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Plasma: 2H +@—, 4He+ n + 17.6 MeV g
Blanket: 6Li + n — 4He + + 4.8 MeV self-sufficiency

8 Properties of lithium EU He cooled pebble bed TBM
® Melting point: ~180 °C '
® Readily reacts with:
® Oxygen
® Nitrogen
® Hydrogen
® Carbon dioxide
m Water
m

8 How can lithium be put into the blanket?

[1] Cismondi et al.
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Lithium in fusion blankets _\ﬂ(IT

Plasma: 2H +€|—D—> “He+n +17.6 MeV | vitum
Blanket: 6Li + n — 4He + + 4.8 MeV self-sufficiency

8 Surrounding lithium with other atoms
® Liquid system
® Lithium is still quite mobile and reactive
® Possible magnetohydrodynamic effects
® Examples:
W Lithium-Lead
® Lithium-Beryllium-Fluorine (FLiBe)

B Solid system
® Reactivity can be reduced to a minimum
® Ceramic or intermetallic compounds
B “Low” complexity
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Possible elements for lithium compounds
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18
. . 2
IUPAC Periodic Table of the Elements He
helium
Key: 13 14 15 16 17 4,003
atomic number 5 10
Symbol B Ne
name boron neon
standard atomic weight [10.80; 10.83] 20.18
" 12 13 15 17 18
Na Mg Al P Cl Ar
sodium magnesium aluminium phosphorus chlorine argan
2299 2431 3 4 5 6 7 8 9 10 1 12 26.98 3097 [35.44; 35.46] 39.95
19 20 21 25 26 27 28 29 30 31 33 34 35 36
K Ca Sc Mn Fe Co Ni Cu Zn Ga As Se Br Kr
potassium calcium scandium manganese iron cobalt nickel copper zinc gallium arsenic selenium bromine krypton
39.10 40.08 4408 |0 4787 | S0e4 | 8200 54.94 55.85 58.93 58.69 63.55 65.38(2) 69.72 74.92 78.96(3) 79.90 83.80
37 38 39 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
rubidium strontium yitrium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.47 8762 8391 | 92.91 95.96(2) 101.1 102.9 106.4 107.9 12.4 114.8 187 121.8 127.6 126.9 131.3
58 56 57-71 73 74 75 78 77 78 79 80 81 82 83 84 85 86
Cs Ba | rnthanoios Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
132.9 137.3 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 [204.3; 204.4] 207.2 209.0
87 88 104 105 106 107 108 109 110 111 112 114 116
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Fl Lv
francium radium rutherfordium dubnium seaborgium bohrium hassium meitnerium | darmstadtium | reentgenium | copernicium flerovium livermorium
I
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
lanthanum cerium dymi neodymium hium i pium dolinium terbium dysprosium holmium erbium thulium yiterbium lutetium
138.9 140.1 140.9 144.2 150.4 162.0 1567.3 158.9 162.5 1649 167.3 168.9 173.1 175.0
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Lithium compounds as solid breeders

* Tritium breeder pebbles

* beryllium pebbles

8 Requirements for solid breeders

® Operability
® Produce enough tritium (TBR = 1.1) High Li-density & low T-trapping
® Reliability
® Neutron irradiation
® High temperatures within the blanket High melting point and/or
thermal conductivity
® Mechanical stress Reasonable resilience
B Safety
® Compatibility with structural material Little interdiffusion
B Cost-efficiency
® Fabrication & Recycling As easy as possible

5 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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Lithium compounds as solid breeders 'ﬂ(IT

A Reference class solid breeder materials
® Li,TiO,

A Well investigated solid breeder materials
Li,O Very high lithium density
LIAIO, Excellent mechanical strength
Li,ZrO, Tritium retention

Li,SIO, Good properties in general

N Potential solid breeder materials
® LigPbOg  To be determined
® Li,Be,O; To be determined
® Li,,Sig To be determined

September 6™ M. Kolb Fusion Summer School — Tritium breeder materials
2013

Swelling, sintering & creep
Activation & lithium density
Lithium density
Lithium density

To be determined
To be determined
To be determined

[2-4] Hoshino et al.; Palermo et al.; Knitter et al.
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Solid breeder concepts for ITER -\“—(IT

Lithium Orthosilicate

Lithium Metatitanate

LI,SIO, LI, TIO,
+ Li, TiO4 as back-up :
Melt-spraying
%
*
*
* .
Melt-spraying Sol-Gel
\3
‘e,
N /,
\\ ' |
Slurry dropping Extrusion+Spheronization [5] Knitter et al.
7 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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! Fabrication techniques for solid breeder pebbles
A European Union
8 Japan
8 Korea

8 Mechanical and thermal properties of solid breeder pebbles &
pebble beds

A Weibull distribution
8 DEM modeling
A Pebble bed experiments

A Neutron irradiation of breeder materials
A Thermo-mechanics
A Tritium release
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Pebble fabrication by melt-spraying Karlsruhe Institute of Technology

8 EU reference fabrication process for lithium orthosilicate

1450 °C

Platinum-
Crucible

LiIOH
SiO,
Blending

@
[
@
@®
£
2
©
@

Synthesis & melting

® Pre-industrial scale at
Schott AG, Mainz

® Batch process, 1.5 kg/batch
® Yearly capacity: 300 kg

B Slightly substoichiometric
W 2.5 wt.% excess of silica
W 2-phase material

[6,7] Pannhorst et al.; Kolb et al.
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Fabrication of Li,SIO, pebbles -\“(IT

* X %

A Phase equilibria in the system Li,0-SIO,
1700 F ]
1500 | LIQUID -
2.5 wt.% excess of silica o o
1300 Li,SiO,/+ Li:Si,0 .
4 6~"2~7
? 100 b |4S 4 + L|28|O3 |
=
900 | 7]
700 H i
500 | ; i
LigSiOg Li45i(?4 LigSi,O; Li,SiO5 Li,Si,0s
300 . - i . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Li,O mol fraction SiO, [8] Claus et al.
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Pebble fabrication by slurry dropping

)
Nt

8 Korean reference fabrication process for lithium orthosilicate

LINO, ‘o Addition of PVA~ | © Addition of water
Sio, Drying = to form a slurry
Dissolution in Grinding Dropping of

j single droplets on
dilute HNO4 2 Calcination at a h%/droph%bic

= 900 °C cloth
Drying

Rolling in a
cylindrical jar

[%)
o
[
®©
&
3
@

® Laboratory-scale
® Continuous fabrication possible?
® Yearly capacity: 250 kg

® Stoichiometric Li,SiO, is aimed for
B “Single” phase material
® Minor impurities of a glassy phase

12 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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[5] Knitter et al.



Pebble fabrication by extrusion & spheronization A(IT

8 EU reference fabrication process for lithium metatitanate

Li,CO,4
TiO,
Blending

700 °C = Plasticization
3 hours Extrusion 3
Li,TiO, Cutting UE) Properties can

Spheronization be varied
easily

i
8
2
c
S
3
o

Plastic shapi

vPowder SVESS

® Pre-industrial scale at CTI
® Continuous fabrication possible
® Yearly capacity: 150 kg

® Slightly substoichiometric
W Li/Ti-fraction: 1.9
® Single phase material

[9] Lulewicz et al.
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Pebble fabrication by a sol-gel method

8 Japanese reference fabrication process for lithium metatitanate @

2 Drying |2 Mixing with © Calcination at
Calcination at | & ]E:)lnder,_ f 600 °C
600 °C = S?SrTr‘;‘t'on & Sintering at
Sintering at _ _ 1100 °C in
1100 °Cin N Cutting with He/H,
2 emulsion
method

H,TiO4
Li/Ti= 2.0

Blending for
48 hours

Sinterin

c
9
)
©
&
b
@)
Y
[
o

vPowder SVESS

® Laboratory scale at JAEA o J'
® Continuous fabrication possible
® Yearly capacity: 100 kg LizTiO5
—> S
B Slightly hyperstoichiometric O
W Li/Ti-fraction typically 2.15 O
® Single phase material O

14 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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Fabrication of Li, TiIO; pebbles

A Phase equilibria in the system Li,O-TiO,
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* X %

*
* *
*

* 5K

1 1 1 1 1 1 1 1 1 /,
rd
1700 | LIQUID / ]
,,,,, /
1500 T S .
S~ P i 4 /
~. /// “l /,
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|_
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Fabrication of Li,TiIO, pebbles

A Large homogeneity range of Li,TiO4
® Li* and Ti** are of similar size

B Part of the Li* ions occupy the same Wykoff
positions as Ti*" or as in y-Li,TiO; the same
lattice site

B ALit=Ti*

[12] West

16 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials
2013

T(°C)
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Wet-chemical reprocessing ﬂ(".

Analysis of SLi/’Li ratio
Addition of 6Li‘.

Removal Synthesis

of of Li,TiO4
impurities powder
[Chemical dissolution I)
Extraction Fabrication
of used of Li, TiO4

pebbles Lith i u m Cy Cl e pebbles

Used
blanket
Tritium |
breeding [13] Hoshino et al.
17 September 6" M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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Melt-based reprocessing ﬂ(".

Analysis of SLi/’Li ratio
Addition of 6Li‘.

Extraction Fabrication
of used of Li,SIO,
pebbles pebbles

& Filling of the module

Lithium cycle

Used
blanket

Blanket

TritiUm
breeding

18 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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Solid breeders in comparison ﬂ(".

ITER partner =)
Material Li,Sio, Li,SiO, Li,TiO;  Li,TiO;  Li,SIO,
Stoichiometry sub sub exact hyper exact
Pebble size / mm 0.80 — 0.25 — 1.00 — 1.18 0.90 —
1.00 0.63 1.25 1.10
Pebble density / % 94 95 90 89 77
Open porosity / % <4 <1 6-9 n.a. 11
Closed porosity / % <1.5 <5 2-5 12
Pebble bed density / %  60.5 61.0 60.0 64.0 48.0
Max. pebble bed 900 930 900 900 900
temperature / °C
Crushload / N 7.0 7.0£15 n.a. n.a. 15-35

[5, 14-16] Knitter et al.; Feng et al.; Knitter et al.; Park et al.
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Mechanical characterization

A Weibull distribution

® Life distribution model: L(x) = e H®
14
. . X
® Cumulative hazard function: H(x) = (E)
. Y (x y-1
® (Non-constant) failure rate: h(x) = - (E)
o : . _(E)y
® Cum. distribution function of failure: Fx)=1—¢e \a
® a: Characteristic Life, y: Shape factor
30 [ . 100%5 1R
E [ 1 80% E o
I {eo% @ &
- ‘2 oo
‘ ‘g L 4 40% | B
wor 8
: 1 20% | §
oL 0% e
R R ocea0
e : ® S 1090 1500 2000
Crushload /N " Tiime™
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Mechanical characterization

8 Describing the failure of brittle materials
® Cum. distribution function of failure (function of stored elastic energy W,):
_(We \™
F(VVC) =1—¢ (WMat) > F(VVC) =1 — e—(12116WC)3-17
® Many experimental limitations can be overcome
W Defect orientation, effect of plate materials, high stress gradients

® Works well in complicated stress states
B Offers the possibility to model pebble beds (discrete element method, DEM)

[17] Zhao

1.04

0.84
>
£ 0.64
=
£
£ 0.44

2
0.2 éa y
«  BK7 Exp. X~
Fitting curve
0‘0- : T T T T T T T T
3 6 9 12 15
W (10°1) Random assembly of 5000 pebbles
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DEM modeling of pebble beds ﬂ(IT

Karlsruhe Institute of Technology

A Describing the failure of brittle pebbles in pebble beds

c WC

® Damage criterion: D (%) = exp | —exp (—a (K — b))

® Lowering of Young’s modulus E = (1 — D)E|
® Fragments are not taken into account

® No localization of damage RN

D: 0 02505075 1

[18] Annabattula et al. 833 = 3.00%
100% /| [\
80% | G T

g 60%

g a; b: 15; 0.5

©

[a] L
40% a; b:24;0.8
20% | a; b:45; 0.9

0%
0 0,5 1 15
Normalized elastic energy
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DEM modeling of pebble beds

8 Pebble bed response
W Saturation at critical stress followed by creep-like behavior
® Continuous failing of pebbles
® More gradual damage evolution leads to lower critical stress
B Significantly lower residual stress for more gradual damage evolution
® Critical stress does not depend on the density of the pebble bed packing

[18] Annabattula et al.

Packing factor Packing factor Damage evolution
5t 400 51
i Realization 1 i i N =0.637
w2
- o il "r. 3 - ] i
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23 September 6™ M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)

2013



AIT

Karlsruhe Institute of Technology

DEM modeling of pebble beds

8 Damage analysis of pebble beds

® Total number of “completely” damaged pebbles (D
the damage evolution

B At about 0.2% of “completely” failed pebbles, the critical stress is reached

® Gradual damage evolution of the pebbles leads to a significantly higher
number of “partly” damaged pebbles

[18] Annabattula et al.
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Characterization of pebble beds

8 Thermal creep

® Negligible below 600 °C (Li,SiO,)

AIT

Karlsruhe Institute of Technology

0 K 0, <0j

B
® Power law description: ¢, = Ae( T)a"tm
® Relations to the behavior of individual — e
pebbles can be drawn L
® Temperature, stress and time dependence I 11 111
- t
(16] Reimann et al, B Parameters are only valid for one grade
2 ﬁ }f ;ﬁ fj
4 |'|l| |Il'lllll ln'll Jff 0.001 - ‘-@3\ &L]
| Fy d / 1 e
g ) ¥ >
= | Vi .
é / % Jo
LI ot
3 ®
S smﬂlm 4 o aoMPa O
0.5 —%— T=850°C - s 43MPa ~
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—e— T=851C oL
= * Ta
0 T ; 0.0001 L A B LS LA L B L BN
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A Thermo-mechanical behavior

® Thermal conductivity increases with strain and temperature
® Consolidation of the pebble bed with increasing strain

Characterization of pebble beds

® Increased contact area between the pebbles

W Elastic leveling of the pebble caps
® Considerable creep at elevated temperatures

® Gas atmosphere has a major effect on the thermal conductivity

[20] Reimann et al.
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Neutron irradiation of breeder materials
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8 Thermo-mechanics of pebble beds during irradiation
® DEMO (2000) relevant power densities: 20-26 W/cm3

Self Powered Neutron detector

Neutron dosimeter
- REFA172w

| B Aluminium filler
§ __secondcontairment (AISI316L)

Eurofer first contairment
Beryllium pebble bed
Thermocouple tubes

——— Gas purge gas line
. Inconel hellow
>" Eurofer plates

Lithium ceramic hreeder pebble bed

Thermal barrier
scanwires

~ Beryllium pebble bed

Aluminium filler

Neutron dosimeter
B Water coolant

l.l

@ The used FEM-models

describe the behavior of
the eb_L e beds

[21] van Til et al.
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Neutron irradiation of breeder materials

A Tritium release experiments

: : v
® Residence time: 7 = E; V: Capacity of the system; g: Flow through the system

Tritium inventory of a pebble: I = [, bl
pe

" m(r) X T(T(T'))dV
® In-pile experiments show steady-state release: G = R
® Temperature programmed desorption (TPD) for out-of-pile experiments
Out-of-pile In-pile
. 1000 0.40 11T T
T,>T,

v L) v L) v L
Bieediwi:(.1 8§ d/Li SiO,
" Inadiiatinn GO mim /-'
Sweep gas O IHNY, - 800
0.015 [ Fiow iates 10SOmb{miin

0.35

Dol

T, t—|—-—:b T,

—=(500ppmH,
(a-860GppnHO)/N, 600
+0.5 % H O)/N,

0.30

0.010

Relealse‘d

PNV ERET I FEIRIRN TR RITIOTRTN]
>3

Tritium release rate, (mCi/min)

A HTO + HIT 0.25 P n T
Released StRaoN- | difference ol e
0.005 Rofggsed - | state a/ in release | ]
: zm 020 release in\fenlory -
’ 1 it TTETIRT I U TR T NN AT N TN (N TN O NN SO NVUNY W S AN O ON NN
N — . = 0.15
0 1 2 3 4 5 6 7 0.0 0.2 04 06 08 10 12 14 16
Timme{ il Time, (h)
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Summary -\“-(IT
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A Fabrication of solid breeder pebbles

® Lithium orthosilicate and lithium metatitanate are the reference class
solid breeder materials

® The ITER partners use different approaches to fabricate breeder
pebbles

® Reprocessing depends on the fabrication process

8 Modeling of pebble beds
® DEM models are an important tool to study pebble beds in detalil

® Pebble beds withstand 0.2 % of failed pebbles until they show
creep-like behavior

A Neutron irradiation
® Tritium residence time is an important design value
® Out-of-pile and in-pile experiments deliver complementary results

29 M. Kolb Fusion Summer School — Tritium breeder materials Institute for Applied Materials (IAM-WPT)
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