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ÁGoal

ÅEvaluate stellarator capability with reactor relevant plasma facing materials

ÅBy demonstrating high-performance, steady-state HELIAS operation in carbon free W7X

ÅInclude lessons learnt from manufacturing, installation and operation of current CFC divertor

ÁStrategy

ÅOptimization of plasma facing geometry 
Å [Oral presentation Thierry Kremeyer in this workshop]

ÅTechnology qualification of W based divertor

ÅIn framework of EUROfusion WPDIV-W7X

ÅMy presentation

W based divertor project
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Divertor)

Current divertor layout Wendelstein 7-X
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Å Broad magnetic configuration flexibility

Å Plasma currents

Courtesy  

D. Boeckenhoff

Pumping gap
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ÁAssumptions

ÅSimilar plasma facing geometry as CFC divertor: 10 MW/m² design heat load, also at pumping gap

ÅUse existing cooling water infrastructure: 

Å10 l/s per 1 m toroidal length , ȹp < 15 bar, max 13 modules per unit

ÅMinimize target module weight < ~50 kg 

ÁObjectives

ÅSimplify

ÅMinimize welds

ÅMinimize manufacturing steps

ÅMinimize inspection steps

ÅRelax tolerance requirements

ÅČ one big rigid heat sink with integrated manifolds

ÁDesign rules

ÅHigh water velocity only where heat is removed

ÅRigid cold side compared to plasma exposed side

ÅW-Cu interface closest to water 
Å to minimize temperature & stress

ÅStatically determined support system
Å No thermal restraint forces

Technology qualification for target modules
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Conceptual layout of target module
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ÁAdditive manufactured CuCrZr heat sink with integrated manifold

ÅUsing laser powder bed fusion (LPBF)

ÅHeat removal channels closely follow exposed side

ÅMachining of plasma facing side after printing

ÁChallenge: strain singularity at W/CuCrZr interface

ÅNeed for soft OFE-Cu interlayer or graded layer

ÁW based plasma facing surface 

ÅCoating (cold spray or low pressure plasma spray)

Å1.2 mm functionally graded W/Cu on CuCrZr

ÅÓ 0.3 mm W based top coating of W or W+SS or W+NiFe

Å To survive erosion over W7-X life (~0.2 mm in 300h)

ÅOr mosaic of flat tiles + Cu interlayer

ÅCu interlayer by galvanizing, diffusion welding or casting

ÅTiles brazed or diffusion bonded at moderate T and p

ÅTile size ~ 12-40 mm, thickness ~3 mm 

ÅWire erosion of plasma facing surface after manufacturing

ÁFEM show temperatures < 800 °C and displacements < 3 mm

ÅLorentz forces are acceptable [Fellinger: 2023]

Size ~0.4x0.6 m x 50 mm

Weight = ~50 kg reduceable to 40 kg

MAX PLANCK INSTITUE FOR PLASMA PHYSICS | JORIS FELLINGER | FIFTH TECHNICAL MEETING ON DIVERTOR CONCEPTS

https://doi.org/10.1016/j.nme.2023.101506


ÁMeasurement of properties of W, W heavy alloys, AM CuCrZr, and OFE Cu (cast/galvanic/plate)

ÁCooking recipes for manufacturing processes 

ÁDemonstration of robust and reliable performance

ÅHe leak tightness of heat sinks 

ÅCyclic HHF resistance 

Qualification tasks target module
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ÁWNiFe is a two phase metal: brittle W-grains in a ductile WNiFe matrix alloy with up to 29% W

ÁW95Ni3.5Fe1.5 preferred for well-known ductility

ÅStress-strain measurement show excellent ductility [Tejado: 2024]

ÁMicro-cracks at high transient loads [Böswirth: 2024]

ÅW ė matrix CTE mismatch: 4.9 ė 16.6 ppm/K (HT-EDX)

ÁLow thermal conductivity compared to pure W [Fellinger: 2024]

ÅČ ~200 K/mm at 10 MW/m² Č tile thickness < ~3 mm

ÁWNiFe is magnetic: µR Ò 1.05 @ 20°C, µR Č 1.0 @ 500 °C [Houben: 2023]

ÅField disturbance by asymmetric saturation: « 10 -4 [Fornal: tbp]

WNiFe properties
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[Houben: 2023]

Tejado: 2024

Ůu = 7±1%

Compact tension test

[Odette: 2019]
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ÁAdditive manufacturing CuCrZr by laser powder bed fusion

ÅIdeal technology for medium sized structures with complex cooling structures

Å4 commonly available powders compared Č all four applicable

Å11 printing jobs done

ÅDensity 99.8 %

ÅTubes He leak tight 10-9 mbarĀl/s, d = 6-10mm, t = 1-3 mm

Å56/56 samples successful with and without 3 heat treatments 

Additive manufactured CuCrZr (IGCV)
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Process parameters

Laser power 450 W

Head speed 800 mm/s

Hatch distance 130 µm

Layer thickness 30 µm

Particle size [µm]
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[Tretter: 2023]

ÁIssues with de-powdering

ÅMechanical shaking / Cyclic nucleation

ÅPress liquid through channels and measure powder in liquid

ÅPowder should be cooled down before in contact with air

ÅAll heat sinks of smooth jobs cleaned without issues

ÁLeak tight galvanic Cu connection to inlet/outlet of 316LN

ÅGalvanization at inner side of pipe to avoid water standing in slits

ÁHe leak test mandatory

Å1 heat sink leak tight

Å1 heat sink leak near base plate 

ÅStress release and flexible support structure required

ÅLeak tight repair with galvanic Cu

Small scale heat sinks with water channels
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Job no. 4
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Á6 jobs for parameter optimization towards density (99.7 % reached)

Á35 He leak test samples 

Ågreen laser printer: 7/7 OK

ÅRed laser printer: 99.0 % density: 7/7 ok, 99.7% density Č 7/7 leaks

Á10 small scale heat sinks 

ÅSimple under water He leak test developed for quick localization

Å10/10 leaks at overhangs / stepwise cross section transitions

ÅDesign changed:

ÅSmooth transitions

ÅInternal supports

Additive manufactured CuCrZr (IWS)
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ÁCFD simulations

ÅHeat removal channels are main driver of pressure loss (=intended)

Å90° bends also add ȹp significantly Č to be minimized in design

ÅPressure drop depends strongly on cooling channel roughness

ÅSimulation with measured roughness matches hydraulic test

ÁHHF test

ÅMean surface temperature below 360°C at 10 MW/m²

ÅCHF > 24 MW/m²

Thermo-hydraulic performance of heat sink

11

S
u

rf
a
c

e
 r

o
u

g
h

n
e
s

s
[µ

m
]

Overhang angle [°]

[Tichit: 2024]

[Dorow-Gerspach: 2024]
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2.2 bar

2.4 bar

3.2 bar

[Konļar: 2024]
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ÁIntegrated turbulence promotors can be printed

ÅSwirl not only adds turbulence but adds heat removal area as well: ȹTmax = 50K

ÁCFD analyses to optimize hydraulic loss ė heat removal performance

Á8 types of turbulence promotors printed and powder removed

Improvement of cooling channels
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[Konļar: 2024]
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Á1.2 mm functionally graded coating 

ÅW+Cu or sintered W95NiFe+Cu

Á0.3 mm top coating 

ÁSpraying technique

Åcold gas spraying (CGS)

ÅSmashing particles onto substrate

ÅTop coating 97%W/SS or W/NiFe

Ålow pressure plasma spraying (LPPS)

ÅMelting particles in plasma

ÅTop coating 100%W or 100% W95NiFe

Coating
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Low pressure plasma spray 
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ÁCold gas spraying

Å1.2 mm functionally graded layer of W+Cu successful

Åno damage to substrate, 0.8 % porosity, 60% (vol.) W 

Å0.3 mm top coating of 97% W + 3% stainless steel successful

ÅW content limited to 70-85% by weight Č Plasma interaction to be tested

ÅThickness limited to 0.6 mm due to increasing brittleness Č brittleness effect to be tested in HHF test

ÁLow pressure plasma spraying

ÅGradient layer not yet successful: Cu evaporates before W melts

ÅTop layer of pure W or W95NiFe feasible (3.3 % porosity)

Coating
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FGM by LPPS with high porosity
FGM by CGSCGS:
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Galvanised copper Cast copper

W100

Initial issue

Local lack of bonding

Resolved for series Cracking of W limits tile size to 40 mm

WNiFe

No diffusion of Cu in WNiFe matrix Diffusion of Cu in WNiFe matrix

Sandwich tiles: Bond Cu to W and WNiFe
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Courtesy Katja Hunger ïIPP Garching
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Pre HHF US test HHF test Post HHF US test

Test not executed

Pre HHF test microscopy Post HHF test microscopy

200th pulse @ 10 MW/m²

Galvanized W-Cu tiles
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EDX: 640242-s4
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