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a b s t r a c t 

The development of advanced materials is essential for sophisticated energy systems like a future fusion 

reactor. Tungsten fibre-reinforced tungsten composites (W f /W) utilize extrinsic toughening mechanisms 

and therefore overcome the intrinsic brittleness of tungsten at low temperature and its sensitivity to op- 

erational embrittlement. This material has been successfully produced and tested during the last years 

and the focus is now put on the technological realisation for the use in plasma facing components of 

fusion devices. In this contribution, we present a way to utilize W f /W composites for divertor applica- 

tions by a fabrication route based on the chemical vapour deposition (CVD) of tungsten. Mock-ups based 

on the ITER typical design can be realized by the implementation of W f /W tiles. A concept based on 

a layered deposition approach allows the production of such tiles in the required geometry. One fibre 

layer after the other is positioned and ingrown into the W-matrix until the final sample size is reached. 

Charpy impact tests on these samples showed an increased fracture energy mainly due to the ductile de- 

formation of the tungsten fibres. The use of W f /W could broaden the operation temperature window of 

tungsten significantly and mitigate problems of deep cracking occurring typically in cyclic high heat flux 

loading. Textile techniques are utilized to optimise the tungsten wire positioning and process speed of 

preform production. A new device dedicated to the chemical deposition of W enhances significantly, the 

available machine time for processing and optimisation. Modelling shows that good deposition results are 

achievable by the use of a convectional flow and a directed temperature profile in an infiltration process. 

© 2016 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

1. Introduction 

The so called DEMOnstration power plant DEMO will be the 

first fusion reactor producing electricity and is therefore the next 

step towards realizing fusion based energy systems [1,2] . If consid- 

ering such a fusion based power plant a combination of multiple 

issues needs to be evaluated [3,4] . Currently such a reactor only 

exists in the form of early design studies where detailed opera- 

tional requirements are just now being developed [5,6] . 

For the first wall material of DEMO unique challenges require 

complex features in areas ranging from mechanical strength to 
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thermal properties. The main challenges include wall lifetime, ero- 

sion, fuel management and overall safety. For the lifetime of the 

wall material, considerations of thermal fatigue as well as transient 

heat loading are crucial as typically 1 × 10 9 (30 Hz) thermal tran- 

sients (ELMs) during one full power year of operation are to be 

expected. For next step devices, limits on power exhaust, availabil- 

ity and lifetime are far more restraint than for current research- 

use-only reactors [6] . The development of advanced materials es- 

pecially having high temperature strength and high fracture resis- 

tance/damage tolerance is therefore essential for a future fusion 

power plant [7] . 

Tungsten (W) is currently the main candidate material for the 

first wall of a fusion reactor due to its unique property com- 

bination e.g. the high melting point and the high temperature 

strength as well as an excellent erosion resistance and a low 
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tritium retention [7] . For this reasons a solution based on actively 

cooled tungsten components has been developed for the divertor 

of the next generation device, ITER [8] . 

However, as a typical bcc metal, tungsten exhibits a so called 

ductile-to-brittle transition (DBT) [9] . Below a certain tempera- 

ture, the DBT temperature (DBTT), these materials show brittle be- 

haviour. The transition temperature is very much dependent on the 

composition, the fabrication process, and the pre-treatment as well 

as the testing method. It lies typically between 50 0 K and 60 0 K 

[10] and goes up to above 1200 K for tungsten annealed at high 

temperature [11] . W is susceptible to embrittlement, i.e. the DBTT 

is rising by grain coarsening [12] or/and neutron irradiation [13,14] . 

Tungsten fibre-reinforced tungsten composites W f /W utilize ex- 

trinsic mechanisms to improve the fracture toughness. The brittle- 

ness problem of W is thereby mitigated and an application as a 

plasma facing material under thermal transients and neutron bom- 

bardment becomes feasible. A similar approach has been success- 

fully applied to ceramic materials reinforced by ceramic fibres for 

many years [15] . 

W f /W composites consist of tungsten fibres made of commer- 

cially available tungsten wire embedded in a tungsten matrix pro- 

duced either by a chemical process [16,17] or by powder metal- 

lurgy [18] . In the past years, it has been shown at the Max-Planck- 

Institute for Plasma Physics, Garching (IPP) that extrinsic toughen- 

ing can be achieved in such composite systems [19,20] . Being a key 

factor for the effective operation of this toughening mechanism the 

interface between fibre and matrix was investigated in a first step 

[21,22] . Engineered layers provide a stable interface during produc- 

tion and operation. Model systems consisting of a single W fibre 

embedded in a chemically deposited tungsten matrix were used to 

prove the feasibility of the toughening effect. It was shown that 

various extrinsic toughening mechanisms, e.g. fibre bridging, fibre 

pull-out etc. are active in the as-fabricated case as well as after 

embrittlement of the fibre by recrystallization and grain growth 

1 

[20] . In addition it was shown that the plastic deformation of the 

fibre makes an important contribution to the toughening in the as- 

fabricated state [23] . In a further development step a fabrication 

method for bulk material based on the chemical deposition of W 

was developed and first samples were produced. Mechanical tests 

on these samples revealed an intense toughening at room temper- 

ature and active toughening mechanisms in embrittled conditions. 

Based on these results the material was chosen as risk mitigation 

plasma-facing component and high heat flux material in the EU 

Fusion roadmap [2,3] . 

In [24] we presented a development approach towards the use 

of W f /W in a future fusion reactor. As a first step components will 

be fabricated and tested under high heat flux conditions. The com- 

ponents will be designed according to the ITER reference design of 

small-scale divertor mock-ups [25] . High heat flux testing of small 

scale mock-ups is a well-established method to qualify material 

for the use in a fusion divertor and is for example used in the 

ITER qualification program. Two designs are very common: a so- 

called monoblock design where the whole component consists of 

the plasma facing material connected to a cooling tube in the cen- 

tral region, and a flat tile design where a plate of this material is 

connected to a larger cooling structure [26] . 

In this article we present a way to utilize W f /W composites for 

divertor applications by a fabrication route based on the chemical 

vapour deposition (CVD) of tungsten. A technique to produce W f /W 

material which can be used for producing monoblock or flat tile 

mock-ups is introduced and mechanical test results of such mate- 

rial showing increased fracture energy are shown. In addition we 

1 This condition is called “embrittled” in the following. 

address the benefits of such a material system and present new 

techniques/methods for improving the manufacturing process. 

2. Divertor mock-up components made of W f /W 

Based on the mock-up design presented by Hirai et al. [25] a 

possible W f /W mock-up is shown in Fig. 1 . The mock-up is made 

of 5 segments attached to a CuCrZr cooling tube. The single seg- 

ments consist either of W f /W only (monoblock) or of a W f /W plate 

attached to a Cu structure. In the following we present a possi- 

ble fabrication approach for such mock-ups together with first re- 

sults. For a flat tile design W f /W tiles with a thickness of 5 mm are 

needed. For a monoblock design tiles with a thickness of 12 mm 

are used in an upright position. The geometry including the nec- 

essary hole in the monoblock case are produced by spark erosion. 

In the case of the flat tile concept the W f /W parts are connected 

to the Cu structure by brazing [27] . Finally the segments are joint 

with the cooling tube by hot radial pressing [28] (monoblock) or 

again brazing (flat tile). In both cases the W f /W tiles are arranged 

in a way that the fibres will be orientated parallel to the surface. 

2.1. W f /W tile by layered deposition process 

First W f /W tiles have been produced utilizing a layered depo- 

sition procedure. In this process the tile is produced by successive 

chemical vapour deposition (CVD) of W on single layers of equally 

distanced and unidirectional orientated tungsten wire with a di- 

ameter of 150 μm (similar wire has been used for the chemical 

infiltration experiments performed in [16] ). These layers are pro- 

duced in a multi step process. First the wire is wound around a 

frame consisting of two fine threaded top ends in a way that the 

distance between the wire is determined by the pitch (500 μm in 

this case). This results in a top and bottom layer of wire pieces 

(called fibres in the following) with a free distance of 350 μm be- 

tween each other. By a vertical adjustable clamping system the two 

layers are brought into one plane and the distance of the fibres is 

adjusted to the final distance of 100 μm . 

To form the composite a fibre layer is placed on a heated sur- 

face where the applied process gas (WF 6 and H 2 ) reacts in a sur- 

face reaction to form W deposit which starts to ingrow the layer. 

After reaching the required thickness for the desired vertical layer 

distance the already ingrown layer is cut free of the frame. Then a 

second fibre layer is placed on top and is ingrown again. This pro- 

cedure is repeated until the desired sample height is reached. By 

this procedure a vertical distance of the fibre layers slightly above 

100 μm is achieved. The footprint of the final sample is deter- 

mined by the size of the used fibre layer and the height is deter- 

mined by the number of layers put on top of each other. The re- 

sulting fibre volume fraction is up to 30% (depending on the verti- 

cal distance between the individual fibre planes). To provide a sta- 

ble interface to the matrix the fibres are typically coated by mag- 

netron sputtering e.g. by an Er 2 O 3 interface layer with a thickness 

of 1 μm (see [19] for details of the process) prior to the matrix 

production. 

Samples with a footprint of 50 by 50 mm 

2 containing up to 10 

fibre 2 layers have been produced so far (see Fig. 2 ). The samples 

thickness varied between 3.5 and 4 mm and the density reached 

94% (determined by Archimedes principle). Microstructural investi- 

gations revealed that the deposition itself was very dense (no mi- 

cropores) and that large pores were formed in between the fibres 

by premature stopping of the deposition due to pore blocking. This 

was especially a problem if the fibres were not well arranged and 

thus a large variety of different distances between the fibres was 

2 The fibres were coated by an Er 2 O 3 interface layer with a thickness of 1 μm. 
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