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* Introduction: High Heat Flux Materials
* (I) First Wall Armour Materials
o Self-passivating alloys

* (Il) Divertor Armour Materials
o Thermal shock & He beam load

* (Ill) Structural Divertor Materials
o Design & fabrication
o Critical properties

 Conclusions
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fusion devices:

tritium fuel: e increased T inventory

e N-induced material degradatlo®@ @

life time fluence:
0 dpa 10-° dpa 1 dpa 100 dpa
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Example: ITER Wall Loads

10°
neutron
:':::‘e (:*ieadl £ 10 disruption
degradation % {
- 103
2
g | :
c
S 102 ,
G ELM: 1 GWm-=2, 500 ps, n>106
S 10
divertor: 5 MWm=, 450 s, n ~ 3000
100 | | | | | |

104 10° 102 10t 10° 10t 10% 10°

_ pulse duration, s
ELM: edge-localized mode

VDE: vertical displacement event
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General Requirements for i esanty ﬂ(“
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High Heat Flux Materials < JoLieH
* high thermal conductivity . high melting
point

- adequate mechanical properties

* low activation/transmutation/damage
under neutron irradiation

« compatibility with plasma/coolant

« acceptable costs, (i.e. availability,
applicable fabrication processes)
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Selection of High Heat Flux
Materials for DEMO

Melting Point >2000 K

Thermal Conductivity >50 W/mK

24 :

3
cr =
‘Chrormiwm
2180

41 2[4z gl 43 244 345
Nb Mo = Tc = Ru & Rh

Technetium Ruthenium Rheoefiim

‘Chnomiwm

218D
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Low/Medium
Activation

T "

Irradiation
Damage
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Availability,
Cost

e.g. Tre

15-
1
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Materials & Applications

ERIG

Structure

316 Stainless Steel

Ferritic/Martensitic
9% Cr Steel (e.g.
Eurofer, F82H)

Ferritic/Martensitic
9% Cr ODS Steel
(e.g. ODS Eurofer)

Ferritic ODS Steels
(e.g. 14% Cr)

SiC; / SIC et al.
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Armour

Beryllium

Tungsten

Max-Planck-Institut

2 onon SKIT

EURATOM A

Karlsruher Institut far Technologie

FORSCHUNGSZENTRUN

Divertor

Structure

CucCrZr

Ferritic/Martensitic
9% Cr Steels

Ferritic ODS Steels

Vanadium Alloys
(e.g. V4Cr4dTi)

Tungsten Materials

SiC, / SiC

Armour

Tungsten
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(A) Self passivating tungsten alloys  #)0uicH =UWEE
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" Accidental loss of coolant:
peak temperatures of first wall up to
1200 °C due to nuclear afterheat

Additional air ingress:
formation of highly volatile WO, (Re, Os)

Evaporation rate:
order of 10 -100 kg/h at >1000°C in a
reactor (1000 m? surface)

—> large fraction of radioactive WO, may
leave hot vessel

i e
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Temperature profile in PPCS Model A,
10 days after accident with a total loss
of all coolant.

[Final Report of the European Fusion Power
Plant Conceptual Study, 2004]
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Surface composition automatically adjusts to the requested property

Normal operation (600°C):
Formation of tungsten surface by
depletion of alloying element(s)
due to preferential sputtering

tungsten

W & alloying element(s)
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Accidental conditions:

(air ingress, up to 1200 °C)
Formation of protective barrier
layer

barrier

W & alloying element(s)

F. Koch, IPP
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Self-passivating tungsten =2 AT

based alloys
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Surface composition automatically adjusts to the requested property

Normal operation (600°C):

TRIDYN numerical simulation of
sputter erosion of W-Si-Cr alloy
(D ions, 30 eV, fluence 10'8/cm?)

surface bulk
1,0
W, 86 at.%
E0’8 7
[
©0,6
= W, 44 at.%
20,4 -
So2 Si, 36 at.%
0)
0.0 | | ICr, 20| at.%
0 20 40 60 80 100
Depth [A]
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Accidental conditions:

Cross section of sputter deposited
W-Si-Cr film after oxidation at
1000°C for 1h

Rl AR =
W, Si, WO,, SiO,

W-Si-Cr alloy

Sapphire substrate ol S

F. Koch, IPP

Karlsruhe Institute of Technology (KIT) Campus Nord

Institute for Materials Research |




Max-Planck-Institut

. . @> W fiir Plasmaphysik
Oxidation Test Results 2, ou0n KT

Max-Planck-Institut
fur Plasmaphysik

FORSCHUNGSZENTRUM

Arrhenius plot of oxidation rates of tungsten and tungsten alloys

Temperature [°C]

1100 1000 900 800 700 600

10— :
. Wsitg Alloy W Si Cr Zr
1024 W~ <= WSi132r13 _
5 * WSIOY13 WSI8Cri2 46 30 24 ;
. A WS!BCr12
4 WSI6Criozrd || \WSi3Cr10Zr5 56 13 24 7

Composition in at.%

Linear oxidation rates of W-Si-Cr and
guaternary alloys comparable.

10- T T T T T T T T T T . . .
0.7 08 09 - 10 1 1.2 Oxidation resistance can be
10°/TIK"] increased by factor 100...1000
Oxidation rate (k) has been calculated from
weight increase versus time, linear fit.
F. Koch, IPP
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W-10Cr-10Si Bulk Material

FIB, EDX, and XRD analysis

| et :
. ol
sk
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Cr,WOq
SIO,
CrO,, CrW,0,

WO,, SIO,, (w, si)

bulk alloy F. Koch, IPP
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Powder Metallurgical O sz CSIT
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Example Mlcrostructure of 90W-Cr-Si for the three MA processes after HIP

‘|_I.-IS wet (2ﬁ_j i B | PR\ | we, dry (1h)
,.-_ = ‘ V\E’ | q
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‘- $EC 2.2
o 'r—
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-,-_.'"« G .  d
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g “ . .
4 > %
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13
- v -
N

C. Garcia-Rosales, CEIT

High densification possible (>97%) by powder metallurgical
approach (Milling, HIP)
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(B) Tungsten Coating on Steel 4)10ucH =NIR
M | Cro 'TO Mo g rap hy Al ??ielongm (MPI-TFP)

T. Ueitkanp (ESRF), A. Zivelonghi (HPI-IPP)

A. Zivelonghi, IPP
T. Weitkamp, ESRF

0.5 mm
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VPS-W coating, steel matrix, " Freteh
W particles, pores ) JOLICH —J(IT
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Blue: steel
White: W
Yellow: pores in steel
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VPS-W interlayer: W particles, pores OJL:LICth AT
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White: W
Yellow: pores In steel

Micro-tomography:
guantitative analysis of real
3D microstructure
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Coatings and scales from organic® &l &7
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electrolytes (lonic Liquids)

W on Eurofer

W layer 15 pm
“ 2 »

& W Layer in vertlcal SEM XIeW :

: \;gjw,.

Tungsten layer on Eurofer steel

 Deposited at 120 °C
« Electrolyte (IL) EMIN-CI + WCl

18 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord

Institute for Materials Research |



. M—\q Max-Planck-Institut
PART | - FW Armour Materials: CEEES T
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 Possible solutions for oxidation problem
« Alternatives coating process
» Fall-back options:

(1) plating

(2) plasma controlling ©

‘ NOT a pressing issue
(compared to other topics)
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Testing with JUDITH (thermal shock) and GLADIS (H, He beam)

electron beam (EB) gun (200 kW) 1
vacuum chamber

cooling circuit (RT & 100 °C)
test component

diagnostics

carrier system

alternative flange for the EB-gun

Karlsruher Institut far Technologie

Power: 2 x max. 1.1 MW
Heat load: 1 - 50 MW/m?
Pulse length: 10 ms - 30 s
Repetition rate: ~ 100 /h

4

NoGkwhE

Th. Loewenhoff,
FZJ
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Thermal Shock Tests
Investigated Tungsten Grades

SKIT

Karlsruher Institut far Technologie

G. Pintsuk et al., FZJ, 2010 __

Material ID-No. process composition deformation treatment |dimensions| comments
pure W M182 sintering >99.97 % hammering 2h@1000°C| @ =12 rods
pure W M184 sintering >99.97 % hammering 2h@1000°C| @ =12 rods
pure W M196 sintering >99.97 % uniaxial forging (2 h @ 1000°C %:;50 not tested
W-UHP M192 sintering >99.9999 % uniaxial forging (2 h @ 1000°C %:;50
vacuum . o
WVMW M188 . W 15 - 40 ppm K hammering 2h@1000°C| ©@=15 rods
metallizing
vacuum . . o =170
WVMW M193 metallizing W15 -40 ppm K| uniaxial forging |2 h @ 1000°C 4= 30
d°“b"\9/\;°rged sintering >99.97% | doubleforging |2h @ 1000°C
L . . o @ =170
WTa1 M194 sintering W1.0% Ta uniaxial forging |2 h @ 1000°C 4= 30
WTab M195 sintering W5.0% Ta uniaxial forging (2 h @ 1000°C %:;go
21 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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Thermal Shock Tests - Summary

dgublei forged W (M190)

absorbed power density / GWm-?

absorbed power density / GWm-2
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® no damage

" surface

modification
® crack network

small cracks

G. Pintsuk et al., FZJ

WTa5 (M195)
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Karlsruhe Institute of Technology (KIT) Campus Nord

Institute for Materials Research |



Pure He loading of actively cooled @, b QAT
components, Surf. Temp. = 200-850°C 4JULICH S5

2 MW/m?, T, 200°C (PM-W) 2 MW/m?, T, 850°C (W-VPS) 10 MW/m?, T, , 850°C (PM-W)

15.00kV| SE | TLD|5000x 4.1 mm 25.6pum AC1 He loaded, IPP, MF #|500kV|TLD| SE [8000x 4.0 mm[16.0 pm W-VPS He loaded #|500kV|TLD| SE |5000x |41 mm|256um| AC-7-2 He Balden, MF, IPP

Morphology is dominated by physical sputtering. The erosion patterns depend
on the local orientation of each individual grain. Strong surface modification

OCCuUrs.
Similar results for PM-W and VPS-W in the temperature range 200 — 850°C.

Cone and wave structures after high He fluence.
H. Greuner, IPP
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Pure He loading PM-W components, @\W i ST
JULlCH el

Surface Temp. > 2000°C

top view FIB cross section

5pum
8000 x | 4. 2 mm |[16.0 ym W-30 He loaded, IPP, MF

. Q@
5 gfp| HV | det ‘mod ‘mag B HFW

mag | HFW
8000 x | 4. 1 mm |16.0 ym W-30 He loaded, IPP, MF

Surface morphology of PM-W and W-VPS is dominated by a porous
structure due to agglomeration of He bubbles. The coral-like structure has a

typical thickness of ~2-3 um.

2% |30.00 kV| TLD

Note: 0.07 pm calculated He implantation depth only! H. Greuner, IPP

Karlsruhe Institute of Technology (KIT) Campus Nord

M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS
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Influence of surface temperature © Ll e ﬂ(“‘

1 1 ULICH
on erosion at high fluence: 1:10%° He/m? 4)0uicH =T LR

Tsurf=200°C Tsurf:1000°C Tsurf= 1450 C

i det | mag B HFW —_—1pym —
TLD 000 AC1 He loaded, IPP, MF

‘1 OOKV

note: 70 nm penetration depth calculated erosion: 5 um H. Greuner, IPP

Low temperature: no bubble formation
Surf. Temp. 2 1000°C: strong bubble formation dominates erosion pattern

25 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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* Not many degrees of freedom in developing
better performing materials

 Much more knowledge about irradiation
effects and mechanisms necessary

» Fall-back options: NONE
- physics dominates material performance

This has a significant
‘ impact on the divertor design
(possible operation limits)
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Fiber-reinforced metal matrix @ Wl o ST
composites 4)1oucH =INTE
Heat sink applications Heterogeneous W material

e SiC./Cu ° Wi/ W
*WHCU ) cat load }
Matrix Fiber Fiber

PFM

T= 550°C

matrlx

Crack _—7 | Crack
wake . front
debonding debonding

‘ Chawla, 1993

eenhanced high temperature strength  econtrolled crack deflection
e high creep resistance einternal energy dissipation
eincreased fracture toughness ®increased strength by pseudo-ductility
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Synchrotron tomography — Results @® W iharm ﬂ(IT
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Artificial notch

W /W-Single-fibre composite
« 11 tomography/displacement steps

« Diameter 1.006 mm, Notch depth
0.094 mm

« Maximum load 253 N: Measured
displacement 0.1584 mm

First crack,
fibre intact

Fibre

(d=150 pm) /.A\

JA
\

Stress

\ Final

rupture
Interface
debonding

J. Riesch, J.-H. You, IPP strin

28 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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SiC, / Cu: Voids in matrix O e
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SIC; / Cu (20% fibers) M. Schébel. TUW

- ESRF ID-15A:
<2 um/pixel, 10 s / scan

3D view of the voids in the Cu matrix

Karlsruhe Institute of Technology (KIT) Campus Nord

29 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS
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J. Riesch, J.-H. You, IPP

Deposition 1: Porosity 20%; Interface WO,;
Uniform coating of all fibres (=50 um); | 2

Deposition 2: Porosity 14%); Interface Er,O,;
Strong gradient in deposition thickness

Deposition 3: ,Moving Heater* — Concept;
Interface Er,O4 Porosity 8%; fibre pattern
not maintained

Deposition 2 — Porosity 14%

30 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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PART Ill - Structural Materials for @ &l FHim ST
Divertor Applications 4))0uicH = W2

Divertor Concept up to 15 MW/m?

~ Divertor target plates
,/ with modular thermal

shield (W/W alloy)

Dome and structure
(ODS RAFM)

-~

Divertor Cassette 9-Finger Module Finger
P. Norajitra et al., KIT, 2003-2010
31 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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Divertor Concepts, 5-10 MW/m ) oiion ﬂ("-
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Front Plate

T-Tubes (W)

Slot-j

; Hexagonal Tile
22mm___ Cartridge S

Thimble

ultiple-jet

Outlet Cartridge

Manifold

o Side Plate
Module stagnant
body (Steel) He

insulation

region

- S. Hermsmeyer, S. Malang, 2002 AR
- T. Ihli, A. R. Raffrey, S. |. Abdel-Khalik, 2007

- A. R. Raffrey, S. Malang et al., 2008

32 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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Divertor Concepts, 5 MW/m?

Coolant in

~ R [ Coolant out

o

Armor Layer
Outlet Tube

Inlet Tubel —

Porous Wick

Channel Structure\.,_,_,_\

" SK.Kleefeld, S. Gordeev, 2000
- S. Hermsmeyer, K. Kleefeld, 2001
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—

eI E IR
S

NVA
\‘\\ .

_— Structure

& Ga
8 i % \
U
L N Ducts
\ &
? N out & /

/ /7
Ll N Flow channels —|
e OOy (/ ESP core —
\‘.‘ll r\ f/“'ll -
| 7 Twistes fins — |
|
|
>
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Divertor Concepts, 10 MW/m? sk
P M) JULICH ﬂ(IT
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—P Section A-A

Foam in Tube

-gl‘l:‘“m“'qvl:lll.l\”l"l."-'.'-'lj;\.lll.‘-l"'I“|","I'|""'I|~""'|'“|'!-". i.l l_‘l’.'; 5 'l " UL ul l (1]} I l" l‘ Ll |.|.| | | 1 !’.’ RARRAR) ll' L1 { 'nl.l l'l v.v v‘ { ‘l t -.v. 1"I -‘ "1'!..""""":'““"“&.i.‘l"
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-2 S. Sharafat et al., 2005-2009
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Conclusion for ALL Helium Cooled @ il i ST
Divertor Concepts A)joLicH =TNEE

The main divertor part Is a pipe-like structure
(with open or closed ends) with different

CIOSS-SEections (rectangular 6 reund) on
SEERIchrtheammourrcantherattached:

35 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord
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Tungsten Material Production Routes &) i cx ﬂ (|T
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Powder-
Metallurgy

| Sintering (H, V)v
& Forming

+ Mass Production s
+ High Density
Mechanical
-+ Specific, aniso- | Alloying & solidification)
tropic micro- HIP/Forming - expensive

structure
+ Fine Particles + Mass Production

- Some Alloys WV, * Homogenous  + Nearly Finished
WTa only invac.  Microstructure  Products
+ Homogenous
- Small Quantities Microstructure
- Porosity
- (Brittleness??7) - Porosity
- Severe Brittleness

36 M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS Karlsruhe Institute of Technology (KIT) Campus Nord

Institute for Materials Research |



37

Half-finished Products

Rolling (or Swagging) of Rods |

M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS
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Microstructure Anisotropy =22 AT

' JULICH
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Karlsruher Institut far Technologie

'Rolling (or Swagging) of Rods {

‘WL10 Rod, @7 mm | W Rod, @7 mm
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Microstructure Anisotropy
]Rodsl

/ 2\ Max-Planck-Institut
G W furPIasmaphysuk ; Q(IT
J ULIC H

RRRRRRRRRRRRRRRR

Bund|VBH.”,9'?~9i:’F'breS

sLT. 20t FIbres*

M. Rieth, J. Linke, Ch. Linsmeier — HIGH HEAT FLUX MATERIALS

11
. f .”ftb [,e.s;,. Ibres*

Karlsruhe Institute of Technology (KIT) Campus Nord

Institute for Materials Research |



Ve A Max-Planck-Institut

Rods: Fracture Characteristics @’, St A(IT
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Delamination Fracture in Rods
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Rolling of Plates

Forging of Round Blanks
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Plates: SEM / FIB channeling effect
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Microstructure Anisotropy
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Charpy Tests, Plate Materials - ﬂ("'
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Powdermetallurgy @ il i JULTCH SKIT

J TEM observations:
J Bimodal grain size
distribution:
mean sizes = 40 and 146 nm|
J Bimodal particle size ‘
distribution:
mean sizes = 4 and 40 nm

B 2]
0 200

L. Veleva, N. Baluc, CRPP
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W-V and W-V-La,0, alloys

Evolution of the fracture toughness with temperature:

r — 77k 20 mean value and standard error
800 —25°C
——200°C i ——W-10
—so0°C - W-4V-1La,0,
—800°C L
I —— 1000°C 15 |
600 i
- | W-4V-1La,0, 35 ____{,xl-"{\.,}___I\
= o 10 + ~
o 400 = i =
L / !9 i
I 5 |
200 +/
0 b Lo L -200 0 200 400 600 800 1000 1200
1 1,5 T (°C)
£ (%) . )
| he plastic behaviour Seems to appear >TTIe frahcturfe toughnelsls Is a little
at 1000 °C sma el_r than for W-V a oys.
> In this case the degradation due to
‘ DBTT seems to be higher than oxidation is smaller than in W-V alloys
for W-V alloys .
y A. Mufioz, CIEMAT/UC3M/UPM
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Significant enhancement of
the low temperature
ductility of ultra-fine
grained (UFG) W-TIiC
requires sufficient plastic
working after consolidation.

H. Kirushita, Tohoku Univ., 2009
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Binary powder: 50wt% W1 (0.7 pm) + 50wt% W2 (1.7 pm) jULICH

FORSCHUNGSZENTRUM

W tile manufactured by PIM @W e QAT

Karlsruher Institut far Technologie

Feedstock mixing ratio powder/binder: 50/50 vol%

Green body Final shape after *Heat-treatment:
heat-treatment* - pre-sintering (1650°C, 2h, H,) +
(sinter+HIP) - HIP (1600°C, 3h, Ar, 250 MPa)

\

BZ 5000 X 25HV)' vr 5 pum

_ _ _ Metallurgy results (Fig.:real microstructure
Material properties achieved: of the W-tile): no porosity; grain size 5 pm
Vickers-hardness: 457HV0.1
Density: 98.6 — 99 % TD S. Antusch, KIT, 2010
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Main Question for Structural @ Wl M ﬂ art
Divertor Materials A))oLicH =10 §

How to fabricate pipe-like structures?

TSI

Injection Moulding

Powdermetallur <
d Mecg %ai Alloying
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Pipe Fabrication of Rods

Pipe Impact Test

B. Dafferner, P. Norajitra,
KIT
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Ductile W-Foil Sandwich of W-Foils Fracture Behaviour

——

J. Reiser, KIT
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Pipe Fabrication of Sandwich Material #)joLicH
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PART Ill - Structural Div. Materials: 455 gepr
CONCLUSIONS JI AL L]

 No material available which fulfills all design criteria (strength, heat
conductivity, DBTT)

- No DEMO divertor concept ready which is feasible with existing
materials

 Lower operating temperature about 800°C (due to irradiation = has to
be confirmed)

« Upper operating temperature limit given by loss of strength or
recrystallization (depends strongly on material, about 1000-1300°C)

» Water cooling as fall-back option not confirmed yet (many doubts!)

‘ This topic has a critical impact
on the DEMO design
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Thank you for your interest!  4ouch SKIT
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Whenever you see this,
remember that tungsten
rods are not an gption!
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Thanks to all contributors to the

following R&D programmes: e
® EFDA Topical Group on Fusion Matenals\
® ExtreMat \\
® FEMAS-CA
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