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Nuclear Fusion AT

Karlsruhe Institute of Technology

Deuteron

Fusion Reaction @

Helium
Nucleus

T = 15 Mio. °C E,~ 3.5 GW
E, = 3.7 x 1017 GW pe ~ 4 MW [ m3

>pe =30 W/ m3 >T = 150 Mio. °C
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Magnetic Confinement ST

Karlsruhe Institute of Technology

Tokamak Stellarator

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)
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Karlsruhe Institute of Technology

Nuclear fusion is
relatively easy to
accomplish. The
trick is to gain
energy out of it!
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Where is the challenge? T

Fusion Power Plant

Breeding Blanket

Heating &

; r Supply Electric
Current drive [

Divettor ey Power to the Grid

L7

| Isotope
|}, Separation

m Test device for plasma physics s fﬁ] L] Sustain_a}bility
m Safety - Standard technology 4 B Rentability

\ / m Safety

\\ ’ B Economy

”
\N--——’

complex superposition of intensive neutron/heat
radiation and thermo-mechanical load/fatigue
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High Heat Flux Components ST

DEMO

Department of Materials, University of
Oxford, 20. May 2010
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Blanket: <150 dpa/5 years, 2.5 MW/m?

Reduced activation ferritic-
martensitic steels

= EUROFER (9Cr-WVTa)  350-550 °C
= EUROFER-ODS 350-650 °C

He cooled structure, liquid lithium or lithium-
ceramics for tritium breeding - ~85 % power

Divertor: ~30 dpa/2 years, 210 MW/m?

Materials unknown
Operating temperature 350-1300 °C ?

Cooled tungsten shield to remove He and other
particles from plasma - ~15 % power
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DEMO Divertor: a demanding Component! QAT

Karlsruhe Institute of Technology

Toroidal
Direction

Separatrix
—_—e

Banana
Trajectory

Projection of Trapped lon
Trajectories is Banana Shaped

(for illustration only) i

X-point
o
\ lon gyro-motion N N

4 Divertor

Targets
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Coolants & Structural Materials AT
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Structural Materials

4 N\ )
m Liquid Coolants
= Water 1" Copper (CuCrZr)
= (Lead-)Lithium —\:\ = Eurofer (9CriWVTa)
™ » Vanadium (V4Cr4Ti, ...)
m Gas Coolant N SIC{/SIC
a Helium > » Tungsten (WTa, WV, ...)
plus Eurofer (or ODS)
\. J . J
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ITER Divertor Concept (Cu & H,0)  XIT

Karlsruhe Institute of Technology
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B tungsten monoblocks
H Cu interlayer
B CuCrZr heat sink
B 1000 cycles at 5 MW/m?
-> M. Merola § L )
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ITER Divertor Concept (Cu & H,0) T

Karlsruhe Institute of Technology

Fabrication Technology

Hot Isostatic Pressing
W Brazing
Hot Radial Pressing

CuCrZr tube

(i

Cu interlayer > M. Merola, 2008
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ITER Divertor Concept (Cu & H,0)

Karlsruhe Institute of Technology

r

N\ N\
B Fabrication processes
available B Cuis NOT applicable
under DEMO conditions
B Proof for 1000 cycles at .
. . - T retention,
5 MW/m2with potential . .
) embrittlement, swelling
for 15 MW/m2 or more
(~15 dpalyear !!)
B Cost effective
J J
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“Upgrade” of ITER Concept (Steel & H,0) AT

Karlsruhe Institute of Technology

M Hot Isostatic Pressing
m 970 °C @ 150 MPa
B Tempering 750 °C, 1.5 h

( )

m Mismatch between thermal
expansion (Steel --- Tungsten)

Screw tube
(O.D.=12mm, M10, Pitch=1.5) m Irradiation damage on 9Cr Steel
problematic (T,, = 100-300 °C) ?

B Feasibility not demonstrated yet

- S. Suzuki, S. Konishi, 2008

- 2 Wi
> B. N. Kolabasov, 2008 i (theqr. 10-15 MW/m?2 with water
cooling)
- L. Giancarli et al., 2005 - L )
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Vanadium & Liquid Lithium

- B. N. Kolabasov et al., 2008 i DraWbaC kS

r N N
B V-4Cr-4Ticooling channels
_ _ _ V suffers from hydrogen /
B Electr. insulation against " _
tritium embrittlement
MHD pressure loss
. T retention
M Liinlettemperature 250 °C
_ Irradiation embrittlement
B Lioutlettemperature 300 °C
below 500 °C
® Liflow velocity 5 m/s . S
y Coating (liquid Li) ?!
B Heat flux ~10 MW/m?
. J y,
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SiC,/SiC & Lead-Lithium AN

Karlsruhe Institute of Technology

= K. Noborio, Y. Yamamoto, > A. R. Raffray, L. El-Guebaly,
Y. Takeuchi, T. Hinoki, ® S. Malang, I. Sviatoslavsky, M. S.
S. Konishi, 2008 Tillack, X. Wang, ARIES-AT, 2000
' 0,5
JERRVERDRRRNDEN
o s =y o F g\
. ’ \
< E :\ oV, oV,
S| ST /A 0T N T N~
<\</ //;;§\ AN ; \\\\\&>
3 1 | !
1 \ 1 2
L 28 28
t 30 31

-> Followed up by: A. Li Puma, L. Giancarli, H.
Golfier, Y. Poitevin, J. Szczepanski, 2003
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SiC,/SIiC & Lead-Lithium

4 N\ N\
B Loss of thermal
- conductivity under
irradiation
BN _ 2 . .
Heat flux max. 5 MW/m B Helium production
B [nlet temperature 600 °C (transmutation) 5-10
® Flow velocity 1-1.5 m/s times higher than in
steel
B Open fabrication/joining
Issues
\_ J J
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Tungsten & Helium, 5 MW/m? Concepts AT

Karlsruhe Institute of Technology

Armor Layer

, Outlet Tube ~_
R Coolant out
P Inlet Tubel ——
Porous Wick —
Channel Structure —__

Coslant in ’ > K. Kleefeld, S. Gordeev, 2000

MU R REERR.

T T T e —  Structure
/ / v Flow channels —
-~ *7-:'-1\4: < / N
( \ NS // ESP core — Gap
‘\"-‘_‘ (\1//
| Twistes fins —
N Ducts
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Divertor target plates
with modular thermal
shield (W/W alloy)

Divertor 9-Finger Finger
Cassette Module

- P. Norajitra et al., 2003-2009
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Tungsten & Helium, 5-10 MW/m? Concepts T

Karlsruhe Institute of Technology

Front Plate

T-Tubes (W)

Slot-j
22 mm Cartri
> .

doe Hexagonal Tile

\

Thimble

ultiple-jet

Outlet - Cartridge
Manifold D [/
Side Plate it l 1
Module ("% _
body (Steel) e i
insulation
region

- S. Hermsmeyer, S. Malang, 2002 Back Plate

- T. Ihli, A. R. Raffrey, S. I. Abdel-Khalik, 2007
- A. R. Raffrey, S. Malang et al., 2008
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Tungsten & Helium, 10 MW/m? Concepts AT

Karlsruhe Institute of Technology

= "

Foam in Tube Section A-A
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Heated
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Tungsten & Helium

( N\ [ )
B Heat flux 5-10 MW/m?2 m Brittleness (fracture
_ behaviour) of tungsten
O Varl_ous concepts (even without
a_xvallable (proof for irradiation)
finger module) -
_ _ B Unsolved fabrication
® Flexible operation issues (e.qg. brazing for
temperatures irrad. conditions)
. A J
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Ranking of Divertor Concepts AT

Karlsruhe Institute of Technology

Feasibility (even for reduced heat flux of 5 MW/m?2)

- CrZr)

a VanCr-4Ti, )

m Low Activation Steel (Eurofer) [ not likely!?
-> coolant? concept? ...

m SiC/q nogo!? | ->long-term option, R&D needed

m Tungsten (W, WL10, ...)| Not yet! But ...

-> solution for ductility problem needed!

. . . . . T Forschungszentrum Karlsruh ni itat Karlsruhe (TH
22 Department of Materials, University of M. Rieth: Tungsten as a structural material _I-_ in der F:‘dmmhz_egmainwr:af: gn“:?cgsuilave:z .shgn:d(mg

Oxford, 20. May 2010 for fusion reac tors I




He Cooled Divertor Dilemma AT

stitute of Technology

10 MW/m2 4 ELMs, high energetic
articles, ete.

e Tile (W) Recrystallization v

~1270°C— < Top<1300 °C'!

o By,
—Tungsten ‘
Brittle Fracture
O Steel - T,,>800 °C (?2?)
=
(=)
o

N .

800°C - Aging, Creep Q
- > T,,<550 °C !
3 | <+ Steel ‘
< Brittle Fracture v
- > T,,>350-400 °C !

Helium out
800°C
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He Cooled Divertor Dilemma AT

stitute of Technology

10 MW/m2 4 ELMs, high energetic
articles, ete.

. | <— [lle (W) Recrystallization v
~1060°C — == > T,,<1300 °C !
—Tungsten ‘
Brittle Fracture Q

O Steel - T,,>800 °C (???)
=

o =]
< :

>00°C P Aging, Creep ‘/
- Steel > T,,<550 °C !
3 | —olee
< Brittle Fracture v
- > T,,>350-400 °C !
Helium out
500°C
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Main Criteria for Structure Divertor Material ﬂ("'

Heat Flux (10 MW/m?)

o Very Effective Cooling Strategy
o Thermal Conductivity
o High Operation Temperature

Neutron Dose (min. 30 dpa)
o Irradiation Damage
o Activation (Transmutation?)

Other Criteria

o Fabrication/Joining
o Tritium Inventory
o Availability/Cost
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Why Tungsten? > Element Selection

1 ! Atomic #

H Symbol

Hydrogen Mame

0.1805 Wimi

3 i .

L Be Thermal Conductivity (W/mK)

85 190

" Ta 12 E

Na ' Mg

‘Sodium Magnesium

140 160

19 zlap g 2 B 223 24 25 2 26 2 g z o e

K fca fsc :Ti Vv %Cr “Mn “Fe “Co %N ¢

[Potaszism ‘Calcium ‘Scandium Titanium Vanadism ‘Chromiwsm Mangansze Iron ‘Cobalt Nigke!

100 00 16 2 E 24 rE:] 0 100 -1

37 i 38 ERE] Z 40 gy 242 2 43 Y] 245 2 46 2

Rb 58r %Y “2Zr ENb Mo %Tc :Ru £Rh & Pd %

Rubidium ‘Strontium Y ttriumn Zirconium Niobium Mohybden... Technetium Ruthenium Rhodium [Palladium

58 35 17 138 Ll 120 150 T2

55 g6 2 72 273 27y 275 2 76 2 kg t 78 E

Cs ©“Ba #]lszgyqHf =ZTa ZW =Re =0Os =z=Ir =Pt =

‘Caesium f Barium g Hafnium ‘g Tantalsm ‘; Tungsten 1§ Rhenium 13 Osmium 1; Iridiism 'g Platinum 1‘:

] 18 3 & 170 48 ] 150 2

1 1 Atomic #

H Symbol
N

14.01 I(:IT;
4 : . .
Be Melting Point (K)
1560
12 :B
Mg
Magnesism
923
20 Bl 21 2 22 2 23 2y 95 26 2 B 2 23 229 z
Ca isc :Ti VvV fcr “Mn %Fe iCo N fcu *?
Calcium Scandism Titanium Vanadism Chromism Iron Cobalt Mickel Copper
1115 1814 1541 2183 2180 1518 1811 1768 1728 135777
38 é 39 E 40 248 é 47 1§
Sr =Y s Zr Pd = Ag =
Strontium Yttrium Zirconium Palladism Silver
1050 1788 2128 1828.05 123493
56 g 72 278 279 E
Ba ) 5771 |HI Pt £Au £
Barium Hafnium Flstinum || Goid g
1000 2506 2041 4 1337.23
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He
Helism
0.1513
5 16 17 I Iy BR[| F :
B C N o F Ne
Boron Carbon Mitrogen Cooygen Fluarine Meon
Fa) 140 0.02582 0.02858 .02 0.0491
'14_ § 15 g 16 g 7 g 18 5 :
Si P s Cl Ar
Silicon Phosphorus. Sulfur Chilorine Argon
180 0.23% 0.205 0.0088 001772
30 ‘5 K ‘g 32 ‘g 33 ‘g 34 ‘g 35 ‘g 36 ‘g ’
Zn :Ga :Ge :As :S8Se ::Br :Kr =Gt
Zinc Gallium ‘Germanium Arzenic Selenium Bromine Hrypton
120 Pz i} 0.52 0.12 0.00542
48 i 49 i 50 i 51 ;82 i 83 i 64 if
Cd #In isn iSb iTe il iXe i.
‘Cadmium z Indiiam : Tin ¢ Antimony g Telhwrium lodine ! Xenon 8
57 82 &7 24 0.445 0.00565
80 I8 Ig2 le3 Ig4 l8s F:L §’
Hg =TIl =zPb =ZBi zZPo zAt =ZRn '
Mersury 3 Thaliom 3 Lesd % memutn '} Polnum 5 Aststne 7 Raden 3 2
83 48 K] -] 2 0.00361
5 : «
B
Boron
2348
13 :
AI
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HHFC Base Material

Melting Point >2000 K
Thermal Conductivity >50 W/mK

+

24 ;
Ccr °
Chremism
2180
41 242 2 43 ;a4 5 45 ;
Nb # Mo 1: Tc ZRu #Rh =
Tenhnetlum F{uthemum F{hndlum

Low/Medium
Activation

. .
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Chmmmm
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Irradiation
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Availability,
Cost

24
Cr

Chromim
2180

i 42

18

= Mo
2808

G R

41
Nb
Niobism

2750

e.g.

24
Cr

Chremism
2180

P
3
13
1

Universitat Karlsruhe (TH)
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HHFC Alloying Elements (up to 1%)

Melting Point >1300 K
Thermal Conductivity >20 W/mK

22 2 93 2 4 225 2 25 Alam
Ti %V iCr TMn %Fe %Co
Titanium ‘Vanadism ‘Chromism Mangansss Iron Cobalt
1941 2183 2180 1519 1811 1768
40 M 2 F4 344 i
Zr #Nb #Mo % Tc % Ru ¥Rh
Zironium | Miobium ! Molybden... i Technetium 2 Ruthenium ! Rhodium
2128 paii)} 2BOE 2430 2607 P
72 E 77
Hf = Ir
Hafnium '3 Irigium
2506 T3
La

Department of Materials, University of
Oxford, 20. May 2010

1; 28 1§ 29 é 5 o
: Ni :Cu B
Mickel Copper Boron
1728 135777 2348
2 46 3 14 :
: +
EPd % Si
' Fallzdiom Silicon
1828.05 1eeT
: 78 : 79 2
18 18 13
2Pt = Au =
2 Pitnum '] Gold i
2041.4 1337.33
22
Ti
Titzniwm
15941
40
Zr
Zircomnitm
2128
T2
Hafnium
2508
La
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[Er=T

FE B Ca ks

e

S

2

23
V'

WVanadism
2183

41
Nb

s 24 : 25

1 13

: Cr % Mn
Chromium Manganese
2180 1518

2 rd

8 42 ]

18 18

"

22

% Fe
Iron
1811

Miobium Mohybden

2750 2855
5
Boron
2348
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Ni
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Palladium
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HHF Alloying Elements (up to 1%)

unlimited 10% 1% 1% 01%

Top half of box: hard spectrum
Bottom half of box: soft spectrum

.001%

AT

Karlsruhe Institute of Technology

0001%

22 23 Er | ;25 i 26 228 : 29 z
Ti %v i1¢r " Mn “Fe :INi %Cu %
Titanium Vanadium ‘Chromium Mangansss Iron Micks! Copper
1541 2183 2180 1519 1811 1728 1367.77
40 i
Zr %
Zirconium
2128
5
57
B
La. Boron
2348
Silicon
1687
Irradiation
2 2 2 2 2
22 f 23 F 24 52 2 9g z
- 3 13 14
Ti : V : Cr T Mn : Fe 2
Titzmnim W anadium ‘Clhromiwm Manganese |romn
1541 2182 2180 1519 1211
40 3 2
18 2 e
Zr 19 Cu °
Firconium e
1257.77
2128
57
La 14 :
Si !
Silicon
1687
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What can be done with these elements? ﬂ("'

stitute of Technology

Pure Tungsten

- x x

Grain | |
| Tungsten Tungsten
Stabilized 7 A Alloys
Tungsten P —7

* W-(Ni)-Fe (Densimet) * WV
* W-Cu (Elmet) * W-Ta
© (W-Ag) © (M)
Potassium
Doping
e.g. WM * La,0, (e.g. WL10) >
> Bulb Wire - Zr0, |
° CGOZ
* (ThO;)
« (HfC)
30 Department of Materials, University of M. Rieth: Tungsten as a structural material :I-_ mﬁmmwr:ﬂe e
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Tungsten Material Production Routes ﬂ("'

stitute of Technology

Sintering & Powder- (S)Melting &
Forming Metallurgy Forming

+ Mass Production + Real Alloying
+ Density v \
. Mechanical (<) sometimes
[+ Specific, aniso- Alloying & expensive
tropic micro- HIP (< EB, Are,
structure Vacuum, ...)
+ Fine Particles + Mass Production
+ Homogenous + Nearly Finished
Microstructure Products
+ Homogenous
- Small Quantities Microstructure
Porosity
- Brittleness? - Porosity
- Severe Brittleness
31 Department of Materials, University of M. Rieth: Tungsten as a structural material :I-_ mmwﬁ &Tﬁimﬂﬁﬁqgg
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Where are we today? ﬂ("'
Important Design Criteria

| Thermal 100 W/mK Present Situation
Conductivity @ 1200 °C
Creep 55 MPa, 20 kh| _
| Strength @ 1200 °C =
DBTT 300 °C, un- ]
unnotched irradiated E";

Recrystallization 1300 °C, for
Temperature 20 kh

: N . : ] Forschu Karisruhe Universitat Karlsruhe (TH)
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W-Materials, Rolling Texture ﬂ(".

Karlsruhe Institute of Technology

RODS

| 6,9mm | 91% | Rolling | | @6,9mm | 94% | Swaging | | @16 mm | 91% | Rolling |

* hepn _ e — o - - - E
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Microstructure ﬂ(".
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Microstructure ﬂ(".

in the condition as delivered (by TEM)
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Rods: Fracture Characteristics
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Transition of Fracture Modes QAT

Karlsruhe Institute of Technology

brittle = delamination = ductile
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Delamination Fracture in Rods
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Delamination, Simple Analogy QAT

stitute of Technology
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Prediction: Delamination will disappear with flat surfaces!

: R . : 7] Forschungszentrum Karisruhe Universitat Karlsruhe (TH
40 Department of Materials, University of M. Rieth: Tungsten as a structural material _I-_ in der Helmholtz-Gemeinschaft Research University - mmw(;razs)

Oxford, 20. May 2010 for fusion reactors




Surface Fabrication and Notch Effect g(l'l'
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Plate Materials

thickness 3.6 mm

thickness 3.6 mm
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Plate Microstructure ﬂ("‘
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Charpy Tests, Plate Materials ﬂ("'
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Fracture: W & WL10, plates QAT
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W WL10

Tested at 1000 °C !!!
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Delamination Fracture in Plates QAT
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Important Conclusions for HHFCs AN{]]

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

D Plates delaminate at all temperatures

> High deformation degree improves D-Delam.-TT

» Oxide particles (and K doping) promote delamination
> Microcracks (by EDM) promote delamination

> Notches, edges, grooves, etc. promote delamination

In other words:

B Use highly deformed W rod material

» Produce parts with flat surfaces by milling, sawing,
turning (avoid EDM!)
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But how to fabricate divertor parts? T

Module
body (Steel)
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Problem of Microstructure Orientation ﬂ("‘




Summary [T

Karlsruhe Institute of Technology

There is no feasible divertor concept (yet)

“ No match between materials and required properties (ductility, thermal
conductivity, recrystallization temperature, strength, compatibility, etc.)

® Not even a basic concept with reduced capabilities (change boundary
conditions, reduced heat flux, ...)

There is no structural divertor material (yet)

® Eurofer (heat conductivity, thermal expansion, 550°C limit, ...)

" SiC/SiC (irradiation defects, He prod., joining, 5 MW/m? limit, ...)
® Tungsten (ductility/irradiation, spec. fabrication issues)

Alternatives/Outlook

® Tungsten alloys, nanostructured and composite materials = ongoing
® Tungsten composites = under investigation

" Replacement by molybdenum - high activation!!!

® Liquid wall divertors or something completely different???
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... and that‘s only one reason why ﬂ("
fusion is so challenging!

N
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Additional Slides ﬂ(“.
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Tungsten Problematic ST

Karlsruhe Institute of Technology

Question: IS tungsten a brittle material?

Answer: NO! Tungsten is even more brittle!

Inter-Crystalline

= &2

Trans-Crystalline

- R. Pippan et al., OAW
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Tungsten Problematic ST
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DBTT is Strain-Rate Dependent ST
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Influence of the Grain Shape AT

Karlsruhe Institute of Technology

rolling
direction

Temperature [°C]
-200 0 200 400 600 800 1000

251 125

Fracture toughness KQ [MPa m”z]
o
/ﬁ
0 ‘
Yo
o

O 200 400 600 800 1000 1200°
Temperature [K]
. . . . . B Forschungszentrum Karlsruh niversitat Karlsruhe (TH
56 Department of Materials, University of M. Rieth: Tungsten as a structural material _I-_ in der Fralth|tz_Ggmaingcr:af: . (TH)

Research University . founded 1825

Oxford, 20. May 2010 for fusion reactors



Notches Influence Grain Boundary Fracture ﬂ("'

Karlsruhe Institute of Technology

DR iy

C 3

T~ Forschungszentrum Karlsruhe Universitat Karlsruhe (TH)

57 Department of Materials, University of M. Rieth: Tungsten as a structural material i in der Helmholtz-Gemeinschaft Research University - founded 1825

Oxford, 20. May 2010 for fusion reactors




