by annealing them in oxidizing gas mixture
He + 0.1 % 02. Also the moist Ar + 1.5% H20 gas and air environments were tested.
Heating ramp were performed at the rate P=1 OC/min under flowing in oxidizing
atmosphere (TPO). The FIN16A-1300 specimen re-oxidation (Figure 7 started at low
temperatures (even at room temperature in free air) and reached its maximum at 480'C
then was steeply concluded at 5200C The balance between the 02 consumed against the
H20 generated = H2 reacted) in the previous reduction run could not be recovered, due to
the partial re-oxidation of the specimen during its manipulation in air at room temperature.
This balance was perfect in the re-oxidation of the "reduced" spinel phase (formally
UJ011.7 ) described by the complex TPO spectrum reported in Figure as obtained in
He purge containing 0. 1 % 02. This gas mixture was once again found more reactive than
moist Ar, the reaction rate showed three maxima at about 320, 420 and 5200C and was
completed at about 5500C.
Water vapour oxidation rate was found to be almost low showing a first maximum at 550'C
followed by a second step (peak at 7000C) and the total amount of reacted H20 was not
found to correspond to that needed for complete re-oxidation of the spinel powder, some
Li-loss might be occurred during this treatment.

12x 06 02

E
CO

0 8x 06
F_

C14
0

4x 06

L

0

100 200 300 400 500 600 700. 800 900 1000 1100

Temperature (C) heating rate 1 0 C/min

Figure 7 - TPO spectrum of the reduced FN6A-1 300 obtained in He + 0. 1 % 02 purge gas.
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TPO di U4 Ti 50 12 ridotto
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+0
2

E 0.008-

0

0.006-

0.004-
+ H 0

2 0.002-
C:

(D
0.000
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Temperature (C) heating rate 10 C/min.

Figure - Oxidation rates of the "black" LiJi5011.7 reduced powder. Flowing He+O. 1 %02

and Ar+1,5%H20 were used in two separate heating ramp tests.

The re-oxidation of this powder was also examined by a TG-DTA by heating ramp
1 OC/min) performed in flowing air (1 00 CM3/M in) after the previuos reduction-annealing
TG-test of Figure 4 In Figure 9 the weight gain evolution and the DTA signal are reported.
The oxidation is completed at 5500C. The DTA signal shows the presence of three eso-
thermal steps whose peak temperatures correspond to those of the TPO spectrum in
Figure 8. The weight gain resulted Wg = 0.73% after 17 hours annealing in air at 9000C.
By attributing the WI - Wg = 0. 1 1 difference to U20-10SS for the (Li2O)2-w(TiO2-y)5

formula results w = 00365 and y = 00345.
XRD analysis showed the presence of Li4Ti5012 and of Li2.03Ti3.4308 (LiO.6TiO2.3 per Ti
atom) whose low Li/Ti atom ratio < 45) also indicates that some lithium was lost during
the experiments.
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Figure 9 - Weight gain and DTA of the previously reduced Li4Ti5O12 (Figure 4 undergoing

ramp annealing 10'C/min) in flowing free air.

- Discussion

The above reported results concern a heterogeneous solid-gas reaction consisting in a

phase decomposition accompanied by nucleation of a new phase. The elaboration is a

difficult task since the high number of variables to be considered, such as microstructure,

chemical and phase composition, texture-morphology etc.. For simplicity we limited our

analysis to the total fractional evolution of the reacted H2 w(t), by assuming the reaction

rate controlled by diffusion mass transfer inside the particles (with effective diffusion

coefficient D and critical diffusion path d "unknown") 3)

W(t = W� I - 6 7r'j- n-' exp(-n 2 t 1,r) with = d2/(TC2 D) (3)

when t ,c the equation 3) can be approximated to 4)

W(t) = Wq[4�tl - 312 VI) (4).

whose time derivate w depends on the time square root resulting in 2 slope in the log w

vs.log t plots. This was the case for all the tested specimens (Figure 2 and the relativer's

best fitting eq. 3) are reported in Table 2.

The difference between the equations 3) and a simple exp-decaying w(t) function

(describing a generic reaction evolution) decreases with increasing time and for t >,r the

present diagnosis becomes insignificant, and so they are the extrapolated limits weq more

or less close to steady state (Table 2.
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Table 2 Time constant =r and reduction degree of the Li-Ti pebbles and Li4Ti5O12

powder as expressed by the total H2 reacted = H20 generated = W17 measured
after 17 hours of reduction-annealing at 900"C in R-purge gas. Row refers to the
TG/DTA test. Rows 68 reports data for other Li-Ti pebbles undergoing reduction
annealing at 8000C from ref 4 Values in brackets were extrapolated far from
investigated range

Ind Sample id. W17 Weq Note
code (mol fraction) (h)

A FN6A1 1 00 1.8 E-3 1.8 E-3 2.3 Fine-medium grain size, near stoichlometric
B FN6A13OO 6.0 E-3 7.0 E-3 10 Large grain-size and necking, Li-depleted surfaces
C PN10 1.3 E-2 (3.7) E-2 Fine columnar grains, 1 % TiO2 doped pebbles
D Liji5012 3.7 E-2 (5.7) E-2 (27) Fine powder
D Liji,012 3.5 E-2 By TG at OO'C after Li-loss correction

CT13OC7 4.1 E-3 9.6 E-3 58 Ref. HCPB 5%TiO2 pebbles, density 92% TD, fine grains.
FN5 1.8 E-3 n-m. n-m. Pebbles 92% TID reprocessed by wet route, medium

grain size, tested in EXOTIC-8.9 experiment.
FN1 3.0 E-3 9.6 E-3 50 Large grain, high porosity, Li-depleted surfaces

In spite of these doubts the reactivity rank D>C>>B>A can be stated among the examined
specimens. The W17 values give us a tool for comparison even with data obtained at 800'C
on other pebbles types [5] . The microstructure of the specimens results to be not the main
determining factor to be correlated to the reduction rates (as expressed by 1C) and to the
amounts W17 or Weq. These parameters are almost related to the Li-depletion degree in the
specimen. This claim was already made [5,81 by presuming larger O-vacancy generation
inside Li-Ti-pebbles w ith larger TiO2-doping, hence with more Li4Ti5O12 phase present.
The most stoichiometric Li2TiO3 (FN6A-1 1 00 and FN5 5]) pebbles we made showed the
lowest weq and the higherc we measured).

7. Conclusions'

Tritium recovering from the Li-ceramics by the He + 0. 1 % H2 purge gas is a well-stated
reference process for the blanket engineering, but in spite of its mild reduction power, a
certain reaction occurs when it is sweeping lithium-titanate pebbles at temperature
higher than 6500C, the reaction rate becomes well measurable above 800'C.
We reported here how this interaction develops at 900-1 OOOOC on several Li-titanate
specimens causing their color change from white to black, while TiO2 does not react at all.
Far from giving an exhaustive result, we showed the dominant role played in this reduction
process by Li-depletion at the grain boundary surface of the Li-Ti pebbles, hence by the
presence of Li4Ti5O12 spinel phase in the specimens.
This pure phase was tested in similar conditions. It was found to react and decompose
into a completely different orthorhombic Lio.14TiO2 "black" oxide 14]. Topotactic structures
to this phase are also "black" LijiO2 0.14 x< 0.45) oxides.
"Ad-hoc" TiO2 doped (or Li-depleted by sintering conditions) Li-Ti pebbles were found
much more reactive than the stoichiometric compounds, becoming "black" and nucleating
a new phase at their grain surfaces when they were exposed at 9000C on R-gas.
We then attribute to the presence of the Li4Ti5O12 spinel phase in the Li-Ti pebbles their
reactivity to the R-gas purge.
What about this kind of evolution on the 60% 6Li-enriched Li-Ti-pebbles undergoing about
20% of Li-burnup in the hottest zone of the breeding blanket 
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APPENDIX

Commercial Ti(IV) and Ti(I I I) oxides (Table A. ) were tested as done for the Li-titanates of
Table .

Table A. - Commercial 99,9% pure titanium oxide powders tested by TPR and TPO

Formula Producer Code SA (m2/g) GS (gm) Phase
TiO2 Aldrich 1317-70-0 14.7 O'l anatase
TiO2 Aldrich 13463-677 3.31 0.4 rutile
T203 Aldrich 1344-54-3 0.65 2 corundum type

The "reduction power" of the R-gas at a temperature T(K) is determined b the oxygen free
energy AG' = RT In P02 where the oxygen partial pressure is P02= K(T)- (PH20/PH2)2 with
K(T) = the equilibrium constant of the of the reaction (A-1)

H2 + 1202 = H20(vapor). (A. 1)

Since in the R-purge gas in normal condition (pressure = atm) the hydrogen partial
pressure i PH - 10-3 atm, at the equilibrium P02 given by (A. ), will depend on the
moisture level (PH2o) and on temperature (T) in the system.
The Pog values plotted vs. temperature in Figure 1.A (dashed curves) were obtained by
thermodynamic tables [1 5] for PH20 /PH2 = 10-3 and 04 

The equilibrium P02 values concerning the pure TiO2 reduction by the schemes (A2-A3))
for n= 2 3 and 4:

TiO2 --> TiO2-, + (x/2)02 --> (1/n) TinO2n-1 + (11 2n) 02 (A. 2)

x times eq.(A.1) (x=l/n) added to eq. (A.2) leads to the reaction scheme (A.3) concerning
the interaction of the R-purge with TiO2.

xH2 + TiO2 --> TiO2-, + xH20 - (1/n) Ti,02n-I + (2/n) H20 (A3)

TinO2n-1 are the crystallographic shear (CS) structures resulting from the collapse in two
dimensional extended defects (CS planes) of the point O-vacancy defects generated
under reduction 16]. n is an entire number 2 Ti(I II) content in these systems
decreases from the 1 00% of Ti2O3 (n=2, corundum phase) by increasing n. For n � 3 the
CS long range ordering leads to the so called Magneli phases (for example n = 3 4 ....
corresponding to x = , %, etch., or Ti3O5, Ti4O7 etch.). For the first n values of the series
thermodynamic data are available to evaluate the oxygen pressure P02 in equilibrium with
them. Figure A. also reports these data for n = 2 3 and 4 and shows how the reduction of
pure titania (Ti(IV)) to Ti2O3 (Ti(Ill)) or to the first Magneli phaseshould not occur below
9000C, unless (perhaps) for very high n (very small x values). This hypothesis seems
correct by looking at the experimental data reported for P02 versus x in equilibrium with
TiO2-, 16] from which we selected x = 2 10-3 at 1031 C (PO2 = 6 -1 4 atm (In P02= 30.43)
and x = 002 at - 1000 C (PO2 - 10-16.7 atm (In P02- 38.45) respectively (Figure A. ).
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Figure IA - Natural 109 Of P02 in equilibrium with the R-gas (dotted curves) and with
Ti(IV)-Ti(III) oxides as a function of temperature.

Rutile and anatase samples showed XPS Ti2p photoemission peaks with similar shape in
agreement with literature data [1 71. Ti2O3 spectrum, in spite of the fact that should exhibit
only the typical feature of Ti3+ oxidation state 18], showed even a strong contribution of
Ti4+ state due to the surface oxidation of the particles. The simultaneous occurrence of
the two valence states resulted in larger peaks with a tail on the low binding energy side
of the 32 component and with a higher background between 32 and 12 components,
compared to those of anatase.(Figure 2.A)

Ti 2 32 2 12

3

anatase

456 458 460 462 464 466 468

Binding Energy (W)

Figure 2.A - XPS spectra of pure Ti(IV) (anatase) and near" pure Ti(I II) oxide powders.
This Ti(III) oxide was tested by the two oxidizing runs, the TPO spectra showing the rates
in 02 doped He and H20 doped Ar are plotted in Figure 3.A. Oxygen additive (1 000 vpm)
in He was found more effective than water vapor additive (1.5%) in Ar, the maximum
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oxidation rates being reached at 630'c and 980'C respectively and consequent oxidation
steps concluded "quantitatively) at 9300C and 10400C.

TPO of Ti203

0.06 ......

Ti203 + H20 2TiO2 + H2
C 0.05-
E
co

0
" 0.04iz

0.03 Ti203 1202 2TiO2
0
(N

0

(D 0.02-

0.01

0.00

100 200 300 400 500 600 700 800 900 1 000 1 1 00

Temperature C) heating rate 1 0 C/min.

Figure 3.A - Oxidation rate of Ti2O3 powder in oxygen and in water vapor under heating
ramp. In He 0. 1 % 02 to oxidation rate peaks occur at 640 and 8200C. They are shifted
at higher temperatures and convoluted in a broader peak (890'C) in flowing Ar + 1.5%
H20 gas mixture.
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6. Session - Out-of-Pile Pebble Bed Experiment and Thermo-
Mechanical Behavior
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6.1 A Comparative Study on the Effective Thermal Conductivity of a Single

Size Beryllium Pebble Bed

A. Abou-Sena, A. Ying, and M. Abdou
Mechanical and Aerospace Engineering Department, UCLA, Los Angeles, CA 90095

Solid breeder blankets generally use beryllium-helium pebble beds to ensure
sufficient tritium breeding. The data of the effective thermal conductivity, kff of
beryllium pebble beds is important to the design of fusion blankets. It serves as a
database for benchniarking the models of pebble beds. The objective of this paper is to
review and compare the available data (obtained by several studies) of the effective
thermal conductivity of beryllium pebble beds in order to address the current status of
these data. Two comparisons are presented: one for the data of kff versus bed mean
temperature and the second one for the data of kff versus external applied pressures. The
data (kff versus bed temperature) reported by Enoeda et al. [1], Dalle Donne et al. 7,
and UCLA, have a similar particle size and packing fraction. Despite their similarity, the
standard deviation values of their data are around 32%. Also, the data of the effective
thermal conductivity as a function of mechanical pressure have standard deviation values
of -50%. From the presented comparisons, significant discrepancies among the available
data of kff of the beryllium pebble beds were observed. These discrepancies. may be
attributed to the apparent differences among available studies, such as experiment
technique, packing fraction, particle characteristics, bed dimensions, and temperature
range and gradient across the bed.

1. Introduction
Pebble (particle) beds have been proposed for solid breeders and neutron

multiplier materials in many of the fusion blanket designs. The helium cooled pebble bed
blanket, proposed by the European Community for the demonstration reactor (DEMO), is
based on ceramic breeder pebble beds and beryllium pebble beds. Also, pebble beds have
been suggested for solid breeders and neutron multipliers in the blanket design of ITER
(International Thermonuclear Experimental Reactor). The thermal behavior of the
beryllium pebble bed (blanket subsystem) affects the overall performance of the blanket
because the effective then-nal conductivity of beryllium pebble beds affects the rate of
heat transfer throughout the blanket. The final goal is to control the blanket's thermal
profile by controlling the effective thermal properties of pebble beds. Knowledge of the
effective thermal conductivity of pebble beds is important to the design and analysis of
the fusion blankets. The effective thermal properties of beryllium pebble beds serve as a
database for the blanket design and the theoretical models. Over the last three decades,
several experimental and modeling studies have been carried out to study the effective
thermal properties of pebble beds. In the following section, previous studies on the
effective then-nal conductivity of beryllium pebble beds are reviewed.
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2. Studies on the Effective Conductivity of Beryllium Pebble Beds
Over the last two decades, several experimental studies have been performed to

study the effective thermal conductivity of beryllium (Be) pebble beds. In the following

paragraphs, some of these experimental studies are summarized.

2.1 M. Enoeda et al. 1994)

In 1994, M. Enoeda et al. [1] experimentally studied the effective conductivity of

lithium oxide and beryllium sphere packed beds. Bed mean temperature ranged from 130

to 320'C and helium was used as a cover gas. For the beryllium pebble beds, the

effective conductivity, kff, was expressed as follows:

For Imm diameter(PF= 56%): kff (W/m.K) = 156 +3.25xlO-'T('C).

For 2mm diameter (PF 6 %): kff (W/m.K = 243 + 2.15x I - TQ.

For 3mm diameter (PF 64%): kff (W/m.K = 257 I.45xI 0-3 Tq.

2.2 T. Kujrasawa et al. 1995)
T. Kurasawa et al. 2 studied the effective conductivity of a beryllium bed as a

function of the bed mean temperature (up to 450'Q. Beryllium spheres, having diameters

of 1 2 and 3mm, were used with a packing fraction of 60%. Helium at a pressure of

O.INMa was used as a stagnant environment. The experiments were performed using a

cylindrical cell whose diameter is 100mm. The test cell was cooled by a water tube at the

center and heated from outside by an infrared image furnace. The experimental results

were correlated to the bed mean temperature as follows:
I O)X 03 TC).

For Imm. Be sphere: kff (W/m.'C = 1.57±0.03) + 2.02±0.
0-3 T C).

For 2mm Be sphere: kff (W/m.'C = 1.67±0.04) + (2.42±0.12)x I

For mm Be sphere: kff (W/m.'C = 2.18±0.06) + (1.73±0.20)x IO-' ("C).

2.3 Tehranian & Abdou 1995)
In 1995, Tehranian and Abdou 3] investigated the effect of external pressure on

the effective properties of particle beds. A series of experiments were conducted to

measure the effective then-nal conductivity and interface conductance of beryllium,
aluminum, and lithium zirconate particle beds as a function of external pressure.

Beryllium spheres, having a diameter of 2mm, were used. With helium at 700, 400, and

200 Torr, increasing the pressure from to 122 MPa increased the kff of the beryllium

pebble bed by a factor of -2 224, and 244 respectively.

2.4 M. Dalle Donne et al. 1997)
M. Dalle Donne et al. 4 experimentally investigated the effective thermal

conductivity and heat transfer coefficient of a binary bed of Be pebbles. A binary Be bed

was formed by pebbles of two different sizes 2 ± 0.3mm and 0.1-0.2mm in diameter).

The resulting packing factor of the binary bed was 80.8%. The effective conductivity of

the Be binary bed was measured at different temperatures ranged from 130 to 600'C. The

effective conductivity was expressed as a function of bed average temperature as follows:

kff (W/m.K = 731451 100652 x 10-4 x T, Q.

166 -



JAERT-Conf 2004-012

2.5 M. Enoeda et al. 1998)

The study presented by M. Enoeda et al. [5] was dedicated to measure the

effective conductivity of U20 and Be pebble beds using the hot wire method. Single size

Be (0.6mm & PF=60.3%) and (Imm & PF=62.4%) beds were used. The bed temperature

ranged from 420 to 570'C. For Be (Imm 62.4%), the effective conductivity increased

from 226 W/m.K (at 420'C) to 293 W/m.K (at 570'C). For Be (0.6mm 60.3%), the

effective conductivity increased from 182 W/m.K (at 420'C) to 242 W/m.K (at 520'C).

2.6 J. Reimann et al. 2000)

Measurements of the effective conductivity (as a function of temperature, stress

and strain) of Be pebble beds were presented by J. Reimann et al. 6 using the hot wire

method. In these experiments, bed temperature, pressure and strain were simultaneously

measured. The experiments were carried out with Imm. and 2mm. Be pebbles at

maximum pressures of 6 MPa and temperatures up to 485'C. Results showed that the

effective conductivity increases significantly with increasing stress and strain.

2.7 M. Dalle Donne et al. 2000)

Experimental investigation on the thermal and mechanical behavior of single size

Be pebble bed was presented by Dalle Donne et al. 7]. For a Be bed with 2mm. pebbles,

PF 63%, and in a temperature range of 1 00 T 6OO'C, the'effective conductivity as

a function of temperature was expressed as:

kff (W/m.K = 2499 207 x IO-' x T'C ± IO%

For a Be bed with 2mm pebbles, PF = 60%, and in a temperature range of 100 T 

6OO'C, the effective conductivity as a function of temperature was given as follows:

kff (W/m.K = 1823 2053 x 10-3 x TOC ± 10%

When the Be bed (2mm. pebbles and PF 63%) was compressed, the effective

conductivity as a function of pressure was given by:

kff (W/m.K = 228 0.180 x P(bar) ± IO% for 22 P(bar) 46.

2.8 M. Dalle Donne et al. 2000)

A binary bed of large (2±0.3mm) and small (0.1-0.2mm) beryllium pebbles was

investigated by M. Dalle Donne et al. [8] to measure the effective conductivity and heat

transfer coefficient to the containing walls. The resulting packing factor of the binary bed

was 82.5% and the temperature ranged from 100'C to 600'C. The experimental values of

the effective thermal conductivity, kff, were correlated with the bed average temperature,

T, by the following equation:

kff (W/m.K = 6016 12 x IO-' T, (-Q.

2.9 G. Piazza et al. 2002)

G. Piazza et al. 9 studied the effective thermal conductivity of a Be pebble bed

as a function of compression loads, in the range of 0-6MPa, at two temperatures (2500C

and 350'C) A bed with pebbles of Imm diameter and a packing fraction of 62% was

used. The beryllium pebbles were contained in a cylindrical steel cavity with 100mm.
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diameter and 50mm height. The effective conductivity was expressed as a function of the

strain, e, as follows.

For T =2 5 O'C: kff (W/m.K) = - .82 1 8 (_ %)2 + 10.93 (e %) 21775.

For T =350'C: kff (W/m.K = 1.9407 (E %)2 + 10.637 (E %) + 23199.

Table I presents a summary of the available studies (reviewed in the previous

paragraphs) on the effective thennal conductivity of beryllium pebble beds. It should be

noted that the ma ority (8 of IO) of the available studies did not report uncertainty

analysis, which is meaningful in these kinds of experimental studies.

Table 1: Summary of the available experimental studies on beryllium pebble beds

Study presented by Experiment kff vs kff Vs Be size Packing Error
Technique Temperature Pressure Fraction Analysis

Radial heat flow lmm, 56%,
M. Enoeda et al. (infrared electric 130-320C N/A 2mm, 61%, Not

(1994) [1] furnace heating) & 3mm. & 64% reported

T. Kurasawa et al. Radial heat flow Imm, Not
('infrared image 130-450C N/A 2mm, 60%

(1995) 2] furnace heating) & 3mm. reported

Tehranian & Abdou Axial heat flow N/A 0-1.22 Wa 2mm 63% Reported
(1995) 3]

M. Dalle Donne et al. Radial heat flow 2mm Not
(1997) 4] (center heating) 130-600C N/A + 80.8% reported

0. 1-0.2mm

M. Enoeda et al. Hot wire method 420-570C N/A 0.6mm 60.3% Not
(1998) [5] & lmm & 62.4% reported

J. Reirnann et al. Hot wire method 25, 180, 375 0-6 Wa Imm 63% Not
(2000) 6] & 475C & 2mm, reported

M. Dalle Donne et al. Radial heat flow 100-600C 0.22-4.6 a 2mm 60% Not
(2000) 7] (center heating) & 63%. reported

M. Dalle Donne et al. Radial heat flow 2mm Not
(2000) [8] (center heating) 100-600C N/A + 82.5% reported

0. 1-0.2min

G. Piazza et al. Guarded hot plate 250 350C 0-6 Wa Imm 62% Not
(2002) 9] method reported

UCLA Axial heat flow 130-420C 0-2 Wa 2mm 60.6% Reported
(2003)
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3. UCLA Experimental Apparatus
Figure I shows a schematic drawing of the experimental apparatus, used to

conduct the experiments at UCLA. The design is based on the axial heat flow method

where the heat flows from one end of the bed to the other end in the axial direction.

Thermal simulations using ANSYS (finite element code) were carried out to study

temperature distribution inside the bed. Also, ANSYS was used to detennine the region

where there was a one-dimensional heat transfer inside the bed in order to ensure that the

thermocouples' probes are located in that region. The effect of lateral heat loss was

neglected by restricting temperature measurements inside the one-dimensional heat flow

region. The Be pebbles were contained in a cylindrical container (SS-316) with a 0mm.

height, 101.6mm ID and 108mm OD. Two groups of thermocouples were inserted inside

the bed at two different azimuthal angles. Each group had six then-nocouples uniformly

distributed along the axial direction. A copper heating block was attached to the bed's top

to uniformly transfer the heat from the heater (800-W) to the bed. The heat flux was

measured using a heat flux meter, which consists of SS-316 disc and two columns of
thermocouples. The then-nocouples were located, at regular distances, in the heat flux

meter to measure temperatures at specific points. Since the experiments were performed

at high temperatures, a thermal fluid (Paratherm-NF) was used to serve as a coolant.

Multi-layered insulation was wrapped around the bed, heater, and heat flux meter to

minimize te heat loss. The bed was placed inside of a bell jar, in order to control the

cover gas type and pressure. A hydraulic press was connected to the bed to provide the

required pressure. The test article was placed inside a glove box to provide safe handling

of Be. Figure 2 shows a schematic drawing of the Be handling facility at UCLA. The

details of the experimental apparatus are presented in a previous work [IO].

Insulation Top Plate of
Hydraulic Press

Heating Block Heater

SS316 Cylinder Thermocouple

Be Pebble Insulation

Thermal Break SiC Disc

Heat Flux Meter

Bell Jar
Cooling Block

Figure 1: Schematic drawing of the experimental apparatus.
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1 Pebble Bed 3 7 Gas Cyhnder

2 Bell Jar 8 Data Auistion System

3 Glove Box 9 Glove Port

4 Hydraulic Press 10 Entry Window

Mechanical P-np 11 Computer

6 Coolant ystern 12 Pressure Gauge

10 I

0

7

4 68

Figure 2 Schematic drawing of the beryllium handling facility (glove box)

4. Results and Discussion
4.1 Effective Conductivity versus Bed Temperature

A series of experiments were carried out at UCLA to study the effective

conductivity of a Be pebble bed as a function of bed mean temperature. Helium (at

atmospheric pressure) was used as a cover gas and bed mean temperature ranged from

130 to 420'C. The bed was single size (2mm diameter pebbles) with a packing fraction of

60.6%. Steady state temperature measurements, which define the temperature distribution

across the bed, were used to calculate the bed effective conductivity assuming one-

dimensional heat conduction. At steady state, the effective thermal conductivity, kff, was

calculated using Fourier's law of heat conduction:

kff = q (Ax/ AT)

Where q " is the heat flux, Ax is the distance between thermocouples and AT is

temperature gradient. The temperatures across the bed gave a linear temperature profile

with different temperature ranges. Figure 3 shows the effective conductivity of a Be-He

pebble bed as a function of bed mean temperature (from 130 to 420'C). Also, in Figure 3,

uncertainties in the effective conductivity are given in terms of error bars. The effective

conductivity increased from 229 to 3 W/m.K with the increase of bed mean temperature

from 130 to 420'C. In other words, effective conductivity increased by a factor of 131

with this temperature range. From the experimental results, the effective conductivity can

be correlated as a function of bed mean temperature, T, as follows:

kff (W/m.K = 00022 T,('C)+ 1988

With temperature increase, the thermal conductivity of Be decreases and the thermal

conductivity of He increases. Therefore, with a Be-He bed the resulting effect is a small

increase in the bed's effective conductivity with the increase of temperature. Due to
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uncertainties in the heat flux, temperatures, and distance between thermocouples, the

effective conductivity was subjected to uncertainties as well. Regardless of the technique

used to measure kff, uncertainty is always present with all involved measurements. The

uncertainties in the experimental results were estimated and a detailed uncertainty

analysis was performed. The uncertainty in kff varied from ±7.2% (at T=420' to

±2 5 % (at T =130-C). The uncertainty in kff decreased as the effective conductivity

increased because, for high effective conductivity, the uncertainty in the heat flux (which

is the major contributor to uncertainty in kff) is lower. Uncertainty analysis should be

cons'dered when reporting the experimental values of the effective thermal conductivity

of beryllium pebble beds.

4.5 -
0 2mrn Be in He

4.0 -
PF 60.6%

3.5

3.0

-Z 2.5

2.0

t; 1.0
keff 0.0022 T 1988

0. - R2 = 09577

0.0
100 150 200 250 300 350 400 450

Bed mean temperature (C)

Figure 3 The effective thermal conductivity as a function of the bed mean temperature

Several studies have been carried out to investigate the effective conductivity of

Be pebble beds. Also, many models have been presented over the years to predict the

effective conductivity of pebble beds. The Schlunder, Zehner, and Bauer (SZB) model

[II], and Slavin et al. model 12] were chosen for the purpose of comparison with the

experimental data. The available data (previous studies and current UCLA) on the kf of

the Be pebble bed as a function of temperature were compared. This comparison, shown

in Figure 4 also included model predictions of kff by the SZB and Slavin et al. models.

All the experimental values and model predictions of kff have similar behavior as they

increase with the increase of bed mean temperature. A discrepancy among the available

data can be observed. The results, reported by Enoeda et al. [1] (2mm & PF=61%), Dalle

Donne et al. 7 (2mm & PF=60%) and UCLA (2mm & PF=60.6%) have a similar

particle size and packing fraction. Despite the similarity, the standard deviation values of

the kff values of the three studies are around 32% (see Figure 5). The discrepancy may be

attributed to a wide range of independent parameters affecting kff, such as experimental
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procedures and technique, pebble size and characteristics, packing fraction, temperature

range and gradient across the bed, and bed dimensions.

4.0 - 0 UCLA (60.6%,2mm)

3.5 * Reimann (I mm, no strain) 61

A Reimann (2mm, no strain) 613.0
E Pi27za (62%,I mm, no strain) 9]

2 .5 . .. ............I 7----- ------ ------ -........................ ........ ......

------ Dalle Donne (60%,2mm) 7]
'Zi ........................... ......... .............. ....... .........................................................=01 2.0 .... ........ IPOA� ............. .... Dalle Donne (63%,2mm) 7)

A0 A Enoeda (56%,I mm) I0 1.5
Enoeda (61%,2mm) 1]

1 .0 . .. ........ ..... ............. .. ....................................... ......... ................ ... ........................... .. ............. .......... ... ...

Enoeda (64%,3nim) 1]
0.5 SZB mod. (60%,2mm) [I 1]

0.0 Slavin mod.(60%,2mm) [ 1 2]

100 150 200 250 300 350 400 450 500

Bed temperawre (C)

Figure 4 Comparison of the available data on the effective conductivity of Be pebble beds.

4.0

3.5 T

3.0

2.5 - . .... ..3 7
2 .0 . ......... . ........ - ................ .....................................................................................7----------------------- T

0
1.5 0 UCLA 60.6% 2mm)

1.0 ...... ..... ... .............. ........... O A verage

Dalle Donne (60%,2mm) 7]
0 .5 . ........ .... ................................. ......... ------------- --------------

Enoeda (61%,2mm) 11
0.0

100 150 200 250 300 350 400 450

Bed temperature (C)

Figure 5: The effective conductivity versus bed temperature (comparison of similar studies).
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4.2 Effective Conductivity versus Mechanical Pressure
A series of experiments were conducted to study the effect of mechanical

pressures on the effective conductivity of a Be pebble bed. The mechanical pressure

varied from 04 to 20 MN and helium was used as a cover gas. As shown in Figure 6,

the effective conductivity values are plotted versus pressure at four bed mean

temperatures (100, 180, 270, and 350'C). When the pebble bed was compressed with 2

NIPa at these temperatures, the effective conductivity increased by factors of 253 230,

2.18, and 211 respectively, compared to those with no pressure. When the pebble bed is

compressed, the pebbles are rearranged into denser packing, leading to a small increase in

the bed packing fraction. Also, the elastic and plastic deformations of the pebbles

increase their contact area. All these changes work to increase the effective conductivity,

in particular, because the thermal conductivity of beryllium is much higher than that of

helium. The uncertainties in the kff values are p resented in Appendix A.

6.5
6.0 - 2mm Be in He

PF=60 .6%
� .5 ... .... ...

5. - 044�'011> 4.5

4.0 -

3.5 - OTm=100C

3.0 MTrn = 80 C
2.5 . .......................... ......... .................. ................................................. ............. .......

2.0 --------------- .... .. .......... ... ........... .. .... ......... ........ ......... .................... 0 Trn = 3 0 C

1.5
0.0 0 5 1.0 1.5 2.0 2.5

External applied pressure Wa)

Figure 6 Effect of mechanical pressure on the effective thermal conductivity.

The current UCLA data on the effective then-nal conductivity versus pressure

were compared with the available data obtained by previous studies as shown in Figure 7.

Regarding the comparison here, the calculations proved that the standard deviation values

are about 50%. It was observed that there exists a discrepancy among the data of the

effective thermal conductivity as a function of mechanical pressure. The pressure values

and corresponding values of the effective thermal conductivity of beryllium pebble beds

are influenced by some parameters; such as compression technique, initial packing,

pebble characteristics, fraction of pressure transmitted to the bed, friction forces at the

walls, and ratio of bed height to diameter. All or some of these parameters contribute to

the discrepancy exist among the various experimental results. It is worth mentioning that

this comparison does not include some previous studies (e.g. Reimann et al. 6], Piazza et

al. 9 which reported data on the effective thermal conductivity of beryllium pebble

beds as a function of strain.
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Figure 7 Comparison of the available data on kff of Be pebble bed versus pressure.

4.3 Effect of Mechanical Pressure on Contact Area
Some experiments were conducted to study the effect of pressure on the effective

conductivity of a Be pebble bed with vacuum at 100'C. Figure shows kff of a Be

pebble bed, versus pressure, with both helium and vacuum as a stagnant environment Be

pebbles of 2mm diameter were used and the packing fraction was 60.6%. The effective

conductivity with vacuum increases significantly with the increase of pressure. A

pressure of 0.8MPa was enough to increase the kff to 3W/m.K at Tm=100'C, this value

was previously obtained at Tm=420'C with helium. Also a pressure of 2NWa increased

the kff to 4.4W/m.K at Tn,=100'C, while the corresponding value with helium and no

pressure was 2.17W/m.K. In general, the heat flow through the pebble bed has three

components; namely molecular conduction and radiation through the gas, conduction

through the pebble, and solid-solid conduction. The gaseous conduction is considered the

dominant heat flow path inside the pebble bed. A previous study [10] showed that the

effective conductivity with He is larger than that with vacuum by a factor of 6 Therefore

the cover gas has a significant impact on the effective conductivity (this is true with no

compression). However, when the pebble bed is compressed, the solid-solid conductance

has a larger contribution to the heat transfer. Also, the ratio of solid to gas conductivity

plays an important role in heat flow mechanism across the bed. When this ratio is high,

contact area characteristics have a significant impact on the effective conductivity. This is

because the heat tends to follow the path of least thermal resistance in the solid region

focusing at contact area between pebbles. Figure shows that, despite vacuum, the

effective conductivity significantly increases when the bed is compressed. Specifically,

the effective conductivity is 0.39W/m.K at zero pressure, and increases from 125 to 44

W/m.K with increasing pressure from 04 to 2NWa. In addition, at the same pressures, the
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effective thermal conductivity values with helium are larger than those with vacuum by

values ranging from 09 to 138 W/m.K.
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0.0 t

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Mechanical pressure (MPa)

Figure 8: Effective conductivity versus mechanical pressure with helium and vacuum

5. Conclusions
The available data of the effective thermal conductivity, kff, of beryllium pebble

beds were reviewed and summarized in this study. For comparison, the recent UCLA

data on the ff of a beryllium pebble bed as a function of temperature and external

pressure were presented. The recent UCLA data showed that, for a single-size (2mm.

diameter) Be pebble bed with a packing fraction of 60.6% and He at the atmospheric

pressure, kff increased from 229 to 3 W/m.K with the increase of bed mean temperature

from 130 to 420'C. Also, the kff of a Be-He pebble bed as a function of external applied

pressure (from 04 to 20 MPa) was measured at four bed mean temperatures (100, 180,

270, and 350'C). When the bed was compressed with 2NVa at these temperatures, the kff

increased by factors of 253 230 218, and 211 respectively compared to those with no

pressure. Also, with vacuum (instead of He), the kff significantly increased when the bed

was compressed. A pressure of MPa increased the kff to 4.4W/m.K at I O'C, while the

corresponding value with He and zero pressure was 2.17W/m.K.

The available data (previous studies current UCLA) on the kff of a beryllium

pebble bed were compared. Although the results (kff versus bed temperature) presented

by Enoeda et al. [1], Dalle Donne et al. 7 and UCLA, have a similar particle size and

packing fraction, the standard deviation values of their data were around 32%. In addition,

the data of kff as a function of mechanical pressure had standard deviation values of

-50%. This study concludes that there appears to be a large discrepancy among the

available data on the effective thermal conductivity of beryllium pebble beds. This

discrepancy may be attributed to a wide range of independent parameters; namely
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experiment technique, pebble characteristics, packing fraction, temperature range and

gradient across the bed, and bed dimensions. Therefore, it seems necessary to agree on an

optimized experimental apparatus for future studies. In addition, the majority (8 of 10 of

the previous studies did not report uncertainty analysis, which is meaningful in these

kinds of experimental studies. Reporting uncertainty in kff values is important because it

helps to evaluate the usefulness of techniques and the validity of results in each study.

Further experimental efforts may be required to obtain a more accurate and complete

database of the effective then-nal conductivity of beryllium pebble beds in order to

increase confidence in the Be pebble bed performance.
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Appendix A

Figures 9 10 I and 12 show the uncertainties in ff of Be-He bed with

pressures (at T, 100, 180, 270, and 350'C respectively). For T=IOO'C, uncertainty in

kff ranges from ±21% (at P=2MPa) to ±33.5% (at P=0.4MPa), and for T,=180'C,

uncertainty ranges from ±10.2% (at P=2.16MPa) to ±15% (at P=0.4MPa). While for

T,=270'C, uncertainty varies from ±7.3% (at P2MPa) to ±9% (at P=0.4mpa) and for

T,=350'C, uncertainty varies from ±6% (at P=2.16MPa) to ±7% (at P=0.4NWa). It was
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observed that the uncertainty decreases wth increasing pressure because for higher

values of bed conductivity, due to external pressure, heat flux through the bed increases

and therefore the uncertainty decreases. This is because higher bed effective conductivity

results in hiaher heat flux and therefore larger temperature gradients across the heat flux

meter.
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Figure IO: Uncertainty in effective conductivity of Figure 12: Uncertainty in effective conductivity of
B effle bed with pressure (T,= I 8O'Q Be/He bed with pressure (T =350'C)
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6.2 Measurement of effective thermal conductivity

of a compressed Li2T103 pebble bed

H. TANIGAWA, T. H.ATANO, M. ENOEDA, M. AKIBA

Japan Atormic Energy Research Institute, Naka Fusion Research Establishment

The DEMO blankets with the water-cooled ceramic breeders have been developed in
JAERI [I]. In the concept, small pebbles of ceramic breeders are packed into the blanket
container. During operations, deformation caused by different thermal expansions between the
pebble beds and structural materials may cause the deviation of effective thermal conductivity of
the beds. In addition, swelling and creep of the beds could make thermo-mechanical parameter
changed. In order to establish a design for the DEMO blanket, it is necessary to estimate thermo-
mechanical properties of the breeder materials. In the present paper, the thermal conductivity of
Li2TiO3 pebble bed under different compressive loads and temperatures are measured.

Measurements were perfon-ned using pebbles of Li2TiO3 with 2mrn diameter. They were
packed into a test cell made of alumina. Diameter of the packed bed was 75nim and height
60nim. The cell was installed into a quartz tube, which was located on a tensil e test-apparatus,
INSTRON. The load rod was connected to the cell and passed through the quartz tube. Both ends
of the quartz tube were sealed with rubber rings. The atmosphere in the tube could be controlled
from vacuum of 10-3 Pa to He gas of 0.2MPa. Temperature of sample beds was controlled from
room temperature to 973K by an infrared heater. Under compression up to 1 OMPa, the effective

thermal conductivity of the pebble bed was measured by the hot wire method 2]. In the present

study, a thin platinum wire was horizontally embedded in the center of the pebble bed. The

compressive loadworked to the pebble bed vertically.

AccordinR to the revious experiments where a different apparatus was used, it was

clafflied that the effective thermal conductivity of the Li2TiO3 pebble bed linearly increased with

deformation of the bed 3]. In the previous apparatus, the wall of the test cell was steel.

Therefore, the experimental conditions such as temperature, time and compressive load were

limited, due to the'creep of the test cell. In the present study, a improved test cell made of

ceramic was used in order to avoid the creep of the cell. For the preliminary experiments, the

then-nal conductivity of alumina pebble beds wthout load was measured in the air. The obtained

conductivities showed good agreements with reported values. At each temperature, it was found

that the thermal conductivity of the pebble beds ncreased when the beds were compressed. The

effective thermal conductivity of the Li2T103 pebble beds will be measured and analyzed by

Schl-finder-Zehner-Bauer correlation. Effects of the compressive load on the effective thermal

conductivity will be discussed.

[1] H. Takatsu, H. Kawamura, S. Tanaka, Fusion Eg. Des. 39-40 1998) 645.

[2] M. Okazaki et al., J. Chem. Eg. Japan. 14 1981) 183.

[3] T. Hatano et al., Fusion Sci. Technol. 2003) in press.
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6.3

Contact Models for Ceramic Breeder Pebble Bed Systems with Thermal Creep

Zhiyong An, Alice Y. Ying, and Mohamed Abdou

Mechanical and Aerospace Engineering Department
University of California, Los Angeles

Los Angeles, CA 90095-1597
an�fusion.ucla.edu

Abstract:
In this paper, the discrete element method (DEM) is employed to understand and quantify
thermal creep behavior for ceramic breeder pebble beds in solid breeder blanket system. Unlike
solid material, stress distribution in a pebble bed system is highly concentrated in a me-
dependent local zone of contact area. According to previous study, the initial creep can be
significant due to stress concentration, but it can become much relaxed as the contact area grows
and stress magnitude is reduced. However, understanding creep evolution during blanket
operation is important to ensure adequate blanket performance.

The phenomena and parameters involved in a ceramic breeder pebble bed creep deformation are
complex, and different mechanisms are related, such as power law and diff-usion flow. Specially,
at a fixed temperature, the stress magnitude at the contact determines the dominating creep
mechanism. Without taking into account these contact information, previous analysis based on a
Coble creep model fails to predict the initial creep rate and shows a much lower value as
compared to experimental results. The objective of this paper is to evaluate different contact
models for thermal creep deformation evaluation. Furthermore, the model provides information
related to stress relaxation time, an important characteristic for creep consideration. Stress build-
up in the system, via either differential thermal expansion or irradiation swelling, must decay fast
enough to prevent adverse operating conditions such as an increase in thermal resistance as the
result of formation of a gap at the interface. Analysis based on a diffusional relaxation
mechanism has shown a stress reduction by one order of magnitude in about 20 hours.
Experiments are being carried out in order to provide data that can validate the model developed
and to augment our knowledge on this issue.
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Experimental results Numerical simulation
im Different structural damage condition m Concepts of thermal creep For c < 40 MPa
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Numerical simulation
m Contact model simulated by FEM code (NLARC)

The FEM calculated normal contact force F,, is consistent with that

predicted by the Hertz theory
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Conclusion
M The experimental facility enables us to study the thermal

creep behavior of the ceramic breeder pebbles, and gives
the defon-nation magnitudes from interaction between the
structure and pebble bed at different temperatures.

11 The numerical simulation by DEM using effective Macro-
model is able to capture the "trend" of the experimental
data concerning thermal creep characteristics, however the

absolute values still need to be resolved by finding the
correct material properties.

E According to the numerical results and experimental data,
it sows that in a ceramic breeder pebble bed, it is not
dominated by a single creep model, the creep model
should be determined according to the contact forces.
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6.4

Revision of Drucker-Prager cap creep modelling of pebble beds in fusion
blankets

D. Hofer(", M. Kamlah('), S. Hernismeyer (2)

FZK IMF 11, Hermann-von-Helmholtz-Pl. 1, 76344 Eggenstein-Leopoldshafen, Germany
(2) FZK, IKET, Hermann-von-Helmholtz-Pl. 1, 76344 Eggenstein-Leopoldshafen, Germany

Introduction

As part of the European Fusion Technology Programme, activities are carried out on the
Helium Cooled Pebble Bed (HCPB) blanket concept of the DEMOnstration fusion reactor.
These activities are based on the use of ceramic breeder materials and beryllium neutron
multiplier in the form of pebble beds. The design of such components requires the use of
simulation tools to predict the thermomechanical behaviour of these granular systems.
The current HCPB Design consists of shallow ceramic breeder and beryllium beds separated
by stiffening and cooling plates. High stresses and strains are expected with this design
because of the mechanical interaction between the beds and the surrounding steel structure
due to their different thermal expansions.
A modified Drucker Prager model implemented in the FE code ABAQUS is used to describe
thebehaviourofbothgranulates[l].Thistheo 'isabletomodelfrictionalmaterialslikesolls
or other granular materials, which exhibit pressure dependent yield. A so called cap is added
to the classical Drucker-Prager-model, which allows the inelastic hardening mechanism to
accouift for plastic compaction.

Experiments

Experimental research has shown that pebble beds have highly nonlinear mechanical
behaviour 3], which is mainly caused by the variation of the bed stiffness during loading and
unloading (figures I and 2.
During the first compressive loading, the material is strongly compacted at low pressure level.
Increasing the compression stress leads to an increase in deformation and the material
becomes denser, which causes a decrease in the compaction rate. At very high loading the
strain tends to reach an asymptotic value.
The unloading stress-strain relationship is also nonlinear as can be seen in figure 2 (left). A
part of the deformation remains irreversible during unloading.
The pebble bed materials additionally show a creep behaviour at high temperatures.

3-

Figure 1: Experimental setup of the oedometric test (left) and 2D test right) 3].
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Figure 2 Stress - strain relations of the oedometric test (left) and 2D test (right)

(orthosilicate) 3].

Another important phenomenon of beryllium pebble beds is the change of thermal

conductivity with increasing deformation. This is caused by the increase in contact areas

during loading and experiments have been performed at FZK to measure this phenomenon

[3].

Drucker-Prager model

The macroscopic mechanical behaviour of pebble beds is described by a Drucker-Prager

model combined with a nonlinear elasticity law proposed by Coube 4].

The elasticity model is based on the experimental observation that pebble bed materials show

nonlinear behaviour during unloading. Therefore, the Young's modulus is proposed to be a

function of two stress invariants, the Von Mises-stress q and the hydrostatic pressure p:

2E = A, l+V q2 + 3 _ V) 2 + EO

3

Here, E. is the residual Young's modulus after complete unloading. A,, and s are material

parameters and the poisson's ratio is given by v.

The plastic behaviour is described by a so called Drucker-Prager-Cap model. This theory

assumes that elastic behaviour occurs for as long as the stress state lies within a yield surface.

Figure 3 shows a representation of the yield surface in the p-q plane. The surface consists of a

linear Drucker-Prager shear failure surface F a transition surface Ft and a cap F, The

pressure dependent shear failure segment Fs takes into account that the material is able to

withstand higher shear loadings as the pressure increases. It is a perfectly plastic yield surface

and o hardening is possible. The cap has an elliptical shape and is added to model pressure

dependent yield. Its position is represented by the hydrostatic compression yield stress Pb. Ft is

introduced to provide a smooth transition between both surfaces and the parameters d, P, R a

and K are used to define the shape of the yield surface. A detailed description of all

parameters can be found in [I].
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The model includes an inelastic hardening and softening mechanisms to represent plastic
compaction. These mechanisms are given by a function that relates the hydrostatic
compression yield stress pb and volumetric inelastic strain (figure 4.
The model allows for two possible creep mechanisms (cohesion and consolidation creep)
activated in different loading regions (figure 5). Consolidation creep only occurs if > In

that case the effective creep pressure P-" is given by

- or

P P PI, (2)

ABAQUS allows the use of time hardening and strain hardening as creep laws. In our case the
strain hardening form has been used I

Cr )n [M (A (P, (3)

Here, e' is the volumetric creep strain A and n are positive material parameters and
< M 0.

q1 transition
surface, Ft

shear failure, F, -----------------------------------------------
/N
I O(d + p,, tan,8)

d + p,, tanfl

cap, F.,

P.: P

R(d + p,, tan,8)

Figure 3 p-q plane of the modified Drucker-Prager-Cap model.

192 -



JAERI-Conf 2004-012

Pb q
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softening
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i
Figure 4: Evolution ofpb as a function of the volumetric inelastic strains EV'01 (left), cap
hardening and softening mechanism (right).

q1 �

cohesion cohesion and
creep consolidation creep

consolidation
creep

no creep

>
P" Pb P

Figure 5: Creep mechanisms.

Oedometric test

The non-linear elasticity model and hardening parameters have been calibrated by comparing
the computed data with the oedometric test 3].
The obtained values are used later for the volumetric heating example. Two different loading
histories have been studied. The first one consists of a loading ramp of one second followed
by an unloading phase of the same duration. The second loading history includes an additional
period of one day where the force is held constant as seen in figure 6 The influence of wall
friction is neglected in these simulations.
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Fmax Loading and unloading

Geometry:

F,

t

Loading creep phase and
unloadingF

t

Figure 6 Simulation of the oedometric test.

The comparison of the numerical simulation and the experimental data 3] is presented in
figure 7 The agreement between calculated and measured data during the compression phase
is acceptable. Releasing the load causes numerical problems and the model is unable to
represent complete unloading.

.6
FEM
experiment

-

4-

CL

3-

2-

0
0 0.005 0.01 0.815 0.02

PY

Figure 7 Uniaxial stress versus uniaxial strain for the oedometric test (ceramic breeder
material). Comparison of experiment and numerical result.

Several simulations have been performed in order to study the influence of different creep
parameters (equation 3. It can be seen that those parameters don't effect the loading curve.
The magnitude of creep strain depends strongly on m. Additionally, plastic unloading occurs.
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This phenomenon can be easily understood by examining the Drucker-Prager surface in the p-
q plane. During unloading, the stress point hits the shear failure line (figure 9, additionally
causing material softening according to figure 4 The evolution of the creep strain and of the
effective creep pressure are presented in figures IO and 1 1. The creep pressure (equation 2)
declines continuously during the creep phase. This causes the creep strain to reach a saturation
level.
The cap form influenced by the cap parameter K is of particular importance for the creep
evolution. If the cap has a very slander shape, the stress point moves during loading along the
shear failure line. In this case, the effective creep pressure is very small or zero and the creep
mechanism is inactive. An expanded shape of the cap ellipse results in considerable effective
creep pressures and considerable creep strains (figure 12).

7

..... =-0.6
m=-0.7
m=-0.8

5-

a- 4-

3-

2-

0 0.005 0. 1 0.815 0.82 0.825 0.03
F I I

Figure 8: Uiaxial stress versus uniaxial strain for various creep parameters m.

q

loading
......... unloading

P
Figure 9 Evolution of stress during loading and unloading
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Figure 10: Evolution of creep strain.
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Figure 1 1: Evolution of the effective creep pressure.
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Figure 12: Comparison of different cap shapes.

Simple application

As part of the qualification of the existing thennomechanical soil model for the ceramic
breeder, a simplified geometry of a single breeder bed under thermal load is calculated. Figure
13 shows geometry, loading (volumetric heating) and boundary conditions applied to the D
plain strain model.
When examining the results obtained from simulations, it is noted that:

• The maximum pressure of 03 MPa is obtained as can be seen in figure 14. It is also
noted that the minimum pressure value obtained at the wall is half of that at the center
of the Pebble bed.

• The variation in the Von Mises, stress is much smaller than that of the hydrostatic
pressure (figure 15).

• Plasticity leads to a hydrostatic pressure yield stress of 0.6 Mpa (figure 16)
• Very small creep strains occur (figure 17).

adiabatic 500 C
'A 500 C

77
1 mm-----------------

A! 500 C

200 mm

25 MW/M3

3 MW/M3

Figure 13: Geometry, boundary conditions (top) and then-nal loading of the simplified
breeder bed (bottom).
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Figure 14: Hydrostatic pressure p (section A-A).
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Figure 15: Von Mises stress q (section A-A).
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Figure 16: Hydrostatic pressure yield stress (section A-A).
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Figure 17: Magnitude of creep strain (section A-A).

Conclusions

A continuum model commonly used in soil mechanics analysis is compiled by use of a finite
element software and has been used to simulate the thermoniechanical behaviour of pebble
beds. The Drucker-Prager Cap theory accounts for inelastic volume change, cap hardening,
nonlinear elasticity and pressure dependent shear failure. The hardening mechanism allows
for defining the hydrostatic pressure yield stress as a function of the volumetric inelastic
strain.
Volumetric creep is considered in order to simulate the pebble bed behaviour at high
temperatures. Here, the strain hardening option has been used for the consolidation creep
mechanism.
The model has been calibrated using the fitting curves of the oedometric test given by
Reimann et al. 3]. The fitted data has been used to calculate a pebble bed with simplified
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boundary conditions loaded by nonuniform volumetric heating. This calculation
demonstrated tat the model is capable of representing creep behaviour under volumetric
heating conditions.
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Investigation of Heat Treatment Conditions of Structural Material for Blanket
Fabrication Process

T. Hirose, S. Suzuki, K. Shiba, T. Sawai, S. Jitsukawa and M. Akiba

Japan Atomic Eniero, Research Institute, 80 1 -1 Mukoyama, Naka-machl, Naka-gun, lbaraki-ken,
311-0193 Japan, hiroset�fusion.naka 'aeri.go

_J -Jp

This paper presents recent results of thermal hysteresis effects on ceramic breeder blanket
structural material. Reduced activation ferritic/martensitic (RAF) steel is the leading candidates
for the first wall structural materials of breeding blankets. RAF steel demonstrates superior
resistance to high dose neutron irradiation, because the steel has tempered martensite structure
which contains the number of sink site for radiation defects. This microstructure obtained by
two-step heat treatment, first is normalizing at temperature above 1200 K and the second is
tempering at temperature below I 100 K. Recent study revealed the then-nal hysteresis has
significant impacts on the post-irradiation mechanical properties.

The breeding blanket has complicated structure, which consists of tungsten amor and
thin first wall with cooling pipe. The blanket fabrication requires some high temperature joining
processes. Especially hot isostatic pressing (HIP) is examined as a near-net-shape fabrication
process for this structure. The process consists of heating above 1300 K and sostatic pressing at
the pressure above 150 MPa followed by tempering. Moreover ceramics pebbles are packed into
blanket module and the module is to be seamed by welding followed by post weld heat treatment
in the final assemble process. Therefore the final microstructural features of RAFs strongly
depend on the blanket fabrication process. The objective of this work is to evaluate the effects of
thermal hysteresis corresponding to blanket fabrication process on RAFs microstructure in order
to establish appropriate blanket fabrication process.

Japanese RAFs F82H (Fe-O. I C-8Cr-2W-O.2V-O.O5Ta) was investigated by
metallurgical method after isochronal heat treatment up to 1473 K simulating high temperature
bonding process. Although F82H showed significant grain growth after conventional solid HIP
conditions 1313 K x 2 hr.), this coarse grained microstructure was refined by the post HIP
non-nalizing at temperature below 1313 K. This result implies the thermal hysteresis effects
could be canceled by the appropriate heat treatment. Therefore the heating conditions
corresponding to fabrication should be combined with refinement heat treatment.

Recent progress in the investigation of mechanical properties of RAFs which
experienced several thermal history and the joining properties of solid state bonding of
RAFs/RAFs and RAFs/high-heat-flux-materials are also discussed.
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m Fabrication process for in-vessel component in DEMO
• Structural material is Reduced Activation Ferritic/Martensitic

Investigation of Heat Treatment steel (RAFM).
• Breeding blanket will be fabricated by near-net-shape process

Conditions of Structural Material in a with Hot Isostatic Pressing, HIP.

Blanket Fabrication Process im Dissimilar joint technology for armor structural bonding will be
needed for plasma facing component, first wall and diverter.

T. Hirose, S. Suzuki, K. Shiba, T. Sawai, w Heating process of structural material
S. Jitsukawa and M. Akiba m Some heating is needed for a component fabrication process.

m The mechanical properties of RAFM strongly depend on heating
conditions.

Dept. of Fusion Engineering Research

Japan Atomic Energy Research Institute, m Joining technology
hiroset0fusion.naka.jaeri.go.jp m 3oining technology with less damage on the materials is needed. C-1

im Thermal expansion of RAFM is three times larger than that of W. >
3

0
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Reduced activation ferritic martensitic steel, RAFM Ductile brittle transition temperature,.DB-FT
Bl..W EgM-,ig b. 1..k.tE,,gM ... Mg b.

D.pt. F-1- Egl,,.,i,,g R .... �h, JAERI D.Pt F-1- EgM ... Mg R--h, JAERI

* Modified 9Cr-lMo heat resisting steel. M Materials with B.C.C
Ductile-brittle transition behavior ofstructure show ductile to F82H

* Harmful (long-term radioactive) elements, such as Mo, brittle transition behavior. 300

Nb, and N were removed and/or replaced by low Upper shelf nergy, (USE)

activation elements. 250 <! ......... ........... 0

F82H: Fe-OAC-8Cr-M-0.2V-0.05Ta The transition 200
temperature, DBTT is the

150lower limit of materialsim Tempered martensite structure Z
usage. 1100Good resistance to neutron irradiation.

is High density dislocation, lath boundaries, flne precipitates 50 0 0

work as sink sites for radiation defects. 0The initial DBTT should 0 V
be low, because the 150 200 =RBTT 250 300

Heat treatment is needed. Temperatwe (K)

Two step heat treatment is needed to obtain the structure. neutron irradiation raises
the DB-rT.

5 >

L\D

Heat treatments of RAFM Grain size
BI-kf E,,g1- 1,,g I.b. Sl..k.t E,,gh,..,ig I.b.

Dpt. F..j." E"gl-,I,,g fts...h, JAERI Dpt. F-1- E,,gi ... Mg R-..,,.h, JAERI

* Two step heat treatment... DBTT depends on the
prior-austenite grain Grain size dependence of DBTT.

* Normalizing (HIP, Welding, Brazing etc.) (PAG) size. F82H steel
Heating to obtain martensite structure is performed at higher than 270
900CIC. Coarse grain
m Normalizing heat treatment is performed at above the x->y 250 High DBTT

transformation temperature. To obtain a fine grained
is As normalized RAFM is strong and brittle due to excess solute carbon. 230

The grain size depends on normalizing condition. steel is useful to long 210lifetime blanket structure.
im Tempering (PWHT, PHHT) 190

Heating to obtain tempered-martensite structure is performed at Fine grain
lower than 8000C. Grain boundaries play as 170 -> Low
• Tempering makes some carbides, tempered RAFM is tough and strong sink site for radiation 150 DBTT

steel. 0 50
• Precipitation morphology depends on tempering condition. defects, therefore fine M. AG dia PM)

grained steel has good
The relationship between normalizing condition and grain size are
discussed in this work. resistance to irradiation.
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Microstructure of F82H after the fabrication,2�2ss�s Experimental procedure
MI Bl..kt Egl ... Mg b.

D�pt. F-i- Egh-fig R.---h, JAERI Dpf. ..i- Egi-rl�g R--h, JAERI

HIP simulating heat treatment test.
is The bonding, HIP (Hot Breeding blanket structure, mock up la Materials used: F82H IEA (DPAG 120�Lrn)

Isostatic Pressing), brazing F82H TMCP* (DPAG:261im)
should be performed at F82H+0.1%Ta (DPIG: 20�Lrn)
high temperature. *Thenno Mechanically Controlled Process

The higher temperature m Temperature: 970, 1000, 1040, 1100-C
a Heating/cooling rate: 400 IC hr. (Simulating HIP furnace)heating causes m Holding time: 2 hr.

microstructural changes in
the steel. Chemical composition (wt.%)

Microstructure of C I Si Mn I S I Cr W V Ta N
F82H before HIP F82H after HIP F82H-IEA 0.1 0.1 0.1 0.001 7.8 2.0 0.2 0.04 0.004 0.007

N, F82H-
HIP: 10401C x 2hr TMCP 011 0.1 0.1 0.001 8.0 2.0 0.2 0.05 0.004 0.007

F82Hm The heating during HIP 0.1 0.1 0.1 0.001 8.2 1.9 0.2 0.09 <0.001 0.002
caused +0. 1 /oTa I -- I I

PAG coarsening. The composition of IEA and TMCP was almost same.
The DA, of TMICP and 0 I %Ta was almost same. >

C)

41-

Okiectives Grain size change by HIP simulating heatinqVi Bl-k.t Egi,,..,hg .b. BI..k.t E,,gl,,..,r-g Ib. L\D

D.pt. ..i- Egl ... Mg R.--h, JAERI D.pt. F.-;I.,, E,gi,,..,I,,g R..,.-h, JAERI

HIP simulating heat treatmentTo clarify the heat treatment response of 300 Holding time: 2hr. El 0.10/oTa steel kept flne grain at
* F82H TEA 10400C.F82H. 250 M F82H TMCP
A F82H+0.1%T, Conventional composition

E
200 steels, IEA and TMCP with

0.05%Ta, showed grain'
150 coarsening at 10400C.To establish heating process to fabricate .
100 The conventional steels showed

blanket structure with fine grained RAFM. different grain sizes below
50 10400C, although they had

MA almost the same composition.0
As -. hed 1200 1300 1400 They were heated at the same

To in Ve5ti Heat treatment temperature (K) temperature.

im Structural material High heat flux material. MThermal and/or mechanical hysteresis were not dissolved by the

(F82H / W) heating at conventional normalizing temperature (10400C).
mThe grain sizes were affected by its original grain size, grain size

before heating.
10 mHeating above 11000C is needed to homogenize the grain size. 2



Grain coarsening and tantalum B1..k. Egi.-Ig b. Homogenizing and refining the PAG BI-W Eg1,,,!.,Mg b.

1600 Dpt. F..-;i.. E,gi..,I,,g R...-h, JAERI Effects of high temperature HIP treatment D.pf. F..i- Eg1-.,Mg JAERI

TaC soluble temperature calculated m TaC is the precipitate along
from soluble products. [%C]=O.l HIP at homogenizing temperature followed by low temperature normalizing

1500 - M. T,.- 0,L, JNM 258-263 1998) 1158, with grain boundaries, and it
I Homogenized Homogenized Homogenized Hom genized

1400 1363 K I immobilize the grain at 12001C x 1hr. +9301C x 0.5hr. +9401C x .Shr. +97001C x 0.5hr.

.... boundaries.0 1290 K (10171C
130 The grain coarsening occurred

�i 1200 above TaC soluble temperature <Ui

1100 of each steels.

1000 The grain coarsening was
Conventional 0.1%Tasteel caused by dissolution of TaC.

[steel
900 5 PM

0 0.05 0.1 0.15
Tantalum contents (wt.%)

Although low temperature HIP suppress the grain coarsening, The ferrite/martensite dual phase structure was observed after
it could degrade bonding properties. 9200C heating. It is known that the dual phase steel shows

significant DBTT shift by neutron irradiation.
High temperature HIP followed by refining heat treatment Fine PAG, average diameter: 30�trn, was obtained by normalizing at >

could be a solution to obtain fine grained RAFM. 3 930-970'C. 1 5 l:IJ

CD
CD
�4

HIP condition to obtain fine PAG Impact properties of heat treated F82H I
131-k� Egi.,-Mg b. BMAN E�gh-,Mg kb.

D.pt F.,�,I.. Eg1..d,,g R..... 0, JAERI Dpt. F.I.. E,gl� ... Mg R h, JAERI

Low temperature HIP below TaC soluble temperature. 450 10mmCVN i pact test The fine grained F82H
400 0 as received

A /M d.al phase demonstrated the almost
This Process requires severe preparation for HY such 350 * Fine grained martensite

300 same properties with asas surface AnIsh conalltions, to keep bonding properties 21
250 received ones.

Effect5 of thermal and mechanical hi5tories 200
150corr'esoonaling to fabrication. El F82H with ferrite phase

< 100
50 showed the highest DB-rT.
0

High temperature HIP with homogenizing followed by a 150 200 250 300

refining normalization. Test temperat.re (K)

H1qh temperature HIP requMes easy surface AIsh m The homogenizing and refining process could be useful
conditions. to fabricate tough HIP joint.

HIP dissolves any thermal and mechanical hystere5is.

im It also improve the toughness of base metal.
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Summary Bl-k.f E�gi� ... Mg W.

D.pt. F-1- E9M ... i�g Rh, JAERI

* The conventional normalizing (10401C x .5hr.) was not enough to
dissolve the mechanical and thermal hysteresis.

* HIP treatment at higher than 11001C can homogenize the grain size
of F82H. The post HIP low-temperature-normalizing (930-9700C)
made the PAG fine.

* This high temperature HIP and PHHT could improve the joining
properties and the toughness of F82H HIP joint.

* The mechanical tests on HIP joint processed at 11000C followed by
normalizing at 9600C are in progress.
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Recent tritium breeding experiments with lithium titanate mock-ups
irradiated with DT neutrons

iloVb bAxel Klix", Yury Verz , Kentaro Ochiai6, Takeo Nishitan , Akito Takahashi'

' Department of Nuclear Engineering, Osaka nVuersity, Sulta, Japan
bFusion Neutronics Source, Japan Atomic Energy Research Institute, Tokaimura, Japan

Experiments with breeding blanket mock-ups composed of layers of beryllium, ferritic steel F82H and
6Li enriched lithium titanate, Li2TiO3 are currently under investigation at Fusion Neutronics Source
(FNS) of JAERI. Pellets of Li2TiO3 were used as detectors for the tritium production rate inside the
tritium breeding layer. A method for direct measurement of low concentrations of tritium in Li2TiO3

was developed. After irradiation, the pellets were dissolved in concentrated hydrochloric acid and the
tritium activity in the sample solution was measured by liquid scintillation counting. This method was
applied to several mock-up experiments and the experiments analyzed with three-dimensional Monte
Carloc calculations. In some cases the tritium production rate was found to be overestimated by the
calculations.

KEYWORDS: FNS, D-T neutrons, breeding blanket, lithium titanate, tritium

I Introduction 100
r -So rce: FENIS�_

Tritium is a fuel for fusion reactors based on the E T

Deuterium-Tritium (DT) fusion reaction. It must be pro- 1:� 10
duced artificially in a lithium compound in the breeding .0

Q) T :7 -7 7-7,blanket which surrounds the fusion zone. A sufficiently U) _ i
U3

high tritium production performance is an important de- f
sign parameter for the breeding blanket. To maximize

.2the tritium production rate (TPR), the lithium in the
blanket is usually enriched in 6Li in current conceptual _T-

re
designs since the reaction cross section for the tritium 0.1

6production is so high for low energy neutrons compared T T FP7 F=
7 T -T T1 FF.of 7to that Li which is a threshold reaction, see Figure Li (nnaT L h

1. Therefore, the blanket designs contain also neutron evil 1 evil ii".i
moderating, and for enhancing the tritium production, 1 E-6 1 E-4 0.01 1 100
neutron-multiplying materials. A primary candidate for Neutron energy, MeV
moderation and multiplication is beryllium. But other
materials in the blanket, such as structural aterials
(steel) and impurities may reduce the TPR by neutron Figure 1: Cross section of tritium production reactions in
capture reactions such as (n,-�) and (n, c.p. 2). lithium

Mock-up experiments with blanket materials are there-
fore conducted which allow to study the effects on the steel F82H, lithium titanate enriched in 6Li, and beryl-
TPR experimentally and also to validate the computer lium. They were irradiated with the DT neutron source
code and nuclear cross section data which are essential of the 80 degree beam line.
tools for the R&D work.

Recently, mock-up experiments with candidate materials 2 Local TPR measurement
for the future DEMO fusion reactor have been conducted
at Fusion Neutronics Source (FNS) of JAERI. The breed- A method has been developed which allows to mea-
in, assemblies consisted of layers of low activation ferritic sure tritium directly in lithium titanate by means of small11

'Corresponding author. ak1ixWnshp.tokai.jaeri.go.jp

2charged particle
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position and experimental conditions.
Liquid scintillation counting (LSC) techniques allow to
measure such low tritium activities, but it is necessary
to dissolve the pellet and prepare a solution which is
compatible with the -applied liquid scintillator. For the
presented method, concentrated hydrochloric acid was
used as solvent for the pellets. A typical pellet with a
mass of 034 g was dissolved in 48 g of HCI at room
temperature in a teflon vial. After several days a clear
yellow solution was obtained. The solution was neutral-
ized with a lwt% NaOH solution. This NaOH concen-
tration was chosen because a stronger NaOH solution
caused too much heat release upon addition to the acidic
lithium titanate solution.
During the neutralization, a white deposit appeared
which was taken into account when calculating the TPR
from the measurement. F�rom the clear part of the neu-
tralized solution, I - 2 ml were taken and added to the

Figure 2 A block of lithium titanate and a pellet detector liquid scintillator (Ultima Gold XR, Packard Bioscience)
in a standard 20 ml PE vial. The finished scintillation

pellet detectors which can be inserted into holes in blocks cocktail was counted in an Aloka-5100 beta spectrometer.
of lithium titanate used to build the breeding layers, Fig- Figure 3 shows the entire procedure schematically.

ure 2 It is expected that the application of TPR detec-
tors made of the same material as the breeding layers will 4 Cocktail performance
reduce uncertainties in the measured TPR caused by in-
homogeneities especially in the 6Li concentration. This is When adding the sample solution to the scintillator,
important because in such a thermal-type blanket (most the counting efficiency decreases due to quenching. But

at the same time, the decays per time in the vial will
of the TPR from thermal and epithermal neutrons) the increase since more tritium is now in the cocktail. A
thermal neutron spectrum and hence the TPR change performance parameter of such a cocktail is the figure
substantially within short distances due to the presence of merit (FOM) defined as the product of efficiency and
of strong neutron absorbers 6Li). incorporated sample mass. Figures 4 and show the ef-

ficiency and FOM which was obtained for cocktails pre-
3 Sample processing technique pared from lithium titanate powder of natural isotopic

The source neutron yield of the DT source is on the composition. Scintillation cocktails with a sample load
order of 1016 neutrons of 14 MeV energy into 4 during (solution volume/ cocktail volume) higher than 20% were
each of the experiments. The accumulated tritium ac- unstable and decayed into two phases. Such two-phase
tivity in the pellets is 20 200 Bq depending on their cocktails cannot be used for counting.

Pellet
li�s NaOH solution

W wo
from clearweeks
part

C1 ntinato P

Photomultiplier

Figure 3 The pellet detectors are dissolved and liquid scintillation counting is applied.
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Figure 6 Gamma lines of scandium isotopes in one pellet
Figure 4 Efficiency of the scintillation cocktail. after irradiation with DT neutrons.

1.2X 03
To vacuum pump

CD .OX, 03

FE
CD

E
8.Oxl 0-4 Cocktail unstable

E
M Li d

6.Oxl O' El nnitroge

Flask 1
0
LL. 4.Oxl 04

D

0.05 0.10 0.15 O.�O 0.25 0.30

Load [Sample volume Gocktail volume]
To vacuum pump

Figure 5: Figure of Merit (FOM) of the scintillation cocktail.

The maximum of the FOM is reached when the cocktail
becomes unstable, an optimum mixture is then a sample
load just below 20%. Liquid

nitrogen
Hot

5 Activated impurities water
Flask I Flask 2

Activated impurities in the sample solution may in-

crease the counting rate for the sample and add uncer- Dewar

tainty to the measurement.

A pellet with 40% 6 Li enrichment was analyzed with a

high purity germanium detector after irradiation with

14 MeV neutrons from the Rotating Target of FNS and Figure 7 Cryo distillation apparatus. First, the salty solu-

a waiting time of a few days. Gamma lines could be tion is frozen in Flask 1, after evacuation Flask I is heated

identified only for three scandium isotopes from (nc.p.) and the water collected in cooled Flask 2
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4.5 a negligible influence on the measured TPR value with
640 Li enrichment the salty solution. The TPR in the diagrams is normal-

ized to the specific activation of Nb foils attached to each
4.0 - pellet during irradiation, instead of the usual sour ce neu-

Cr tron yield.

3.5 6 Application in mock-up experiments
C
0 A typical set-up for the initial series of experiments

with one breeding layer 40% and 95% enrichment) is
2 3.0 shown in Figure 10 A more detailed description of the
CL Li TO solution
E 2 3 experiments can be found in Ref. [1].
2 Liji distillation

03

2.51
1 2 C:,

Pellet number

FNS 80 deg. line CD

TiT target 300

Figure 8: Comparison of samples from the salty solution and
200 ------ ----- ----------cryodistilled samples.

C)

Li'CO
3.0 3

% 6 Li enrichment95 Li TO solution
2 3'

O
0- Li2TiO3 distillation Aluminum frame I

2.5 Steel dek V

'O

16 F82H sheet(t 1.0)
0 F82H sheetC.) 2.0
:3 (t 1.6)
P
C L ...............

.. ...............................................E .................
..................
. ...............
.............. .

Pellet 1.51
1 2 3 4 5 1 Pellet 6

OxPellet number ....................................................

F Beryllium

Figure 9 Comparison of samples from the salty solution and

cryodistilled samples. Pellet (t =2 3ded by BC Unit: mm

reactions of titanium. They emitt also beta particles,

but the energies of these betas are mostly outside of the Figure 10: Cross sectional view at the assemblies with one

counting window of the tritium measurement. breeding layer.

To estimate the influence of those impurities, pellets of

40% and 95% 6 Li enrichment each were irradiated and a The assembly consisted of sheets of F82H steel,

solution was prepared as described above. From these ten beryllium blocks and lithium titanate blocks. It was

solutions, ten cocktails were prepared. Parts of each so- surrounded by lithium carbonate blocks for shielding off

lution was treated with cyodistillation as shown in Fig- room-returned neutrons. An example of a measured TPR

ure 7 to separate the tritium in form of HTO from im- profile is shown in Figure 11.

purities. Scintillation cocktails were also prepared from The obtained TPR profile is typical for a thermal-type

the collected water. The result is shown in Figures and blanket. It can be seen that the TPR on the surface of

9. No clear difference is seen between the TPR measured the breeding layer next to the beryllium is substantially

directly with the salty solution and the cryodistilled sam- higher than in the middle of the breeding layer. This dif-

ples. It is therefore concluded that these impurities have ference is caused by a self-shielding effect, the very high
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macroscopic cross section for tritium production causes for the fast flux. The obtained tritium production rates,
the absorption of neutrons entering the layer with ener- however, were overestimated by the calculations. The
gies below I eV so that they cannot contribute to the reason is not yet clear, but additional experiments with
TPR deeper in the breeding layer. These neutrons pro- assemblies with one breeding layer with beryllium and
duce tritium near the surface instead. with/without source reflector as well as re-calculations

of previous experiments done at FNS with clean beryl-

3.OxlO-' lium assemblies suggest uncertainties in the SS316 nu-
clear data to be responsible for these overestimations.

2.5xl 0_'- Exper�rnent Further investigation of this issue is in progress.
0 FENDUMC-2.0

0-32.0x1 _
1372mm

1.5xl 0-3_

D-T neutron Be!ylliurn SS316 source reflector. SS316 assembly
n 1.0X10-1 source zone endo re

-45.0x10 E E
Neutron E E

0 .0 1 . . . . . . . . . . . . . . . . . . . . . . . . . source
.... ......... ------------

--------------------------------------------------------------------------

-------- Error estimate
LU

i .0 V

0.9 --------------------------------------------------------------------------V0 2 4 6 8 1 0 2
Position in breeding layer mm Cross section of the breedin assembly

Figure 11: Tritium production rates measured in an assembly
with 95% enriched lithium titanate, F82H, and beryllium. 16 12 3 50 12 3 100 12 3 10 mm

Another investigated assembly with three breeding lay- E F82H E L2T03 M E3e

ers is shown in Figure 12. The enrichment of the lithium
titanate was 40%. The DT neutron source and the breed-
ing assembly were enclosed in a SS316 stainless steel en- Figure 12: Cross sectional view at the assembly with three
closure to simulate a neutron field closer to that of a breeding layer.
fusion reactor. The bare DT neutron source of FNS pro-
duces a neutron spectrum dominated by the 14 MeV peak 7 Summary
from DT neutrons while the the spectrum in a fusion re- A method was developed which allows to measure
actor is softer due to neutrons scattered out of the steel very low tritium concentrations directly in lithium ti-
structures of the vessel which have undergone inelastic tanate which is currently applied in breeding mock-up
and elastic scattering. experiments at FNS. The local tritium production rate
The neutron spectrum in the assembly was verified with was obtained by lithium titanate pellet detectors inserted
activation foils. A more detailed description of the ex- into the breeding layers which are dissolved after irradi-
perimental conditions and measurements can be found in ation of the assemblies, and the accumulated tritium is
Ref 2 counted by liquid scintillation techniques. Activated im-
The experiment was analyzed with the three-dimensional purities in the solution of the pellets were found to be
Monte Carlo transport code MCNP-4C 3 and the state- negligible.
of-the-art cross section data library FENDL/MC-2.0[41 The measurement method was applied in mock-up ex-
in Ref. [5]. Most nucleax responses were obtained from periments with candidate materials for the future DEMO
the JENDL Dosimetry File 91 6 and the ACTXS library reactor breeding blanket. Experimental assemblies con-
[7]. A reasonable agreement between Monte Carlo neu- sisted of sheets of F82H low activation ferritic steel,
tron transport calculations and the experiment was found lithium titanate, and beryllium. In some experiments
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Figure 13: Tritium production rates measured and calculated in an assembly with 40% enriched lithium titanate, F82H,
beryllium and a SS316 stainless steel enclosure. Three different cross section data libraries were used for beryllium while the
data for the other materials were taken from FENDL/MC-2.0 only.

the assemblies and the DT-neutron source were enclosed [3] J. F. Briesmeister (Ed.). "MCNpTM - A Gen-
in SS316 stainless steel. eral Monte Carlo N-Particle Transport Code, Version
Monte Carlo neutron transport calculations with MCNP 4C". LA-13709-M, LANL, 2000.
and state-of-the-art cross section data libraries overesti-
mated the tritium production rate when an SS316 source [4] H. Wienke and M. Herman. "FENDL/MG-2.0
reflector was present. This issue is currently under inves- and FENDL/MC-2.0, The processed cross-section
tigation. libraries for neutron-photon transport calculations,

version I of February 1998". IAEA-NDS-176 Rev.
0, 1AEA, 1998.
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Abstract

The breeder blanket and the blanket tritium recovery system are tested using test blanket modules

during ITER campaign. And then, these are integrated with the tritium plant for the first time at a

prototype reactor after ITER. In this work, impact to the tritium plant by integration of the solid

breeder blanket was discussed. The method of tritium extraction from the blanket and the choice of

the process for breeder blanket interface should be discussed not only from the viewpoint of tritium

release but also from the viewpoint of the load of processing.

I Introduction

Discussion about the fusion reactor after ITER has started. In the ITER campaign, the test of the

breeding blanket is carried out using test blanket modules. However, these are not connected to the

tritium plant, and there is no plan to process the bred tritium directly in the tritium plant. At the

fusion reactor after ITER, the breeding blanket is connected to the tritium plant for the first time.

Therefore, examination of the phenomenon that is caused by the accepting of bred tritium to a tritium

plant should be carried out in parallel to the ITER campaign. In this report, the concept design of the

prototype fusion reactor is used as example, and problems raised up between the blanket and tritium

plant are discussed.

2. Summary of tritium plant

A schematic flow diagram of a tritium plant is shown in Fig.l. Tritium plant consists with the

fuel processing system and safety control system, and the fuel processing system consists with the

plasma exhaust processing system and breeder blanket interface system (BBI). The isotope

separation system (ISS) and water detritiation system (WDS) are centre systems in the tritium plant.

A schematic diagram of these systems is shown in Fig.2. The promising system of ISS is the
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cryogenic distillation columns, presently. ISS accepts various hydrogen isotopes from the fuel

cleanup system, the blanket and WDS. The layout of columns depends on the composition of

hydrogen isotopes in the input and output. The promising system of WDS in ITER is the

combination of the liquid phase chemical exchange (LPCE) column and the electrolysis cell. The

regeneration water from the ventilation detritiation system (VDS), that from the air detritiation system

(ADS) and a part of the coolant water are accepted at the LPCE column. A part of tritiated water

concentrated is electrolyzed at the electrolysis cell, and enerated hydrogen isotopes are sent to ISS.Z.,

On the other hand, WDS removes tritium in exhaust gas (mainly ) of ISS by using natural water.

ISS, WDS, VDS, and ADS have the function to decrease the tritium level in the gas emitted to

environment below to a regulation value.

Recovery of bred tritium is carried out at BBI. In the ITER design, the blanket is not connected

to the tritium plant. So, this system is not installed into the tritium plant. The promising tritium

recovery method for this system has not been decided yet.

3. Blanket tritium recovery system

In case a ceramic breeder is used as a breeder material, the bred tritium is extracted from the

blanket by passing helium gas through the region of breeder material in the blanket. Helium sweep

gas is circulated between the blanket and BBI. Bred ttium is separated from helium sweep gas at

the BBI.

3-1 Process flow

Two types of blankets, which have different cooling system, are probable, however, only a water-

cooling type blanket is assumed in this work. Fig.3 shows a process flow diagram of a water-cooling

type blanket. In Japan Atomic Energy Research Institute, the conceptual design of the fusion reactor

with the super critical water-cooling blanket has been carried out �'I. The fusion output and ttium-

breeding ratio are 2.3GW and 11, respectively. So, the ttium generation rate is expected to be

386g-T2/day. Basic conditions are also shown in Fig.3.

3-2 Design condition of BBI

Design condition of BBI is almost equal to the conditions of sweep gas at the outlet of a breeder

blanket. So, the method of tritium extraction from breeder material affects the BBI system

components. Tritium material balance in a blanket system is expressed as:

ST = I T,'.,� - (1)

S=T2 generation rate [mol/s]

I=Inventory increase rate [mol/s]

FT2, out=mass flow rate of T2 at the outlet of blanket [mol/s]

0 =branch ratio

=efficiency of titium recovery
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At the steady state of tritium recovery, tritium inventory does not increase. So, the mass flow rate of

tritium is decided by the branch ratio and the efficiency of tritium recovery. And, if the mass flow

rate of helium and the overall pressure of the system are constant, the partial pressure of tritium at the

outlet of the blanket can be decided. In case of lithium ceramics, the chemical form of bred tritium is

assumed to be tritiated water, and tritium is extracted in HT form via isotope exchange reaction by H,�

addition. If based on the equilibrium constant of an isotope exchange reaction, it is necessary to add

1-12about 100-200 times as much as tritium in order to recover 99% of tritium as HT Fig.4 shows

a correlation between the branch ratio and the partial pressure of tritium in case of water-cooling

blanket. Basic conditions proposed by Enoeda et al. 11 were used for estimation. The mass flow rate

of helium is 74.9mol/s, H/T ratio is 100 and the leakage via permeation is ignored. The amount of

recovery is equal to that of generation. Therefore, the partial pressure of tritium increases with

decrease of the branch ratio. The partial pressure of tritium decreases with increase of helium flow

rate. In case of a water-cooling blanket, however, the heat loss by sweep gas flow has to be prevented.

The flow rate of sweep gas must be limited by heat balance.

3-3Unit operations for a BBI

Tritium in the form of HT and HTO is included in the sweep gas at the outlet of the blanket.

These are difficult to process by a unit operation. Fractionation of tritium by chemical form and its

processing are probable. Probable unit operations for a BBI are listed in Tablel.

3-3-1 Processing of HTO

Tritium in the form of HTO is probably processed by sorption or decomposition. Water

adsorption column is an applicable sorption operation, and is being used practically as the dryer in a

tritium facility. Synthetic zeolite is a probable adsorbent of a water adsorption column. Its applied

temperature is less than 100'C, and its regeneration temperature is about 300'C. The reduction by

catalyst or the water vapor electrolysis is probable decomposition operations, however, detailed

discussions are required to apply to a BBI system.

3-3-2 Processing of HT

Tritium in the form of HT is probably separated from helium sweep gas by sorption or film

permeation. The absorption by hydrogen-storing alloy or the cryosorption by porous adsorbent is,

applicable operation. Hydrogen-storing alloy becomes powdery by repeating of sorption and

desorption. So, on the occasion of use, a device such as packing into the porous capsule is required.

Cautions are required for degradation by impurities. Applicable temperature is around the normal

temperature. In a cryosorption operation, hydrogen isotopes are adsorbed on the porous adsorbents at

the liquid nitrogen temperature. Synthetic zeolite or activated carbon is probable adsorbent. Its

performance will not be influenced by impurities if little. However, efficiency of energy is not good

from the viewpoint of applicable temperature

Palladium diffuser or electrochemical hydrogen pump is probable film separation processing.
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Palladium diffuser is used in the torus exhaust processing system (TEP) of ITER. Applicable

temperature is about 400'C. The driving force of permeation is the difference of hydrogen pressure.

So, in case a hydrogen concentration is low, it is necessary to enlarge the difference of hydrogen

pressure by introduction of compressed sweep gas '. The electrochemical hydrogen pump uses a

protonic conductor as a separation film, and its driving force is the difference of electric potential. So,

selective transportation of hydrogen and that via water decomposition is possible in one unit operation

even if hydrogen potential is low. In case a ceramic protonic conductor is used, applicable

temperature range is from 400'C to 900'C. The performance, of a hydrogen pump dteriorates with

increase of hydrogen transportation. Many problems such as mechanical strength and so on are not

solved yet

Recovery of tritium via isotope exchange reaction by hydrophilic catalyst is also probable

processing without fractionation by chemical form of tritium. However, large amount of H2 is needed

to regeneration of catalyst.

3-4 Application for a prototype reactor

Rough design of subsystem in BBI was carried out. Design conditions proposed by Enoeda et al.

LLI were referred to this design. Two cases (branch ratio: 1.0 and 02) were assumed. The partial

pressures of hydrogen isotopes and water vapors referred to Fig.4. Fg.5 shows sizes of the cryogenic

molecular sieve bed (CMSB) for recovery of HT form tritium. Process is considered to be

continuous batch process using 3 CMSBs, and a CMSB is operated by pressure temperature swing

adsorption method below O. MPa. CMSB for ITER test blanket modules is also shown in Fig.5 to

compare with this work. In order to realize a heating and cooling cycle, one CMSB is assembled

with many long and slender columns. If the partial pressure of tritium is elevated by small branch

ratio, it is possible to compress CMSB size.

4. Reconsideration of design conditions

As mentioned above, a part of the design conditions of a BBI is still not fixed yet. So, some

conditions are being assumed presently. In order to adjust the condition between the breeder blanket

and the tritium plant, following subjects should be clarified as soon as possible.

4- 1 Chemical fonn of bred tritium

Chemical form of bred ttium is important information for process design. If a chemical form

becomes clear, the tritium extraction method (for example, kind and quantity of admixtures) can be

decided. And then, corresponding process and its size can be determined. Presently, it is assumed

that a bred tritium is released as tritiated water via heat decomposition of hydroxyl groups when

nothing is added to helium sweep gas. It is also assumed that chemical forrn does not change during

the period of a blanket. When these assumption changes, the concept of a bred tritium processing

may be changed drastically.

- 218 -



JAERI-Conf 2004-012

4-2 Admixture and its processing

In case H2 is added to a sweep gas, main chemical form of released tritium is HT. Tritium and

added H2 are recovered at 13131, and are sent to ISS. To decrease the load for ISS smaller H/T ratio is

preferable. In case of a cryogenic distillation column, the maximum value of acceptable H/T ratio is

considered to be I 0 to minimize the change of current design r'91. On the other, the rough amount of

admixture is basically decided by the equilibrium constant of isotope exchange reaction between H in

gas phase and tritiated water on breeder material. Equilibrium constants on various breeder materials

are between 1.0 and 20 �7-5-1. In case making 99% of bred tritium into the form of HT, about 10 to

200 times as much addition of H2 as tritium is roughly effective. However, this is not based on

kinetics. If adsorption capacity is small and desorption rate is larger than exchange reaction rate, an

effect may not expectable. A part of added H2 changes to water vapor via reaction with breeder

material, and its water affects exchange reaction `3. The optimal amount of H2 addition should be

investigated about each breeder candidate.

When bred tritium is treated as HT, tritium leakage via permeation from blanket cannot be

ignored. Estimation of tritium permeation from gas phase to liquid phase (coolant water) has to be

carried out in a water-cooling blanket. For the case of conceptual design by Enoeda et al. , the

amount of leakage from the blanket to the coolant water via permeation has been estimated IL4. The

driving force, which has ignored hydrogen potential in liquid, has been used for th e estimation.

Under the condition that the partial pressure of tritium in the outlet of the blanket becomes lPa, the

tritium leak rate has been estimated to be about 20% of tritium generation rate. It is assumed that

WDS recovers the tritium in cooling water. Mass balance of tritium in the cooling water is expressed

by eq. 2).

L = IC FWDSCTW (2)

L=T2 leak rate [Ci/hr]

Ic=Inventory increase rate in coolant [Ci/hr]

FWDs=Throughput of WDS [m3/kg]

Crw=Radioactivity of tritiated water [Ci/kg]

Inventory increase rate becomes zero at steady state. In ITER design, throughput of WDS is 20kg/hr,

and the maximum tritium concentration in water is 1Ci/kg. Tritium in water is concentrated to

250G/kg, and electrolyzed by two of three electrolysis cells. WDS throughput 20kg/hr) depends on

the performance of the electrolysis cell. Tritium concentration (25OCi/kg) in the inlet of electrolysis

cell is the maximum value to keep its performance during 2years. It is assumed that the throughput

of WDS is increased and cooling water is processed according to the throughput that increased. Fig-6

shows the correlation between the increased throughput and the ratio of leakage and generation.

When the throughput is increased 10kg/hr, it is estimated that the leakage has to be decreased at least

to less than 1333.
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The bred tritium may be treated as tritiated water in order to decrease the leakage. When

nothing is added or H20 is added to a helium sweep gas, the bred tritium is released as tritiated water.

Also in case of the H20 addition, the additional amount has to be optimized such as the case of 2

addition. Tritium concentration in water vapor is high. So, it should not be processed by WDS even

if the amount is small. The some process that can convert tritium from water form to elemental form

is necessary to send tritium to ISS. The pH of tritiated water may become small when H/T ratio is

small as shown in Fig.7 E`51. A process, which makes tritiated water vapor condense, should be

avoided. Estimation of tritium permeation from tritiated water vapor to cooling water or space is also

necessary.

Effect of admixture is the decrease of tritium inventory and the enhancement of tritium release.

On the other, the load of tritium processing system is expected to become large. The necessity of

admixture, the kind and the amount should be decided after investigation of effectiveness and the load.

Items that should be discussed and adjusted between the blanket and the tritium plant are listed in

Table2. Further trials and errors are needed to integrate the blanket and the tritium plant.

5. Conclusions

Trend of tritium plant R&D is shifting to a blanket tritium processing from a plasma exhaust

processing. There are many unknown factors in a process flow of a blanket system. So, a process

for 13131 cannot be decided yet. Especially, the chemical form of bred tritium is important information

for design and should be clarified. The necessity and effectiveness of admixture for a blanket sweep

gas should be discussed not only from the viewpoint of tritium release, but also from the viewpoint of

recovery and processing. Estimation of leakage via permeation, development of permeation

preventive, and development of high efficiency WDS are considered to be important. At least, the

demonstration of BBI should be carried out with ITER test blanket modules.
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Table I Probable unit operations for a BBI

HTOH20

Mater. Process Op. Temp- Op. Press.

Mole.Sieves Adsorption Normal-High Low-High

Fe catalyst Reduction High Low-High

YSZ(Yittria
Stabilized Electrolysis High Normal
Zirconla)

HTH2

Mater. Process Op. Temp. Op. Press.

Hydrogen
S oring Alloy Absorption Normal-High Low-High

Mole.Sleves Cryosorption Low-Normal Low-High

Pd/Ag All ermeation High gh

HTH2,HTOH20

Mater. Process Op. Temp. Op. Press.

Protonic Permieation? High Normal
Conductor

Pt- Exchange Normal-High Low-High
Mole.Sieves Adsorption
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Table 2 Items should be discussed and adjusted between blanket and tritium plant.

Cooling Type Water Helium

Chemical form of HTOJ20

kind H2 H20 nothing H2 H20 nothing
need need need need

amount
4-J optimization optimization optimization optimization.x
E Released T HTHTO HTO HTOJ20 HTHTO HTO HTOJ20
< Permeation large ? ? fairly large ? ?

to

Corrosion coolant loop yes yes ? yes yes

blanket fairly small small large maybe large maybe large maybe large0
4-J

coolant fairly large ? ? ? ? ?

13131 yes ? yes ?
4-J
U ISS yes yes no yes yes no

E WDS yes no I no ?

VDS-ADS ? ? ? ?
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Fig. 1 A schematic diagram of a tritium plant in a fusion eactor.
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Fusion Power: 2.3GVV

PTotal=O A MPa
-.A

iBlankei Cooling Water

TBR : 1.1 ST B [Ss
FHe

FT2,out

Sweep Gas

FIg.3 Processflowdiagramsof WaterCoolingTypebreederbianketsystems.

(Values are by Enoeda et a.11 )
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5
I 

S T 64.4mol-T 2/day PTotal

4 P Total : 0.1 MPa Cooling Water T Recovery
1 0 4-jF He :74.9mol/s

A �: O'.99 T CUC: E�

H/T Ratio: I 00 m -
3
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CL F zHe
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1 0
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0
4-J I 0

HT
H 2

10-1 HTOZ
H 02

I 0 -2
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Branch Ratio, 

Fig.4 a correlation between the partial pressures of hydrogen

isotopes at the outlet of a blanket and the branch ratio.
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Sweep gas from Blanket HTH/He

------------- (Finishing water vapor processing)

Prototype Reactor
------ HTH,/H,

-- ---- -- -- -

To ISS0.4m (St
400A5S!I ...... 2

To-Blanket Pd Diffuser

He

0.27m
25OA5S!I

r% t ITER (Test Blanket Modules)Ui 2 zi
.0.4m

X 3 X3
E 269kg; 89kg q5 0. 1 4m x LO.6M >

LI

X33 E X33 5.0kg
ND

00 Cj
LID

E X 3 CD
LO 41

EQ

Liquid N2 Bath
--------------- --------------

0 =.0 0 =0.2 a =.0
I.7M3/S 0.34M3/S 90SLM
f-% f-% =I Pa
kZ2=1 OPa Q?=50OPa W-2

Adsorption I Ohr Adsorption 8hr Adsorption I Ohr

Fig.5 Rough design of cryogenic molecular sieves bed for BBI.
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Fig. 6 A correlation between the increased throughput and the ratio of leakage and generation.
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