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I 

PREFACE 

The 20th International Workshop on Ceramic Breeder Blanket Interactions (CBBI-20) 

was held under the auspices of the International Energy Agency (IEA) Implementing 

Agreement on the Nuclear Technology of Fusion Reactors at Karlsruhe Institute of 

Technology, Germany, on September 18-20, 2019 in conjunction with the 14th 

International Symposium on Fusion Nuclear Technology (ISFNT-14), in Budapest, 

Hungary, September 22-27, 2019. 

The workshop provided a forum of specialists involved in the design, research, 

development and testing of materials and components for lithium ceramic based 

breeding blankets. It was attended by nearly 50 researchers working on ceramic 

breeder blankets. In 35 contributions recent results and advances in the areas of 

ceramic breeder material development, solid breeder blanket design, irradiation 

testing as well as experiments and modelling of pebble bed thermo-mechanics and 

Li-6 enrichment were presented. 
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Status and progress on the activities of lithium ceramic breeder 

materials at IPR 
 

Paritosh Chaudhuri1,2* , Maulick Panchal1, Aroh Shrivastava1 

1Institute for Plasma Research, Bhat, Gandhinagar, Gujarat – 382428, India 

2 Homi Bhabha National Institute, Anushaktinagar, Mumbai - 400094, India 

 

Lithium meta-titanate (Li2TiO3) and Lithium ortho-silicate (Li4SiO4) are considered to 

be the suitable candidate materials for tritium breeders. India has developed and 

prepared Li2TiO3 as the tritium breeder materials for fusion blankets. Li2TiO3 power 

was prepared by solid state reaction using Li2CO3 and TiO2 followed by ball-milling 

and calcination. Li2TiO3 pellets and pebbles are prepared from this powder followed 

by high temperature sintering. Effect of sintering time and temperature on the 

properties of pebbles has been studied.  At every stage of preparation, extensive 

characterizations are being carried out to meet the desired properties of these 

materials. This includes all physical (density, porosity, phase purity, particle size 

etc.), mechanical (crush strength etc.), thermal (thermal diffusivity, conductivity, 

specific heat), thermo-mechanical characterization of pellets, pebble and pebble bed. 

Detail study of thermal diffusivity, and thermal conductivity of Li2TiO3 pellets by laser 

Flash technique has been performed and compared with Finite Element Analysis 

using ANSYS. Results obtained from these experiments and also the future scope 

will be discussed in this paper. Details of lithium ceramic breeder material 

development, their comprehensive characterizations, preparation of material 

database, related R&D activities and their status will be discussed in this paper. 
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Progress of Ceramic Breeder Materials in CAEP 

 

Xiaojun Chen, DT fuel cycle research group 

Institute of Nuclear Physics and Chemistry, CAEP 

 

Ceramic breeder pebble will be is used as tritium production materials in CFETR. 

Li4SiO4 and Li2TiO3 pebble are the candidates in the present tritium production 

modules design. Some research works, including pebble fabrication, 

characterization, in-pile test and out-of-pile test experiment, are carried out in CAEP. 

A series of advanced tritium breeders have also been developed, for example, Li2O 

pebble coated with SiO2, Li4SiO4-based solid solutions and PbO2-doped Li4SiO4. 

Freeze-drying method and melt-spraying method ware developed to fabricate 

ceramic pebble. In the TRINPC series tritium release experiments, the effect of 7 T 

MF on tritium release behavior was also carried out to prove the effect of magnetic 

field on the tritium release property, the result shows the tritium release property did 

not affected by the magnetic field in out-of-pile experiment. The behaviors of water 

desorption and tritium release was found to proceed simultaneously, indicating a 

strong correlation between the two processes. Including the hydrogen isotope 

separation process and purification process, an in-pile test platform is just finish 

constructed. Some in-pile tritium release experiment will carry out in the year using 

Li4SiO4 and Li2TiO3 pebble. In the presentation, some results and future challenges 

related to tritium ceramic breeder for TBMs will be reviewed.  
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Advanced Ceramic Breeder Pebble Production: Controlling the 

Pebble Size Distribution 
 

Oliver Leys1, Patrick Waibel2, Jörg Matthes2, Regina Knitter1 

Karlsruhe Institute of Technology (KIT), Germany, 1Institute for Applied Materials 
(IAM), 2Institute for Automation and Applied Informatics (IAI) 

 

In order for future fusion reactors to generate the fuel component tritium, it is 

foreseen to install lithium rich ceramic breeder pebbles in the form of pebble beds 

into the wall of the reactor. Upon irradiation by neutrons generated from the fusion 

reaction, the lithium will be transformed to form both tritium and helium of which the 

former will then be extracted, processed and used to fuel the self-sufficient reactor.   

The melt-based process KALOS (Karlsruhe Lithium Orthosilicate) is used for the 

production of so-called advanced ceramic breeder pebbles with sizes ranging from 

250 to 1250 µm. Synthesis powders are heated in a platinum alloy crucible to 

approximately 1400 °C, thereby forming a melt. A pressure is then applied to the 

system to force the melt through a small nozzle on the underside of the crucible to 

form a molten laminar jet, which subsequently breaks up into droplets. These then 

enter a cooling tower where they are solidified using a liquid nitrogen spray system. 

At the base of the tower, the pebbles are collected and stored in inert conditions for 

further action. 

The size distribution and yield of the process are predominantly determined during 

the break-up of the jet, making it one of the most important process steps. In general, 

random ambient disturbances grow on the surface of the jet until the surface tension 

forces overcome the viscous forces and a droplet breaks off. According to the theory, 

there is an optimum instability frequency which will grow the fastest on the jet, 

thereby suppressing other disturbances and resulting in a monodisperse droplet 

generation.  

In order to control the break-up of the process jet, equipment was developed at room 

temperature using a replica steel crucible and a water-glycerine mixture to imitate the 

melt. Various tests were then performed, before successfully transferring the 

technology to the high-temperature process. A wide range of frequencies was then 

applied to the system while filming the jet break-up with a high-speed camera. The 

recordings were then analysed using an image processing algorithm to determine the 

optimum driving frequency to generate a monodisperse jet break-up. Subsequently, 

batches were produced using the newly determined operating frequency, resulting in 

very high process yields and highly discrete pebble size distributions. 
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Comparison of Tritium Release Behavior in Promising Tritium 

Breeding Materials 
 

Qiang Qia, Shouxi Gua, Mingzhong Zhaob, Fei Sun, Baolong Jia, Moeko Nakatab, 

Haishan Zhoua, Yingchun Zhangc, Yasuhisa Oyab, Guang-Nan Luoa  

aInstitute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China. 

bShizuoka University, 836, Ohya, Suruga-ku, Shizuoka 422-8529, Japan. 

cUniversity of Science and Technology Beijing, Beijing 100083, PR China. 

 

In future D-T fusion reactor, tritium will be bred by tritium breeding materials to 

maintain steady-state operation of the reactor. Li2TiO3 and Li4SiO4 have been 

proposed as prominent tritium breeder candidates due to high lithium density, 

favorable tritium release behavior and mechanical stability. The novel tritium breeder 

of core-shell Li2TiO3-Li4SiO4 biphasic ceramic pebbles are promising tritium breeder 

which combine the advantages of Li2TiO3 in good mechanical property and Li4SiO4 in 

high lithium density. All the pebbles were irradiated at the same time and tritium 

release were performed at the same device to avoid the effects of different irradiation 

conditions and device on the tritium release. 

Tritium breeding pebbles have been irradiated by thermal neutrons in Kyoto 

University with the flux of 5.5×1012n/s﹒cm2. Tritium release experiment was 

performed in Shizuoka University. There is one main tritium release peak in the 

tritium release spectra of Li2TiO3 and Li4SiO4. However, there are two main release 

peaks in the tritium release spectra of core-shell Li2TiO3-Li4SiO4. The peak 

temperature of Li4SiO4 located at 241 oC is lowest compared with that of the other 

two type pebbles at the heating rate of 10 oC/min. The temperature of the tritium 

release peak from Li2TiO3 is 392 oC at the heating rate of 10 oC/min. For core-shell 

pebbles, the temperature of the first tritium release peak is 312 oC and the second 

peak locates at 465 oC at the heating rate of 10 oC/min. From the experiment results, 

tritium release behavior of Li4SiO4 is better than the other two pebbles. The results 

may be different with some work reported that the tritium release performance of 

Li2TiO3 is better than Li4SiO4. This can be attributed to different preparation method 

and irradiation conditions. The studies on tritium release from the pebbles with 

different preparation method and different irradiation conditions are prepared. The 

kinetic parameters were obtained by KAS model-free-kinetics method. The activation 

energy of tritium release from Li4SiO4 was obtained as 0.29 eV and 0.49 for Li2TiO3. 

The activation energy of tritium release from core-shell Li2TiO3-Li4SiO4 was 1.78 eV 

for the main release peak. Almost all tritium (about 98%) released from Li4SiO4 

pebbles when heating at 300 oC for 1 hour. However, almost all tritium (about 98%) 

released from Li2TiO3 and Li2TiO3-Li4SiO4 should heating at 400 oC for 1 hour.  
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Design, synthesis and characterization of Li4SiO4-based solid 

solutions as advanced tritium breeders 
 

Linjie Zhao, Xiaojun Chen, Chengjian Xiao, Yu Gong, Heyi Wang, Xinggui Long, 

Shuming Peng 

Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, 

Mianyang 621999, China 

 

The breeding blanket is a key component of the fusion reactor since it involves tritium 

breeding and energy extraction, both of which are critically important for the 

development of fusion power. Different lithium based ceramics have been studied as 

attractive tritium breeder materials, Li4SiO4 has been selected as one of the most 

promising candidates for solid tritium breeding materials in fusion reactors because 

of its high lithium atom density, its high melting temperature and favorable tritium 

release behavior. Li4SiO4-based solid solutions: Li4+x(Si1−xAlx)O4 and Li4Si1-xTixO4 

were prepared as advanced tritium breeder to improve the mechanical property, 

irradiation resistance and reduce the tritium retention. Different Li4SiO4-based solid 

solutions powders and pebbles containing aluminum and titanium were prepared by 

solid state reactions and Modified melt-spraying process. Phase analysis, 

microstructures and density of the ceramics were determined by XRD, SEM and 

Archimedes' method. Impedance spectroscopy was measured to evaluate the 

electrical conduction properties of the ceramics. The thermal conductivity was 

determined using a laser flash device. Tritium release performance in Li4+x 

(Si1−xAlx)O4 and Li4Si1-xTixO4 irradiated with thermal neutron was studied by out-of-

pile annealing experiments. These facts would represent the following advantages to 

use Li4SiO4-based solid solutions in blanket system of D-T fusion reactor that the 

thermal conductivity is higher and tritium inventory is lower in Li4SiO4-based solid 

solutions than those in Li4SiO4. 
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Design, synthesis, calculation and characterization of the tritium 

breeder: Li4TiO4 ceramics 
 

Juemin Yana,b, Tao Gaoa*, Xiaojun Chenb, Chengjian Xiaob 

a Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, 

P.R. China  

b Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, 

Mianyang 621903, P.R. China  

*Corresponding Author Information: E-mail address: gaotao@scu.edu.cn 

 

Fusion is a potential source of safe, non-carbon emitting and virtually limitless 

energy. The tririum breeding blanket, which acts as the breeding zone of tritium fuel 

and serves as the main thermal power conversion system, is one of the most 

important components of a fusion reactor. The breeding materials are important as 

one of the key functional materials in the breeding blanket. Increased versatility in the 

available properties of tritium breeding materials can be of benefit to the design of 

TBM. 

The compound Li4TiO4 (Tetralithium Titanium) has attracted widespread scholarly 

interest for its sharp nose about carbon dioxide and high lithium density in the 

atmosphere and tritium breeder materials. At present, this paper makes comparison 

on the theory and experimental data on Li4TiO4. First the structural, electronic, 

dynamical and thermodynamic properties of Li4TiO4 are studied by means of density 

functional theory (DFT) and phone lattice dynamics (get IR- and Raman-active). 

Thermodynamic properties (F, S, Cv, Cp, and E) are firstly evaluated ground on the 

phonon dynamics contribution. Then, Li4TiO4 solid solution was obtained by solid 

state reactions. Samples were systematically characterized by various techniques. 

XRD, UV, Infrared and Raman results were compared with the calculated values. 

The obtained XRD matches the standard card dovetailed together without friction. 

After ultraviolet diffuse characterization of Li4TiO4 power bandwidth of 4.45 eV, which 

is 7.9% higher than the density function theory calculated value. These experiments 

indicated that theoretical value approaches the experimental result very well. 

mailto:gaotao@scu.edu.cn
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3D imaging of the microstructure of the ceramic breeding pebbles 

by X-ray computed tomography (X-ray CT) 

 

Yu-Ping Xu1, Xin Hu2, Ying-Chun Zhang2,  Hai-Shan Zhou1, Guang-Nan Luo1 

1Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China 

2University of Science and Technology Beijing, Beijing, 100083, China 

 

Pebbles with a few millimeters in diameter have been the approaches of choice for 

ITER solid TBM and future DEMO solid breeder concept. The performance of 

ceramic breeding pebbles is controlled by their microstructure, in particular the pore 

network plays a critical role in determining mechanical properties and the tritium 

desorption behavior. Unfortunately, most of the imaging techniques used before were 

destructive techniques such as SEM, which settles to limited observation region and 

requires a large amount of sample preparation time. It is challenging but essential to 

find a non-destructive technique to obtain a 3D morphology of the pore network of 

one pebble. 

Here in this work, we apply a X-ray computed tomography (X-ray CT) technique to 

extract and study the complete 3D pore network, both quantitatively and 

morphologically. As far as we know, this is the first time that an experimental 

technique allows the visualization and investigation of the complete 3D pore network 

of single lithium-containing ceramic pebbles. Calibrated by mercury intrusion method, 

3D imaging of Li2TiO3, Li4SiO4 and Li2TiO3-Li4SiO4 composite pebbles prepared by 

agar method have been obtained. Some imaging pictures are shown in Fig. 1. Based 

on the CT results, we are trying to analysis the tritium transport behavior in one 

single pebble employing lattice Boltzmann method (LBM). 

 

Fig.1. Left, 3D image of a Li4SiO4 pebble with some inner structure visible by digital image processing. 

Right, 3D image of the bonding of pore and the bulk in a  Li4SiO4 pebble (red part for Li4SiO4 bulk, 

golden part for pore network).  
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Analysis of valence electron structure of Li metal/oxides by soft X-

ray emission spectroscopy 
 

Keisuke Mukai1, Ryuta Kasada2, Kazuya Sasaki3, Satoshi Konishi1 

1Institute of Advanced Energy, Kyoto University 

2Institute for Material Research, Tohoku University  

3Graduate School of Science and Engineering, Hirosaki University 

 

Li-containing ceramic breeder pebbles (Li2O, Li2TiO3, Li2ZrO3, Li4SiO4, and etc.) are 

employed in fusion reactors to produce fuel tritium by transmutation of Li in blanket. 

Mass transport of Li and O from the breeder pebbles to the structural steel is caused 

in the blanket during an operation because gas species (e.g. Li, Li2O, and Li2O2) are 

vaporized. Previous compatibility studies between breeder materials and reduced 

activation ferritic/martensitic (RAFM) structural steel showed the formations of the 

double oxide scales on the RAFM steel specimens by element mapping using 

energy-dispersive X-ray spectroscopy (EDS). Due to a poor emission efficiency of X-

rays from Li, however, an identification of the corrosion phase was impossible only by 

the compositional analysis by EDS. The identification of the Li-containing oxide 

required other methods such as X-ray diffraction and secondary-ion mass 

spectroscopy. 

This study aims to develop an analytical method which visualizes distribution of Li at 

the micro scale. Li-K spectra from metallic Li, Li2O, and Li2TiO3 were investigated by 

using soft X-ray emission spectrometer (SXES) attached to an electron probe micro-

analyzer (EPMA), which covers a low energy range (50–210 eV) with ultra-high 

energy resolutions (0.22 eV). Density functional theory (DFT) calculations were 

performed to simulate the density of state (DOS) of the Li-compounds using the 

Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) for the 

exchange and correlation functional implemented in Vienna ab initio simulation 

package (VASP). DOSs of Li were convoluted with Gaussian functions with a full 

width at half-maximum (FWHM) of 0.5 eV and then compare with the experimental 

SXES spectra. Li-K spectrum from the Li2O specimen was observed in the energy 

range of 47.5–51.0 eV with the peak top at 49.6 eV. The peak top was approximately 

4.5 eV lower than that from metallic Li, indicating a large chemical shift by the 

oxidation. The experimental Li-K peak shape by the SXES had a good agreement 

with the calculated PDOS of Li 2p states, while the energy was largely 

underestimated in the calculation. The intensities of Li-K from the oxide specimens 

were much lower than that from the metallic specimen because of a considerable 

loss of valence electrons by ionization (Li+). By taking advantage of the large 

chemical shift of Li-Ka caused by oxidation, chemical state mapping of Li metal/oxide 

in the oxidised Li specimen was successfully visualized. 
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Compatibility of Tritium Permeation Barrier Coatings under Solid 

Breeder Blanket Conditions 
 

Takumi Chikada1, Matthias Kolb2, Kazuki Nakamura1, Keisuke Kimura1, 

Hikari Fujita3, Marcin Rasinski4, Keisuke Mukai5, Yoshimitsu Hishinuma6, 

Regina Knitter2 

1Shizuoka University, Japan, 2Karlsruhe Institute of Technology, Germany, 
3The University of Tokyo, Japan, 4Forschungszentrum Jülich, Germany, 
5Kyoto University, Japan, 6National Institute for Fusion Science, Japan 

 

Strict control of tritium migration is an essential requirement for every blanket concept 

in a fusion reactor in terms of fuel efficiency and radiological safety. Tritium 

permeation barriers (TPBs), basically using ceramic coatings, have been developed 

in particular for liquid lithium-lead blankets; however, recent DEMO reactor design 

activities initiate an argument that a TPB is necessary also in solid breeder blankets. 

The previous studies showed that solid breeder lithium ceramics reacted with 

reduced activation ferritic/martensitic steels at elevated temperature, indicating the 

lithium reactivity of solid breeders should be taken into consideration. In this study, 

compatibility tests for TPBs with lithium ceramic pebbles have been carried out in 

order to assess the chemical stability of TPBs in the helium cooled pebble bed 

blanket concept. 

Reduced activation ferritic/martensitic steel F82H plates were used as substrates. 

For the preparation of TPB coatings, erbium oxide (Er2O3) coatings were fabricated 

by filtered vacuum arc deposition and metal-organic decomposition, and chromium 

oxide (Cr2O3) layers formed on the F82H substrates by heat treatment for 10 min at 

710 ºC under hydrogen-argon mixture gas (H2:Ar = 1:1) flow of 200 standard cubic 

centimeter per minute. Ceramic breeder pebbles of lithium orthosilicate with 30 mol% 

of lithium metatitanate were put on the samples and then annealed for 2‒32 days at 
550 and 700 °C under 20 standard cubic centimeter per minute He with 0.1 vol% H2 

flow. 

After annealing at 550 °C, no change in microstructure was confirmed for the Er2O3 

coatings, while the Cr2O3-formed samples showed drastic changes in surface and 

cross-sectional structures including oxidation of F82H to iron oxide (Fe2O3) and iron-

chromium spinel-type oxide (Fe(Fe,Cr)2O4)), reduction of iron oxide and chemical 

reactions by lithium. In the case of the Er2O3 coatings annealed at 700 °C, the 

coatings fabricated by filtered vacuum arc deposition remained on the substrates 

when tested without pebbles, while severely damaged with pebbles. The Er2O3 

coatings prepared by metal-organic decomposition might vanish with and without 

pebbles. Further discussion on chemical reactions of the Cr2O3 layer and stability of 

Er2O3 coatings at 700 °C will be included in the presentation. 
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Impact of a ceramic breeder environment on the fatigue lifetime of 

EUROFER 
 

Mario Walter, Matthias Kolb, Regina Knitter, Jarir Aktaa 

Karlsruhe Institute of Technology, Institute for Applied Materials, 

Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 

 

In advanced designs of DEMO breeding blankets, structural materials like EUROFER 

are in direct contact with the pebbles of a ceramic breeder made of lithium 

orthosilicate. From recent studies it is known, that the breeder specific environment is 

particularly resulting in both a chemical and morphological change of the surface of 

structural materials under operation relevant conditions. Especially from a 

dimensioning point of view, it is important to know to which extend the observed 

changes will lead to a degradation of mechanical properties. Due to a predominant 

thermo-mechanical loading of the entire blanket structure under pulsed plasma 

conditions, in particular the impact on the fatigue lifetime needs to be thoroughly 

determined. For this purpose, round bar fatigue specimens made from EUROFER97-

2 were embedded in pebbles beds of the ceramic breeder material Li4SiO4 + 30 

mol% Li2TiO3. The two materials in unconstrained contact were then exposed to 

flowing He + 0.1 vol.% H2 atmosphere at 550°C for 8, 16 and 32 days. Subsequently, 

the impact of the chemical attack on the fatigue behavior of the RAFM steel was 

investigated by performing strain-controlled low cycle fatigue (LCF) tests at 550°C. 

Within the frame of this talk, the results of the investigations will be presented and 

based on findings obtained in accompanied microstructural and fractographical 

studies, the effect of a realistic ceramic breeder environment on the fatigue behaviour 

of EUROFER will be discussed in detail. 
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Compatibility between Fusion Reactor Blanket Structural Material 

F82H and Solid Breeders Lithium Titanate and Lithium Oxide 
 

Keiji Oishi, Shinichi Inoue, Takayuki Terai 

School of Engineering. The University of Tokyo, Yayoi, Tokyo, 113-0032, Japan 

 

In the ITER-TBM and the DEMO reactor of Japan, the reduced activation ferritic steel 

F82H (Fe-8Cr-2W-0.2V-0.04Ta-0.1C) is planned to be used as the blanket structural 

material while Li2TiO3 has been considered as one of the most promising candidate 

materials among solid breeder materials from the view point of chemical stability, and 

Li-excess Li2TiO3 is currently regarded as an advanced tritium breeder material. The 

temperature of the interface between the structural material and the solid breeder 

material is designed from 300 C to 500 C, and the solid breeder material is planned 

to be used in the blanket for two years. However, it has been pointed out that the 

Li2O component vaporizes from the high temperature region of Li2TiO3 pebble bed to 

be deposited on the low temperature piping wall. Therefore, we investigated the 

compatibility between F82H and them for the safety evaluation of the solid breeder 

blanket.  

Li2O, Li2TiO3 and Li-excess Li2TiO3 (Li/Ti ratio = 2.27) pellets (10 mm in diameter and 

4 mm in thickness) were prepared by sintering the starting powders at 800 C under 

Ar gas atmosphere. The compatibility experiments were carried out by keeping F82H 

specimens (6 mm x 6 mm x 1 mm) in contact with lithium oxide specimens or lithium 

meta-titanate specimens under He + 0.1%H2 sweep gas flow at 400 C, 600 C and 

800 C for 100 to 4000 hours. After each experiment, the cross section of the reaction 

zone on the F82H side was observed by SEM/EDX. In addition, the apparent O 

diffusion coefficients were obtained from the data on different time, and the activation 

energies were calculated from the results at different temperatures in order to 

estimate the corrosion depth of F82H in the actual temperature condition. As a result, 

it was shown that the diffusion and corrosion depth and the reaction amount were 

much smaller for F82H in contact with Li2TiO3 than with Li2O and Li-excess Li2TiO3. 

This can be explained by the fact that the chemical potentials of Li and O in Li2O and 

Li-excess Li2TiO3 are much larger than those in Li2TiO3. Based on the results, the 

corrosion depth of F82H with Li2O and Li-excess Li2TiO3 was estimated to be 75~110 

µm and 9 µm after the operation at 400 C for two years, respectively. 
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Hydrogen isotope permeability of reduced activation ferritic-

martensitic steel CLF-1 by Li4SiO4 
 

Long Wang, Yongjin Feng, Baoping Gong, Hao Cheng, Xiaoyu Wang, Zhihao Hong, 

Kaiming Feng 

Southwestern Institute of Physics, Chengdu 610225, P.R. China 

  

Tritium permeation through structural materials is a significant issue for fusion 

demonstration (DEMO) reactor blankets in terms of fuel cycle efficiency and 

radiological safety. Reduced activation ferritic (RAFM) steel CLF-1 is a prime 

candidate for the China’s CFETR blanket structural material, facing high permeability 
of hydrogen isotopes at reactor operational temperature. To confine tritium as much 

as possible in the reactor, surface modification of the steels including surface 

oxidation and fabrication of tritium permeation barrier (TPB) attracts much attention. 

In the helium cooled pebble bed (HCPB) concept, ternary oxides of Li4SiO4 are 

promising candidates for ceramic breeders. They are packed in the blanket for tritium 

production by nuclear transmutation of Li and used for years of operational period, 

contacting with structural material at a high temperature of 673-773K. In this case, 

oxide corrosion layers tend to form on RAFM steel and gradually grow with time. 

Even an oxide double layer, Fe-rich outer and Cr-rich inner layer, was reportedly 

observed by compatibility studies between EUROFER and Li4SiO4 with addition of 20 

mol% Li2TiO3. Based on current TPB researches, nano-structured or multilayered 

layers are beneficial for improving the permeation reduction factor (PRF). However, 

the effects of these oxide layer on hydrogen isotope permeability of RAFM steels is 

still unknown at present.  

Concerning the existing interface between Li4SiO4 ceramic pebbles and RAFM steel 

CLF-1 D-T fusion reactor in China, the possibility to decrease the hydrogen isotope 

permeability of RAFM steel by forming an controllable oxide layer during evolution of 

the interface was evaluated in this study. By adopting a novel dynamic pileup-pellets 

method combing with static powder embedding experiments, we firstly get the 

evolution mechanism and deep elements diffusion law at lithium ceramics/RAFM 

steel CLF-1 interfaces scientifically. It finds that the LiFe5O8 was formed after 

statically packed in Li4SiO4 powder at 973K for two weeks. The thickness increased 

with the increase of heating periods. Adding an extra mechanical force of 10~20N, 

the rate of oxide layer formation was accelerated. Through analyzing and 

characterizing the hydrogen isotope permeation results of the special corroded 

RAFM samples, an internal link between hydrogen isotope permeation behavior and 

evolution mechanism at lithium ceramics / RAFM steel CLF-1 interfaces was 

established. 
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Compatibility of advanced functional materials for fusion 

applications 
 

Jae-Hwan Kim, Masaru Nakamichi 

Fusion Energy Research and Development Directorate,  

National Institutes for Quantum and Radiological Science and Technology,  

QST, Japan 

2-166, Omotedate, Obuchi, Rokkasho, Aomori, 039-3212, Japan 

 

Fusion reactors require advanced functional materials, such as tritium breeders and 

neutron multipliers owing to higher tritium breeding ratio as well as higher stability at 

high temperature.  

In Japan, researches and developments on not only new functional materials with 

different chemical compositions but also new designs of the blanket systems with 

loading of mixed functional materials for demonstration (DEMO) fusion reactors have 

been performed for the higher tritium breeding ratio. To realize this new design for 

mixture packing, however, stability at high temperatures between breeders and 

multipliers should be clarified from viewpoints of mechanical degradation of materials 

due to formation of new compounds by reactions between those and recycling 

process of materials after operating for long term. 

In this study, compatibility tests of advanced tritium breeders and advanced neutron 

multipliers were carried out at 1173 K and those preliminary experimental results will 

be presented.  
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Simulation of oxidation reaction between Be pebble beds and 

steam in WCCB blanket during in-box LOCA 
 

Xiaoman Cheng1, Andrei Khodak2, Lei Chen1, Songlin Liu1 

1 Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China. 

2 Princeton Plasma Physics Laboratory, Princeton, NJ08543, USA. 

 

The Water Cooled Ceramic Breeder (WCCB) blanket is one of the blanket 

candidates for Chinese Fusion Engineering Test Reactor (CFETR). The WCCB 

blanket employs Beryllium/Beryllide as neutron multiplier in the form of pebble beds. 

In case of in-box Loss of Coolant Accident (LOCA), cooling channels inside the 

blanket module are broken, causing leakage of high temperature and high pressure 

water coolant into Beryllium pebble beds. The water coolant will vaporize instantly. 

Then the Be-steam reaction will take place. The reaction is exothermic and produces 

hydrogen, threatening the safety of the blanket system, as well as the fusion reactor. 

Therefore safety analyses of Be-steam reaction in the WCCB blanket during in-box 

LOCA should be investigated to prevent serious damage.  

The simulation of Be-steam reaction was carried out by two steps. In Step 1, system 

analysis code RELAP5 was employed to model the WCCB blanket modules and the 

Primary Heat Transfer System (PHTS) of blankets. Then in-box LOCA with different 

break areas was simulated to figure out responses of the blanket module and the 

PHTS. Transient thermal hydraulic parameters were analyzed, including mass flow 

rate at the break, pressure of the gas in the pebble beds, temperature of steam, etc.  

In Step 2, a 3D model of the whole blanket module was analyzed using 

computational fluid dynamic code ANSYS CFX. In the numerical model, pebble beds 

were introduced as porous media. The Be-steam reaction rate was obtained from 

experiment results in literature, depending on temperature and reactant 

concentration. For in-box LOCA transient, multicomponent flow was considered, 

consisting of a homogenous mixture of helium purge gas, steam and hydrogen. Sink 

and source terms of reactants and products were defined for the transient process 

involving multi-fluids and solids. The breach on the coolant channel was introduced 

into the 3D geometry as a steam volume source and coolant volume sink. Results 

from Step 1 were applied as boundary conditions. According to the current result, the 

local high pressure and high steam velocity should be the major concern and 

mitigation methods should be put forward. As for the impact of Be-steam reaction, 

the initial temperature is relatively low for acceleration of the reaction. The impact is 

limited at the initial stage. More analyses and optimization should be carried out in 

the next step. 
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Test facility for tritium permeation measurements of containment 

materials and coatings under breeder blanket relevant conditions 

 

Simon Steel, Richard Walker, Zoltan Kollo  

United Kingdom Atomic Energy Authority, Culham Science Centre, Oxfordshire, UK 

 

Here we present a forthcoming automated test system for investigating tritium 

permeation through proposed breeder blanket containment materials (with / without 

coatings) under conditions specifically relevant to ceramic breeder blanket modules.  

Hydrogen isotope permeation is problem throughout the fusion fuel cycle. It leads to 

difficulty with inventory monitoring, complications in coolant processing, changes to 

material properties, reduced breeder module efficiency, and increased total tritium 

inventory. Much of the work investigating permeation reduction has been conducted 

with protium and deuterium however, due to the differences in the sorption and 

diffusion characteristics of the hydrogen isotopes, and the specific radio-chemistry 

issues associated with tritium, it is vital that these materials be examined in operation 

relevant conditions.  

The first phase of this work will deliver the ability to subject one surface of 100mm 

discs of structural material (such as Eurofer 97, SS316-L, etc.) to bespoke mixtures 

of tritium and helium (maximum total pressure of 1 Bar) where the desired 

composition can be maintained for long periods (upwards of one month). The sample 

region can be heated to around 500°C (in line with ITER and DEMO expected 

conditions). The mounting flange for the sample has been specially designed to 

protect deposited coatings while providing a high level of containment. The other side 

of the sample is exposed to high vacuum where a turbomolecular pump draws 

permeated molecules to a suite of measurement instruments (Beta Induced X-ray 

Spectroscope, Ionisation Chamber, Quadrupole Mass Spectrometer). The design 

also incorporates a dedicated measurement suite for the gas feedstock and the 

ability to sample the upstream gas with the QMS.  

Investigations are already underway to extend the capability of this system to 

incorporate water vapour in the gas mixture, gas flow across the sample surface, and 

expanded pressure / temperature ranges.  

Phase one is expected to be operational in late 2019. The results of the first full 

experimental runs (conducted with samples provided by ENEA - Brasimone) should 

be available by Q3 2020.  

This work has been carried out within the framework of the EUROfusion Consortium and has received 

funding from the Euratom research and training programme 2014-2018 and 2019-2020 under grant 

agreement No 633053. The views and opinions expressed herein do not necessarily reflect those of 

the European Commission. 
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Behavior of ceramic breeder candidates to high-energy ion beams 
 

M. González, M. Malo and F. Sánchez 

LNF_CIEMAT, Avda Complutense, 40. 28040 Madrid, Spain 

 

Following an experimental approach towards the progress on the simulation of tritium 

diffusion and release, accelerated ions were used to implant hydrogen isotopes but 

also to produce damage on the ceramic breeder crystalline structure. Experimental 

results based on characterization of the irradiated structure and depth profile 

analytical techniques are discussed aiming to approach the transport mechanisms of 

hydrogen isotopes through the breeder crystalline network and to those features able 

to trap the bred tritium. 

Ion irradiation on candidate ceramic breeders was performed at the CMAM’s high-

energy ion accelerator facility, Madrid, Spain. Although compacted discs from milled 

pebbles were firstly used, the direct implantation on pebbles was the main objective 

and therefore a special sampleholder was previously designed to assure the 

implantation pebble volume directly exposed to the subsequent analytical techniques. 

H and D ions were implanted at energies ranging from few keV to several MeV, while 

damage was achieved using O and Si self-ion beams in the MeV energy scale. 

Several techniques were applied to characterize the structural modifications and the 

produced defects due to the high-energy ion beam interaction. SIMS in-depth profiles 

and initial EPR analyses indicate that ion irradiation does not induce new defects 

although the concentration of intrinsic defects increases. Thermal-induced gas 

desorption was also applied. Results denote the sequential release of the implanted 

deuterium trapped in intrinsic and ion induced defects but also its self-diffusion 

towards surface at room temperature. By means of GIXRD, the high resistance to ion 

irradiation of these materials is concluded: even after high radiation dose, a high 

degree of crystallinity is conserved, the crystalline network distortion only being 

represented. Nevertheless, it is suggested the need of further studies using analytical 

techniques to systematically correlate the ion radiation-induced defects with their role 

in the diffusion of hydrogen isotopes through a damaged breeder structure. 
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Radiation Damage and Helium Accommodation in Lithium 

Metatitanate Ceramic Breeder Materials 
 

Samuel J. Waters1, Yiqiang Wang2, Ionut Jepu2, Graeme Greaves3, Ron Smith4, Nik 

Reeves-McLaren1, Amy S. Gandy1 

1Department of Materials Science and Engineering, University of Sheffield, UK. 

2Culham Centre for Fusion Energy (CCFE), Culham Science Centre, UK. 

3MIAMI Facility, University of Huddersfield, UK. 

4ISIS Neutron and Muon Source, STFC, Rutherford Appleton Laboratory, UK. 

 

Lithium metatitanate (Li2TiO3) is one of the leading candidates for application as a 

tritium breeder blanket material, either as a single-phase material or as a secondary 

phase in advanced Li4SiO4 / Li2TiO3 breeder pebbles in current EU studies. 

During operation, Incident neutrons and recoil nuclei will induce ballistic damage due 

to energetic collisions with lattice atoms, resulting in atomic displacement and the 

production of defects; the He by-product to may also accumulate within the ceramic. 

Evidence of the breakdown of long- and short-range order in structural units of 

Li2TiO3 resulting from ion-implantations has been reported, and a number of studies 

suggest that tritium release is impeded by both high levels of radiation-induced 

damage and the presence of He; although few studies focus on the influence of 

ceramic microstructure. Furthermore, while a substantial amount of research has 

been carried out concerning tritium diffusion and release from candidate ceramic 

breeders, comparatively little is known about the mechanisms of He accommodation 

in these materials.  

The purpose of this work was to identify the influence of ceramic crystal- and 

microstructure (e.g. native disorder, grain size, morphology, porosity) on radiation 

damage resistance and He accommodation (and any correlation between the two) in 

Li2TiO3. Li2TiO3 samples with progressively different microstructural properties have 

been characterised using a combination of electron microscopy, Raman 

spectroscopy, X-ray and neutron diffraction studies. Suites of these samples were 

implanted with heavy ions (Ti+) to induce displacement damage analogous to that 

caused by fusion neutrons, and He+ ions to simulate the production of He within the 

ceramic; implantations were carried out in both bulk format and in-situ inside a TEM.  

In this contribution, in addition to presenting evidence of structural modifications and 

He bubble formation resulting from ion implantations, we report the discovery and 

thermal evolution of nanoscale vacancy-type defects in as-prepared and He+ 

implanted Li2TiO3. The results of thermal desorption spectroscopy experiments 

detailing the desorption behaviour of gaseous species from ion-implanted samples 

will also be discussed. 
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Analysis of electromagnetic and corpuscular radiation-induced 

processes in advanced two-phased ceramic breeder pebbles 
 

Arturs Zarins1,2, Janis Cipa1,3, Gunta Kizane1, Arnis Supe1, Larisa Baumane1,4, 

Aleksejs Zolotarjovs5, Laima Trinkler3, Oliver Leys6, Julia Heuser6, Regina Knitter6 

1 - University of Latvia, Institute of Chemical Physics, Department of Radiation 

Processes, 1 Jelgavas street, LV-1004, Riga, Latvia 

2 - Daugavpils University, Faculty of Natural Sciences and Mathematics, Department 

of Chemistry and Geography, 1a Parades street, LV-5401, Daugavpils, Latvia 

3 - University of Latvia, Institute of Solid State Physics, Laboratory of Spectroscopy, 

8 Kengaraga street, LV-1063, Riga, Latvia 

4 - University of Latvia, Institute of Solid State Physics, Laboratory of Optical 

Materials, 8 Kengaraga street, LV-1063, Riga, Latvia 

5 - Latvian Institute of Organic Synthesis, 21 Aizkraukles street, LV-1006, Riga, 

Latvia 

6 - Karlsruhe Institute of Technology, Institute for Applied Materials (IAM), 76021, 

Karlsruhe, Germany 

 

Advanced lithium orthosilicate (Li4SiO4) pebbles with additions of lithium metatitanate 

(Li2TiO3) as a secondary phase have attracted international attention as an 

alternative solid-state candidate for the tritium breeding in future nuclear fusion 

reactors. In this research, the formation and accumulation of radiation-induced 

defects (RD) and radiolysis products (RP) in the Li4SiO4 pebbles with various 

contents of Li2TiO3 was analysed under actions of both electromagnetic and 

corpuscular radiation (X-rays and accelerated electrons). The accumulated RD and 

RP were analysed by using thermally stimulated luminescence, powder X-ray 

diffractometry, scanning electron microscopy, electron spin resonance, absorption 

and Fourier transformation infrared spectrometry. On the basis of the obtained 

results, it is concluded that the formation mechanism and structure of RD and RP 

(except Ti3+ centres) in the advanced Li4SiO4 pebbles with additions of Li2TiO3 is 

similar to the single-phase silicate ceramics. The advanced pebbles have a good 

radiation stability in comparison to the EU reference Li4SiO4 pebbles (without 

additions of Li2TiO3), and the concentration of the accumulated paramagnetic RD and 

RP decreases with an increasing content of Li2TiO3. The accumulated RD and RP in 

the advanced pebbles annihilate between 300 K and 650 K (except large colloidal 

lithium particles), and it can be expected that the tritium release starts in this 

temperature range. 
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Integrated Neutronics Experiment of Breeding Blanket Assembly 

and TBR Evaluation with Discharge Fusion Source 
 

Satoshi Konishi1, Keisuke Mukai1, Yasuyuki Ogino2,  

1Institute of Advanced Energy, Kyoto University 

2Graduate School of Energy Science, Kyoto University 

 

One of the most important issues of breeding blanket is accurate evaluation of TBR 

to certify the tritium self-sufficiency of the entire reactor.  Although Monte Carlo 

simulation provides detailed neutron transport data, actual blanket is always different 

from ideal assumption. Lithium containing ceramic breeder pebbles (Li2O, Li2TiO3, 

Li2ZrO3, Li4SiO4, and etc.) are particularly anticipated to have some error in this 

tritium economy because of the non-uniform packing density and complicated 

structure of pebble bed with coolant pipes and multiplier.  Accurate experimental 

measurement of tritium production in a realistic blanket module assembly is needed 

to verify the blanket designs. The authors have pointed out it is possible with 

relatively small number (flux) of neutron is sufficient for its purpose if they are well 

confined by an assembly of realistic blanket structure. It is essential that all the 

neutron contained in the blanket modules are not lost by streaming or absorption by 

the surrounding structure for irradiation test. Neutron economy in the fully covering 

DEMO blanket is expected to be close to this condition. 

For the purpose of neutronics experiments, we developed two techniques. One is a 

small discharge fusion neutron source that typically generates ~10-7 neutron/sec.  

Another new technique is 2D/3/D neutron measurement with imaging plate assisted 

by various activation foils/wires for the neutron energy measurement, like “Mesh 

tally” in transport codes.  Neutron distribution profile in the assembly is first recorded 
by the imaging plate and then read out by digital scanning. Different activation metals 

provide unique sensitivity for a certain range of neutron energy. 

 The early results of the neutron generation by the fusion source and the 

measurement of neutron with imaging plate were reported in the previous CBBI 

meeting.  Recent progress will be reported together with the future plan to assemble 

more realistic materials such as lithium ceramics, reactor grade graphite, beryllium, 

lithium compounds and steel.  Special materials such as pebbles of breeder, 

multiplier needs international round robin tests for benchmarking.  After the test 

apparatus and procedure would be established, DT fusion neutron will be used to 

actually measure the multiplication function. 
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Tritium and helium solubility in Li2TiO3 from density functional 

theory 
 

Samuel T. Murphy 

Engineering Department, Lancaster University, Bailrigg, Lancaster LA1 4YW, UK 

 

An understanding of the fundamental processes governing the behaviour of tritium 

and helium in a ceramic breeder materials is a requirement for the development of 

breeder blanket technologies for future fusion reactors. Here, density functional 

theory (DFT) is used to study tritium and helium accommodating defects in one of the 

leading breeder blanket candidate materials, Li2TiO3. Defect formation energies are 

combined with simple thermodynamics to predict the mechanisms of tritium/helium 

solubility across a range of conditions relevant to a fusion reactor. The simulations 

predict very different modes of tritium accommodation depending on the 

stoichiometry of the crystal and the oxygen partial pressure. In addition, results 

appear to support the idea that the presence of helium can increase the release rate 

of tritium by displacing tritium atoms from lithium vacancy defects. Finally, the 

simulations show how the incorporation of a significant tritium concentration can 

modify the defect chemistry of the host matrix. 
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A first-principles kinetic Monte Carlo investigation of tritium 

diffusion in Li2TiO3 

 

Kamal Nayan Goswami and Samuel T. Murphy  

Department of Engineering, Lancaster University, Lancaster LA1 4YW, United 

Kingdom 

 

The nuclear fusion reactors of the future will be based on the reaction between 

deuterium and tritium. Since there is no naturally occurring source of tritium, it is 

expedient to generate it in-situ from the transmutation of Li using the high energy 

neutron ejected from the plasma. This will be done by surrounding the reactor by a 

blanket region containing the lithium breeder material such as lithium metatitanate 

(Li2TiO3). Li2TiO3 is a promising candidate for a breeder material given its high Li 

density, high melting temperature and excellent tritium-release performance amongst 

others. However, in order to ensure a self-sustaining plasma, a tritium breeding ratio 

of at least unity is essential. The tritium release from a solid breeder material is the 

limiting step in the tritium recovery process and thus it is important to understand the 

atomic scale mechanisms responsible for tritium diffusion in the breeder material. 

The activation energy for tritium diffusion in Li2TiO3 has been reported with 

considerable uncertainty in previous experimental studies.  

In this work, we have used kinetic Monte Carlo (kMC) simulations to study tritium 

diffusion in single crystal Li2TiO3. Inside the Li2TiO3 matrix, tritium is either 

incorporated as an interstitial defect or trapped at a vacant lattice site. Here we study 

tritium accommodation at six different interstitial sites and three types of Li vacancies 

to represent different levels of Li burn-up. The exact positions of tritium adsorption 

sites in these defects have been identified and mapped on to a lattice, where a tritium 

atom performs a diffusive jump at each step and the system evolves over time. A 

number of diffusion barriers have been calculated from density-functional theory 

(DFT) with values as low as 0.3 eV along the Li6 layer to about 1 eV crossing the 

Li2Ti4 layer making some of these diffusive jumps more likely than others. 

Furthermore, the barriers for tritium diffusion within a Li vacancy were lower than that 

for de-trapping. The trajectory of the tritium atom was tracked and the diffusion 

coefficient was calculated from its displacement over time. The kMC results reveal 

the anisotropic nature of tritium diffusion in Li2TiO3. 
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Thermal Conductivity of Li2TiO3 by Atomistic Simulation 
 

Megha Sanjeev, Samuel T. Murphy  

Lancaster University, Lancaster, LA1 4YW, UK 

 

Breeder materials in a fusion reactor are subjected to irradiation by high energy 

neutrons leading to the formation of defects, such as vacancies and interstitials. The 

presence of these defects changes the efficiency of heat transfer through the blanket 

to the coolant, directly affecting the overall electricity generating efficiency of the 

reactor. The impact on heat transfer can be predicted by calculating how the thermal 

conductivity changes upon incorporation of defects. Measuring the impact of specific 

defects on the thermal conductivity of materials is experimentally complex. Therefore, 

we employ atomistic simulation, principally non-equilibrium thermodynamics (NEMD) 

to study the evolution of the thermal conductivity in the leading candidate ceramic 

Li2TiO3.  

Previous experimental results show that the thermal conductivity of Li2TiO3 initially 

decreases with temperature before increasing close to the melting point. Our 

simulations are capable of reproducing this effect indicating the efficacy of the model 

used. By introducing defects into our simulation supercells, we show how the 

formation of defects in the material impacts the thermal conductivity and discuss how 

this may impact reactor efficiency as the blanket material ages. 
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Radiation damage properties of Li4SiO4 and Li2TiO3 using molecular 

dynamics simulations – A comparative study 
 

Deepak Ranjan Sahoo*, Mohammed Suhail*, Ratnakumar Annabattula*, Paritosh 

Chaudhuri**, Narasimhan Swaminathan* 

* Department of Mechanical Engineering, Indian Institute of Technology Madras, 

Chennai, 600036, India  

**Institute for Plasma Research, Bhat, Gandhinagar-382428, Gujarat, India 

 

Among the available lithium containing ceramics, Li4SiO4 and Li2TiO3 are popular 

candidates for breeding tritium due to their high lithium density, low activation energy, 

favorable tritium release and good thermal conductivity. Previous works have 

mentioned that Li diffusion in both Li4SiO4 and Li2TiO3 are affected by point defects. 

The accumulation of point defects also alters the mechanical properties and causes 

the material to amorphize. In this work, molecular dynamics (MD) simulations on 

Li4SiO4 and Li2TiO3 were conducted to estimate several important radiation related 

properties. In particular, the defect evolution, threshold displacement energies (Ed), 

primary damage, diffusion coefficient and mechanical properties (pre and post 

radiation) are considered. Finally, the material is amorphized by explicitly displacing 

atoms to determine its resistance to radiation induced amorphization (RIA). The 

response of Li4SiO4 is then compared with that of β-Li2TiO3. Our simulations indicate 

that, point defect production is hardly dependent of on the PKA directions in case of 

Li2TiO3 whereas in case of Li4SiO4 the defect production in [010] direction is higher 

than other two directions. While calculating the threshold displacement energy it is 

observed that O has highest Ed whereas Ti (Li2TiO3) and Li (Li4SiO4) have the lowest. 

Further, the dose to amorphization for Li4SiO4 was found to be nearly half of that of 

Li2TiO3. 
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Maximum Operating Temperature for Li2TiO3 Pebble Bed from 

Sintering Phenomenon 

 

Yi-Hyun Park, Jongil Kim, Mu-Young Ahn, Youngmin Lee, Seungyon Cho 

National Fusion Research Institute, Daejeon, 34133 Republic of Korea 

 

In the solid-type of breeding blanket for fusion reactor, the functional materials, such 

as tritium breeders and neutron multipliers, are used as pebble bed form. The bred 

tritium from the nuclear reaction between neutron and lithium is extracted by purge 

gas that flow inside the pebble bed. Therefore, the flow path of the purge gas should 

be secured and maintained in the pebble bed for the stable tritium extraction. In 

general, the maximum temperature of the breeder region in the solid-type of breeding 

blanket has been designed as about 900 °C. However, when the lithium metatitanate 

(Li2TiO3) pebbles are fabricated, the sintering temperature is about 900 °C ~ 

1200 °C. Therefore, the Li2TiO3 pebbles in the breeding blanket are possible to be 

connected with neighbored pebbles by sintering phenomenon. It means that the flow 

path of purge gas is to be changed in the pebble bed and the tritium extraction is to 

be not stable. Accordingly, the maximum operating temperature of Li2TiO3 pebble 

bed should be determined for the stable tritium extraction from the viewpoint of 

sintering phenomenon in the pebble bed. 

To investigate the sintering phenomenon of the Li2TiO3 pebble bed, the densification 

curve of the Li2TiO3 pebble bed during heating up to 1300 °C under the compression 

pressure of 4 MPa was obtained by the Hot-press system, which was able to apply 

the heating and pressure simultaneously. The shrinkage of Li2TiO3 pebble bed was 

started from about 800 °C. The shrinkage rate of the Li2TiO3 pebble bed at 850 °C 

was only about 0.2 mm. However, the shrinkage rate was rapidly increased from 

850 °C. Therefore, the initial stage region of sintering on the Li2TiO3 pebble bed was 

able to be determined from 800 °C to 850 °C. From the results of only this conditions, 

the maximum operating temperature of Li2TiO3 pebble bed for stable tritium 

extraction is able to be estimated at 800 °C. In addition, the effects of compression 

pressure and holding time on the maximum operating temperature of Li2TiO3 pebble 

bed will be discussed. 
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Discrete Element analysis of plastic deformation in pebble beds 
 

Marigrazia Moscardini1,2, Simone Pupeschi1,3, Matthias Kolb1,4, Marc Kamlah1  

1Institute for Applied Materials, Karlsruhe Institute of Technology, Germany 

Present address: 
2
University of Pisa, Pisa, Italy; 

3
Baker Hughes, a GE Company, Florence, Italy; 

4
Helmut Fischer GmbH, Sindelfingen, Germany 

 

For the solid blanket component, tritium breeder and neutron multiplier are both used 

in the form of pebble beds. Due to their discrete nature, the macroscopic behavior of 

the bed is the result of the individual interactions between particle-particle and 

particle-wall. In this framework, the Discrete Element Method (DEM) turns to be a 

powerful tool allowing investigating the evolution of the individual contacts by 

accounting for the influence of parameters characterizing the bed at the microscale 

level such as the particles’ size, particles’ shape and the packing factor. 

At KIT, an in-house DEM code is constantly updated to accurately determine the 

behavior of pebble beds under fusion relevant conditions. Recently, the code was 

further extended to simulate the plastic behavior of assemblies of packed particles 

under uniaxial compression determined by the plastic deformation of the individual 

pebbles. Including the plastic deformation, the mechanical behavior of beryllium can 

be investigated. Thornton and Ning’s contact theory was implemented to simulate the 

contact evolution through a hysteretic cycle, thus the normal force is determined by 

means of three consecutive steps: non-linear elastic loading, linearly hardening 

plastic loading and non-linear elastic unloading. The non-linear Hertzian elastic 

model describes the mechanics of the individual contact up to the yield point, while 

the yielding behavior is modelled by means of two different correlations for the 

loading and unloading/reloading phase. In particular, a truncated Hertzian pressure 

distribution is assumed to model the yielding behavior. During the loading phase a 

linearly hardening plasticity model is applied, while the phase of unloading/reloading 

is simulated by a non-linear elastic theory, which is based on a modified contact 

curvature generated by the permanent plastic deformation. The numerical 

simulations were conducted in strain control by setting the maximum displacement of 

the bed as an input parameter. Therefore, the code evaluates the stress generated in 

the bed by the uniaxial compression, accounting for both pebble rearrangement and 

plastic deformation in the contact area of pebbles. 

As next step, an experimental campaign is planned with the aim to validate the 

results of the DEM code. The experiments will be carried out by means of the 

existing experimental setup at KIT, which was used to investigate the behavior of 

ceramic breeder pebble beds. Three different materials, with three different yield 

points will be considered as potential candidates for the experimental campaign. In 

particular, particles made of a CoCr alloy are now under consideration to reproduce 

the behavior of beryllium pebbles. 
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Influences of pebble geometry on the thermomechanical behaviour 

of ceramic breeder pebble beds 
 

Joerg Reimann 

Karlsruhe Institute of Technology, Institute for Nuclear and Energy Technologies 

 

In helium-cooled pebble bed blankets, HCPBs, both the ceramic breeder and the 

beryllium-based neutron multiplier materials consist of pebbles, contained in 

corresponding cavities. The knowledge of the thermomechanical behavior of these 

pebble beds during blanket operation is fundamental for the design of HCPBs. 

The main geometrical pebble parameters are pebble shape (spherical, non-

spherical), size distribution (mono-sized, binary, polydisperse) and surface 

roughness. The primary design quantity is the container volume averaged packing 

fraction t because it is a direct measure for the amount of breeder/multiplier in the 

relevant zones. The packing fraction t depends in a complex way on the pebble 

parameters given above and furthermore on filling/densification procedures and on 

container dimensions. t is also an important global parameter influencing the 

thermomechanical parameters such as stress-strain relationships, thermal 

conductivity, thermal creep strain, pebble crush fractions. However, t is not sufficient 

for modelling these dependences but local pebble packing structures must be 

analysed including pebble to pebble and pebble to wall interactions (contact 

numbers, forces, etc.). A characteristic of contained pebble packings is that the local 

packing structure in the bulk zone differs characteristically from that in wall zones. 

In the paper, an overview is given on recent results from experimental investigations 

and DEM simulations. 
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Application of machine learning tools to study heat transfer in 

ceramic pebble beds 

 

Ratna Kumar Annabattula, Raghuram Karthik Desu and Akhil Reddy Peeketi 

Mechanics of Materials  Laboratory, Department of Mechanical Engineering, 

Indian  Institute of Technology Madras, Chennai - 600036, India 

 

The knowledge of effective thermal conductivity (ETC) of the pebble beds is vital for 

a reliable design of the breeder units. The effective thermal conductivity of a granular 

bed depends on various parameters pertaining to both bulk material and 

microstructural properties. Establishing a parametric correlation between the ETC 

and micro-macro properties of pebble assemblies through experiments is very 

expensive and not feasible in some cases as the microscopic data is not readily 

available. Hence, DEM along with Resistor Network (RN) model is employed to study 

the influence of various micro and macro structural parameters on the ETC of the 

pebble assemblies. The RN model is modified to include the effect of gas pressure 

(Smoluchowski effect) on the effective thermal conductivity.  

Estimation of the effective thermal conductivity through DEM simulations with the 

help of the Resistor Network model is shown to be in good accordance with the 

experimental results, strengthening the efficacy of the numerical simulations. 

However, the method has its limitations for application to larger pebble assemblies. 

Numerical heat transfer simulations of larger assemblies through DEM needs huge 

computational resources and time. Resistor Network model requires the pebble 

configuration as input from DEM. Thus, the heat transfer simulation for a large-scale 

assembly through DEM-RN model is not practically feasible. 

The influence of various microstructural parameters on the effective thermal 

conductivity is often lost during the homogenization process while simulating through 

a continuum approach. The present work aims at the numerical analysis of heat 

transfer in large-scale systems accounting for the microstructural effects on the ETC. 

The large-scale heat transfer simulations are carried out with the help of the artificial 

neural networks (ANN). The ANN is trained with the help of DEM-RN model. The fast 

and instant predictions of the effective thermal conductivity of an RVE at various bed 

conditions through ANN enables the possibility to extend the methodology to larger 

systems. The trained ANN is coupled with finite element simulations to study the heat 

transfer in pebble beds in full-scale breeder units in future. 
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Investigation of the packing behaviors and the effective thermal 

conductivity of pebble beds 
 

Baoping Gong, Yongjin Feng, Hao Cheng, Long Wang, Xiaoyu Wang, Kaiming Feng 

Southwest Institute of physics, Chengdu, 610225, China 

 

The tritium breeding blankets play a crucial role on the function of tritium self-

sufficiency in the fusion power reactor. The tritium breeder and neutron multiplier are 

usually used in form of pebbles in blanket for CN HCCB TBM. The packing behaviors 

of pebble beds are important to estimate the thermal mechanical properties of the 

tritium breeder pebble beds and the neutron multiplier pebble beds.  

In this work, the experiment and the discrete element method (DEM) simulation were 

used to investigate the packing behaviors of mono-sized and binary-sized pebble 

beds, respectively. The results obtained in this study show that with the increase of 

aspect ratios the average packing factors can be significantly increased. And the 

pebble size distributions have great influence on the packing structures of pebble 

bed. By optimizing the pebble size component, a higher packing factor can be 

obtained by using binary-sized pebbles and the maximum packing efficiency state 

appear at the volume fraction 70% of larger pebbles. But the obvious segregation 

effect was observed when the binary-sized pebble bed was vibrated. And the 

homogenization of binary-sized pebble bed is very poor. Thus the mono-sized 

beryllium pebbles was suggested in neutron multiplier pebble beds for HCCB TBM.  

In further, the U-shaped tritium breeder Li4SiO4 pebble beds were investigated by 

DEM simulation. Close to the U-shaped container walls, the oscillating and damping 

characteristics of local packing factors were observed. And the oscillation is limited 

within about 5 pebble diameters near the wall. The contact force distributions show 

that close to bottom wall the pebbles suffer greater contact forces and may be more 

easily crushed. The results give more information about the packing structure of 

pebble bed, and that can be as inputs of further analyses of the thermal properties of 

pebble bed. Moreover, the packing behaviors of pebble beds under vibration were 

investigated experimental. The influences of the vibration amplitude and frequency  

on the packing fraction were analyzed to optimize the pebble packing techniques for 

the helium cooled ceramic breeder blanket. In addition, the influences of pebble size, 

temperature, packing factor on the effective thermal conductivity of pebble bed were 

investigated by using the transient plane source (TPS) method. 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

242 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

243 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

244 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

245 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

246 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

247 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

248 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

249 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

250 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

251 

 



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

252 

 

  



Proceedings CBBI-20, Session 8, Thursday, 19 September 2019 

253 

Experimental and numerical study of flow and heat transfer 

characteristics for pebble beds in fusion blankets 
 

Lei Chen1, Cong Wang1, 2, Xiaoman Cheng1, Songlin Liu1 

1 Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China. 

2 University of Science and Technology of China, Hefei, 230027, China. 

 

Pebble beds composed of lithium ceramic and beryllium/beryllide particles are under 

consideration for solid breeding blankets used in fusion reactors to realize tritium 

breeding and neutron multiplication. The purge gas (helium mixed with about 0.1% 

content of H2) flows through the lithium ceramic pebble beds in order to extract tritium 

produced by the Li(n, α)T reaction. Therefore, studies of the purge gas flow and heat 
transfer characteristics in pebble beds are necessary to analyze and evaluate the 

thermo-hydraulic performance of fusion blankets. 

In the current work, an experimental platform was constructed to measure the helium 

pressure drop and the temperature distribution in both unitary and binary pebble 

beds. In the platform, a pebble bed test section was integrated into a helium loop 

which can provide a helium flow at 0.1~2.0 MPa and 20~500   with a maximum flow 

rate of 80 Nm3/h. The helium pressure at different inlet helium velocities was 

measured at the inlet, middle, and outlet of the pebble bed. Besides, five 

thermocouples were configured along the axial direction of the pebble bed to detect 

its temperature distribution. The investigated pebble beds include the unitary pebble 

beds of 0.4~0.9/0.9~1.6 mm Li2TiO3, 1.0~2.1 mm Li4SiO4, and 1.0~5.0 mm glass 

particles, as well as the binary glass pebble beds with a large-to-small particle 

diameter ratio up to 5.  

In addition, a porous media model was proposed to study the flow and heat transfer 

characteristics of pebble beds. In the numerical model, the porosity-dependent 

permeability was introduced to evaluate the influence of the wall effect. Besides, heat 

transfer mechanisms including the solid contact conduction, solid-fluid-solid 

conduction, radiation and convection were considered in the model. The suitability 

and validity of the numerical model were evaluated by comparing with previous 

empirical formulas and the current experimental data. The velocity distribution, the 

helium pressure drop, and the temperature profile of both unitary and binary pebble 

beds were eventually obtained by the numerical model. According to the current 

results, both the velocity profile in both unitary and binary pebble beds shows a 

fluctuation trend in the near-wall region. Comparing with the unitary pebble bed, the 

binary bed shows a dramatic increase of helium pressure drop but has a well-

proportioned temperature profile. 
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Design of the water cooled ceramic breeder blanket for CFETR with 

the latest core parameters and mission  
 

Songlin Liu, Xiaoman Cheng, Lei Chen, Xuebin Ma, Kecheng Jiang, Peng Lu 

Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, Anhui, 230031, 

China 

 

The Chinese Fusion Engineering Testing Reactor (CFETR) is aiming to demonstrate 

fusion energy production up to 200 MW initially and to eventually reach DEMO 

relevant power level, to manifest high duty factor of 0.3~0.5, and to pursuit tritium 

self-sufficiency with tritium breeding ratio (TBR) > 1. The size of CFETR core 

parameters has been updated from R=5.7 m, a=1.6 m to R=7.2 m, a=2.2 m. More 

specific and challenging requirements are accordingly proposed to the reactor 

design.  

The water-cooled ceramic breeder (WCCB) blanket is one candidate for the Chinese 

Fusion Engineering Testing Reactor (CFETR). The WCCB blanket concept has been 

developing for over five years at Institute of Plasma Physics Chinese Academy of 

Sciences (ASIPP). It employs a mixed pebble bed of Li2TiO3 and Be12Ti as tritium 

breeder and neutron multiplier, a reduced activation ferritic/martensitic steel as 

structural material, and tungsten as armor material for the first wall (FW). Pressurized 

water at 15.5MPa is chosen as coolant with 285oC inlet/325oC outlet temperature. 

This contribution reviews the WCCB blanket design evolution and features changes, 

and presents the latest WCCB blanket concept design and integration with the 

primary heat transfer system with the latest core parameters (major radius R = 7.2 m; 

minor radius a = 2.2 m) and mission. It is expected to cover the CFETR operation 

modes of 200 MW, 500 MW, 1 GW, and 1.5 GW fusion power and achieve tritium 

self-sufficiency. This concept adopts a dual-wall cooling tube array instead of the 

original cooling plates. To adjust and control the temperature of the FW and the 

breeder zone at different fusion powers, a thermal-hydraulic scheme is proposed in 

which the FW uses one independent coolant circulating system and the breeder zone 

employs two such systems. When CFETR operates at higher fusion power 

(≥500MW), the three coolant systems are operated together. This can enhance the 

heat transfer and ensure that the material temperatures remain below the allowable 

limits. When the CFETR operates at a fusion power of 200MW, one coolant system 

is shut down. This can elevate the temperature of the breeder, which benefits the 

tritium release process. The feasibility of the new blanket design is evaluated 

considering neutronics, thermal-hydraulics, and thermal-mechanics aspects. The 

development plan of the WCCB blanket technologies will also be reported. 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

266 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

267 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

268 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

269 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

270 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

271 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

272 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

273 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

274 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

275 

Consolidated Design of the HCPB Breeding Blanket for the Pre-

Conceptual Design Activities of the EU DEMO and Harmonization 

with the ITER HCPB TBM Program 
 

Francisco A. Hernándeza, Pavel Pereslavtseva, Guangming Zhoua, Salvatore 

D’Amicoa, Heiko Neubergera, Jörg Reya, Qinlan Kanga, Evaldas Bubelisa, Lorenzo V. 

Boccaccinia, Béla Kissb, Ivo Moscatoc, Gábor Nádasid, Fabio Cismondie, Yves 

Poitevinf 

aKarlsruhe Institute of Technology, Karlsruhe, Germany 

bBudapest University of Technology and Economics, Budapest, Hungary 

cUniversità degli Studi di Palermo, Palermo, Italy 

dWigner Research Center for Physics, Budapest, Hungary 

eEUROfusion Programe Management Unit, Garching, Germany 

fFusion for Energy, Barcelona, Spain 

 

From the period 2014-2020, the pre-Conceptual Design Activities (pre-CDA) of the 

EU DEMO have taken place. These pre-CDA differ from past exercises in their 

strong Systems Engineering methodology, as well as for the pragmatic approach in 

their technology choices. The Helium Cooled Pebble Bed (HCPB) is one of the 2 

candidates as driver blanket for the EU DEMO in the pre-CDA. Several design 

iterations have been required during the pre-CDA to adjust the design to the 

demanding DEMO requirements, to the very challenging systems integration and to 

the need to keep near-term technologies. To this respect, the design has evolved to 

a so-called fuel-breeder pin architecture built in single-module segments. The pins 

are filled with a pebble bed of an advanced ceramic breeder mixture of Li4SiO4 + 

35mol % Li2TiO3 with improved mechanical properties and are embedded in 

prismatic blocks of Be12Ti acting as neutron multiplier. He gas at 8 MPa is used as 

coolant with a temperature window of 300-520 °C. This architecture has proven to 

achieve a large tritium breeding performance (≈1.20), a remarkably low plant 
circulating power (<100 MW) and its design for manufacturing paves the way for a 

better industrialization of its components and functional materials. This paper 

describes the consolidated design of the HCPB for the pre-CDA, shows its main 

performance figures and presents the ongoing realignment of the DEMO pre-CDA 

HCPB with the ITER HCPB TBM program. 
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Design and R&D Status of Tritium Extraction System for HCCR-TBM 
 

Mu-Young Ahna, Seungyon Choa, Soon Chang Parka, Seok-Kwon Sona,  

Youngmin Leea, Yi-Hyun Parka, Duck Young Kua, Chang-Shuk Kima, Jongil Kima, 

Alice Yingb  

aNational Fusion Research Institute, Daejeon, Republic of Korea 

bMechanical and Aerospace Engineering Dep., University of California, Los Angeles 

 

Tritium Extraction System (TES) is one of major ancillary systems of Korean Helium 

Cooled Ceramic Reflector (HCCR) Test Blanket System (TBS) to achieve technical 

and operational objectives of Test Blanket Module (TBM) program in ITER. Main 

functions of the TES are to extract tritium produced in breeding zone of the HCCR-

TBM by using a low pressure helium purge gas with small amount of hydrogen and to 

recover tritium for measurement before routing to Tritium Accountancy System in the 

TBS then to tritium processing systems in ITER. In this paper, progress of the TES 

design is summarized including main processes adopted, description for the 

components, layout of the system, operational procedures, engineering analyses 

results, etc. And then, R&D efforts to support and to validate the design are 

addressed. In particular, performance of large-scale Cryogenic Molecular Sieve Bed 

(CMSB) which is one of the main processes adopted for adsorption and desorption of 

hydrogen isotopes in the circuit is discussed. 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

285 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

286 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

287 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

288 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

289 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

290 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

291 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

292 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

293 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

294 

  



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

295 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

296 

 



Proceedings CBBI-20, Session 9, Friday, 20 September 2019 

297 

 



Proceedings CBBI-20, Session 10, Friday, 20 September 2019 

298 

Lithium-6 Enrichment using Innovative Electrodialysis with Lithium 

Ionic Conductor for ITER-TBM 
 

Tsuyoshi Hoshino, Kenji Morita 

National Institutes for Quantum and Radiological Science and Technology (QST), 2-

166, Obuchi, Omotedate, Rokkasho-mura, Kamikita-gun, Aomori, 039-3212, Japan 

 

The tritium as a fuel for fusion reactors is produced by the neutron capture reaction of 

lithium-6 (6Li). However, natural Li contains only about 7.8 % 6Li, and the enrichment 

of 6Li up to 90% is required for the fusion reactor. The amalgamation process using 

mercury is the only 6Li enrichment technology in practical use overseas; however, 

because mercury is toxic, this method cannot be industrialized in Japan. Other 

methods have very low separation efficiencies and are unfit for mass production. 

Because it is difficult to import 6Li from overseas, the establishment of a 6Li 

enrichment technology that is unique to Japan is an issue of top priority for the 

realization of fusion reactors. 

Therefore, we have proposed a new and innovative process that uses an 

electrodialysis with lithium ionic conductor, thereby establishing an innovative Li 

isotope separation technology. While lithium ions can move through the lithium ionic 

conductor by electrodialysis, the higher mobility of 6Li ions due to its lighter mass 

than that of 7Li ions enables 6Li to be enriched on the cathode side. Principle 

demonstration was completed. Then a long-term evaluation test of the lithium-6 

enrichment was performed as a next step. 

The new method involves the use of Li0.29La0.57TiO3 (LLTO) as an Li isotope 

separation membrane (LISM) whereby only Li ions permeate from the positive 

electrode side to the negative electrode side during electrodialysis. The area and 

thickness of the LISM are 25 cm2 (5.0 cm × 5.0 cm) and 0.5 mm, respectively. The 

positive side of the dialysis cell was filled with 0.1M LiOH solution. With the electrode 

area being set to 16 cm2, the relationship between the 6Li separation coefficient and 

the electrodialysis time was investigated by ICP-AES and ICP-MS. 

Measurements of the Li ion concentration at the negative electrode side as a function 

of electrodialysis duration showed that the Li recovery ratio increased to 47.8% after 

132 days. Moreover, we obtained a maximum of 1.06 for the 6Li isotope separation 

coefficient. This result showed that the 6Li isotope separation coefficient of this 

method is the same as that of the amalgamation process using mercury (1.06). Thus, 

this method has the potential to be a superior 6Li enrichment method to produce 90% 

enriched tritium breeder for ITER-TBM. 
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Computational Analyses of Fast Ion Conductors for Efficient 

Separation of Lithium-6 
 

Kenji Morita, Tsuyoshi Hoshino 

Rokkasho Fusion Institute, National Institute for Quantum and Radiological Science 

and Technology (QST), 2-166 Oaza Obuchi Aza Omotedate, Rokkasho, Aomori, 

039-0212, Japan. 

 

Lithium-6 (6Li) is an indispensable element for providing tritium as a fuel for fusion 

reactors through the neutron capture reaction. However, its fraction is only about 

7.6% in nature, such that the remaining is 7Li. Thus, an efficiently separation and 

concentration method is demanded because up to 90% enrichment of 6Li is required 

in order to have adequate tritium breeding in many fusion reactor concepts. While 

various methods such as amalgam, eletromigration and chromatography were 

examined, most of them are not practically applicable or may cause environment 

hazards. Recently, one of the authors (T.H.) has proposed to apply electrodialysis of 

aqueous solution containing Li ions by making use of fast Li-ion conductors as a 

separation membrane. The different mobility of 6Li and 7Li due to the lighter mass of 
6Li allows for faster permeation of 6Li from one solution to the other through the 

membrane, resulting in slightly higher 6Li fraction. Properly repeating the procedure 

may lead to the desired enrichment. 

To achieve the efficient separation, the choice of the ion-conducing material is of 

central importance. Solid electrolytes exhibiting high ionic conductivity such as lithium 

lanthanum titanate (LLTO) are promising candidates. In this work we focus on 

inorganic solid electrolytes. According to the transient state theory which is the 

classical theory of the ionic transport in solid, the separation efficiency which can be 

characterized by the ratio of the diffusion coefficient of 6Li and 7Li is related to the 

inverse of the mass ratio,       √      1.08. However, actual efficiency can take 

a larger or smaller value since it depends on detailed conduction mechanism of Li 

ions. Thus, it is desirable to understand the conduction mechanism of Li ions and to 

identify the one maximizing the separation efficiency.  

For this purpose, we conduct ab-initio molecular dynamics simulations of 7Li and 6Li 

transport in ion-conducting materials with the VASP code which is based on the 

density functional theory.  We examine several fast Li-ion conductors which are 

found by explicitly calculating ionic conductivity after screening from randomly 

selected materials from the Inorganic Crystal Structure Database (ICSD). By 

comparing the results of those materials, we discuss the relationships among the 

diffusion coefficient, conduction mechanism, and the separation efficiency to find out 

the optimal condition for the efficient isotope separation. 
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Lithium-6 availability and an assessment of enrichment strategies 
 

Julia M. Heusera, Regina Knittera, Sehila M. Gonzalez de Vicenteb 

aInstitute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), 76021 

Karlsruhe, Germany 

bDepartment of Nuclear Sciences and Applications, International Atomic Energy 

Agency (IAEA), 1400 Vienna, Austria 

 

For future fusion reactors, tritium and deuterium are intended to be used as fuel. 

While deuterium is abundant in seawater and can be implemented in the fusion 

reaction directly, tritium has to be bred from lithium. Therefore, a sufficient supply of 

lithium will be of crucial importance for all tritium breeding materials. For fusion 

technology, materials enriched with the isotope Li-6 are required to produce tritium by 

an exothermic reaction with thermal neutrons. Depending on the breeder material, 

enrichments in Li-6 of 60–90 % are required to ensure an adequate tritium breeding 

ratio of slightly above one for a self-sustained fusion reaction. Since natural lithium 

contains only 7.6 % Li-6 beside 92.4 % Li-7, efficient Li-6 enrichment and 

procurement strategies are needed. 

In this survey, firstly the availability of lithium will be examined. Secondly the need of 

Li-6 for future fusion technology will be as assessed. Here, the focus will be on the 

EU solid breeder concept and the possible usage of advanced ceramic breeder 

materials consisting of Li4SiO4 with additions of Li2TiO3 in helium cooled pebble bed 

(HCPB) blankets. Moreover, several isotope separation methodologies will be 

described and discussed with regard to achieving an efficient Li-6 enrichment. In this 

regard, the different methods will be compared and evaluated with respect to fusion 

technology. 

As the lithium resources appear to provide enough raw material, this topic is often 

neglected in fusion technology. This study should help to understand the necessity of 

finally taking into account the Li-6 supply on the path to DEMO and subsequent 

future fusion power plants. 
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