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aForschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung 52425
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Abstract. Material issues pose a significant challenge for the design of future fusion

reactors. Recently progress has been made towards fully dense multi short-fibre

powder metallurgical production of tungten-fibre reinforced tungsten (Wf/W) as well

as optimising the process understanding for the routes using chemical vapor deposition

(CVD). For CVD-Wf/W weaves and textile preforms are being used to facilitate large

scale production. Classically 150µm tungsten fibres supplied by OSRAM GmbH have

been used. In order to facilitate the better use of textile processes less stiff 16µm

filaments are being evaluated. The strength of the 16µm flament is at 4500MPa and

thus significantly higher than the strength of the 150µm fibre (∼2500 MPa) (in the

as-fabricated state). Better weavability allows a more flexible use of fibre preforms.

Two main yarn production routes have been investigated: covered yarns where a set

of tungsten filaments is held together by a PVA (Polyvinyl alcohol) cover and braided

yarns. In oder to allow a comparison to the previously used single fibres, yarns with

∼ 140µm effective diameter were produced. Braided yarns with tensile strength of 2500

MPa and 6% strain at fracture and twisted yarns with tensile strength of 4500 MPa and

3% strain at fracture. For both yarns single fibre CVD samples have been produced to

investigate the infiltration properties of the yarns and thus their applicability for the

CVD route. A dense infiltration is observed for all yarns under investigation.

1. Introduction1

Solid Tungsten (W) is currently the only viable candidate for uses as plasma facing2

material in the highly loaded divertor components of any future fusion reactor. As3

tungsten is resilient against erosion by impinging plasma ions and neutrals, has the4
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and pseudo-ductile behaviour. Particular as the strength of the wires increases with43

decreasing diameter as already shown in [27].44

2. Tungsten-Fibre Reinforced Tungsten45

To overcome the brittleness issues when using W, a W fibre reinforced W composite46

material (Wf/W ), incorporating extrinsic toughening mechanisms as described above47

can be used.48

Various methods of building and constructing Wf/W composites, either via49

Chemical Vapor Deposition (CVD) [28, 29, 30] or powder metallurgical (PM) processes50

[31, 32] are available. Based on the work presented here and previously in [14, 27,51

31, 33, 34, 35, 36, 37], the basic proof of principle for CVD & PM-Wf/W has been52

achieved. Fully dense material is aimed for and porosity will diminish mechanical53

properties as much as behaviour with respect to fuel retention. One of the crucial54

issues is to maintain as much of the properties of the constituents even after exposing55

the material to the production cycle and the fusion environment allowing for optimal56

extrinsic toughening and pseudo-ductile behaviour. Here mainly the adapted interface57

and the strength of the fibre as well as the preform [27] are important. Yttria is an58

ideal candidate as the interface material for the Wf/W composite due to its several59

advantageous properties: good thermal and chemical stability, high mechanical strength60

and hardness [38, 39] as well as low neutron activation. The preforms are currently61

produced based on 150µm fibres, and the process parameters are based on experience.62

To improve the CVD Wf/W material multiple avenues can be pursued - improving63

the textile preform and improving the CVD matrix production are among the most64

promising ones. With respect to the constituent properties potassium doped W-wires65

can mitigate temperature induced embrittlement effects and thus retain their ductility66
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Figure 6: Enwinded tungsten filament yarns (a), (b) & braided and twisted tungsten

filament yarns (c), (d). Here ENW stands for enwinded yarn, R.B. stand for Radial

Braid, and 200-1000 is the number of twists per meter put onto the yarn during

production.
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Figure 7: Average stress-strain curves of as produced yarns and a single fibre for

comparison. Typically 4 tests were performed and averaged.

arrangement of the filaments and yarn structure. The averaged stress-strain curves are116

given in Fig. 7.117

The yarns of type (’ENW.’) show only slightly reduced fracture strength, compared118

to a thin single filament and only a mild effect of the twisting on the stiffness (increase),119

respectively the Young’s Modulus of the yarn structure. In contrast to this, the120

braided yarn structures (’R.B.’) show significantly decreased fracture stress (2500 MPa)121

compared to the 16 µm single filament (4550 MPa), however increased fracture strain122
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of up to 6 %.123
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Figure 8: Youngs Modulus for the characterised fibers

Figure 8 shows the difference between the two yarn types, the elastic modulus is124

particularly low for the braided yarns. Generally, inclination and the amount of inclined125

filaments affects the yarn structure stiffness to lower values for higher inclination. Based126

on the results of the tensile properties only the ENW 800 and 1000 as well as the127

braided yarns are further considered. for the enwinding yarns good cohesion was128

only achieved at higher twist numbers even-though no major other properties shows129

significant differences.The surrounding diameter ‖ of all yarn types has the same order130

of magnitude and is found to varybetween 113.8 and 136.9 µm as shown in Fig. 9 .131

4. Infiltration & Testing132

For the use in the Wf/W composite the infiltration behaviour of the individual yarns is133

paramount. Samples for the investigation of the infiltration behaviour were fabricated134

‖ imaginary circle encompassing all filaments
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Figure 9: Surrounding yarn diameter after matrix infiltration. Crosses represent

outliers.

by longitudinal single fibre infiltration. The yarn was wound around two threaded rods135

and clamped by pairs of nuts. Subsequently, the yttria interphase coating [39, 33]136

and the matrix infiltration were performed [34, 30]. The CVD parameters were chosen137

according to the rate equations given in [30]. 400 sccm WF6, 2000 sccm H2 at 100 mbar138

at 600 ◦C for 45 minutes.139

(a) ’ENW. 800

tw/m’

(b) ’ENW. 1000

tw/m’

(c) ’R.B. 16s + 7

c’

(d) ’R.B. 16s’

Figure 10: Cross-sectional cuts of infiltrated tungsten filament yarns.

For all yarn types, infiltration into all open cavities is observed (Fig. 10). Generally,140

convergent structures (considered from the outside of the yarn to the inside) show141

full infiltration (e.g. bigger openings on the outside of the yanrs and smaller on the142

inside), whereas at the point of divergence (big openings on the inside and small on the143

outside), the common CVD-processes related porosity (gap closure) occurs. Generally144

all surfaces show equal growth rates [30]. Estimating the remaining pore fraction within145
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the diameter of the yarns leads to numbers between 99 and 99.8%. with the ’R.B. 16s146

+ 7 c’ showing the least filling.147

5. Summary & Outlook148

The yarn fabrication by use of industrial textile machines is suitable for the fabrication149

of filament-based tungsten yarns. Tensile properties of the yarns before and after150

infiltration have been determined. Enwinded yarns are showing tensile properties similar151

to the single filaments. Braided yarns are a factor 2 lower but are showing higher strain.152

The main difference between the enwinded yarn and the braided yarn can be found153

in the tensile properties. Braided yarns show tensile strength of 2500 MPa and 6%154

strain at fracture and twisted yarns with tensile strength of 4500 MPa and 3% strain155

at fracture Investigation of the infiltration behaviour did not reveal any significant156

differences between the yarn structures, since the gas-phase infiltration reaches the157

smallest gap between adjacent filaments and infiltrates all open cavities, as long as158

the gap-closure effect does not block the cavity from the outside.159

The next steps include now upscaling of yarn production and production of woven160

preforms as already available from the standard 150 µm tungsten wires [27].161
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