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Abstract

Currently, tungsten fibre-reinforced (W;) composites are regarded as promis-
ing materials for plasma-facing components of future magnetic confinement
fusion devices. In this context, tungsten fibre-reinforced tungsten (W,/W)
is being investigated as a pseudo-ductile composite material overcoming the
intrinsic brittleness of bulk tungsten while tungsten fibre-reinforced copper
(W,/Cu) is being developed as a high-strength composite heat sink mate-
rial. In this contribution, we discuss the current development status and the
progress that has been achieved recently with respect to characterization and
upscaling of the aforementioned materials.

In cooperation with industry, upscaling of multifilamentary W yarn fabri-
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cation was demonstrated. Multilayered W fibre braids were made from such
yarns and used for the manufacturing of 400 mm long medium-scale tungsten
fibre-reinforced copper heat sink tubes. The maturity of short tungsten fibre-
reinforced tungsten composites produced by powder metallurgy allowed the
fabrication of flat tile mock-ups. Test procedure and first results of high heat
flux tests will be shown. Finally, we discuss the challenges and the benefits
of these composites for the use in high heat flux components.

Keywords: tungsten, tungsten wire, fibre-reinforced composites,

plasma-facing components

1. Introduction

A unique combination of properties such as a high melting point, low vapour
pressure, low sputtering yield, and low tritium retention makes tungsten
the main candidate for the plasma-facing materials in magnetic confinement
fusion devices [1, 2]. For example the standard design for the European
DEMO! divertor which consists of single blocks of W, so-called W monoblock,
attached to a CuCrZr cooling tube [3, 4]. However, for its use in DEMO
and even beyond, issues regarding thermal and mechanical stability have to
be resolved [5]. Especially the degradation of mechanical properties due to
neutron irradiation at lower temperature (below 600 - 1000 °C) is of concern.
This is particularly the case in regions near the heat sink, which needs to be
operated below 300°C because of the thermo-mechanical properties of the

envisaged CuCrZr heat sink. Depending on the occurring stress intensity in

'DEMO is typically the name used for the next step fusion reactor on the way to a

fusion power plant.
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these regions, this can be critical.

In general, the mechanical properties of tungsten are very much governed
by the fabrication history and the resulting microstructure. Whereas highly
deformed and fine grained tungsten, e.g. foils or wire, is ductile at room
temperature [6, 7], recrystallised tungsten plates can be brittle up to 1000 °C
8].

W wire is produced by severe plastic deformation in a drawing process.
This leads to a fine grained microstructure with elongated grains along the
drawing direction. The wire strength increases with decreasing diameter,
i.e. increasing degree of deformation, and can go up to 4500 MPa [9]. Fur-
thermore, the wire features a low ductile to brittle transition temperature
(DBTT) [10] and is ductile at room temperature up to a diameter of 950 pm
[11]. Potassium doping in the range of several 10 ppm is used for the stabil-
isation of the microstructure and thus embrittlement due to massive grain
growth does only occur above 1900°C [12].

The excellent properties of the tungsten wire are utilized in two types
of composites: tungsten fibre-reinforced® copper composites (W,;/Cu) and
tungsten fibre-reinforced tungsten composites (W/W).

Reinforcement of a copper matrix with tungsten wire has been established
to increase the material strength at elevated temperature [13, 14, 15, 16].
These W fibre-reinforced Cu (W;/Cu) composites can exploit the extraor-
dinary strength of drawn W fibres in combination with the high thermal

2The terms wire reinforcement and fibre reinforcement are synonymous. In general the
term fibre is used as soon as it is incorporated into the composite. The term tungsten

fibre-reinforced composites has become established.
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conductivity of a Cu based matrix, in which the W fibres are embedded.
Furthermore, this composite material offers some metallurgical flexibility,
meaning that macroscopic material properties, like elasticity or the coeffi-
cient of thermal expansion, can to some extent be tailored with the fibrous
preform architecture. The W-Cu material system is characterised by mu-
tual insolubility and therefore shows no interfacial reaction. This means
that W;/Cu composite materials can be fabricated through a liquid Cu in-
filtration process of open porous W preforms [15]. Although, reaching high
temperatures in this process (Cu melting temperature = 1085°C [17]) the
strengthening effect is maintained due to the high temperature stability of
W wire [18, 16]. Apart from that, the constituent materials — drawn W fibres
as well as semi-finished Cu materials — are readily and industrially available
at moderate cost.

Reinforcement tungsten with tungsten wire has been developed to over-
come the intrinsic brittleness of tungsten below the DBTT ([1] and references
therein). The use of high strength and ductile tungsten wire allows the ex-
ploitation of extrinsic toughening mechanisms and thus the increase of frac-
ture toughness similar to ceramic fibre-reinforced ceramics. Two fabrication
routes are used: chemical vapour deposition (CVD) and powder metallurgy
(PM) [19, 20]. The reinforcement can be continuous long fibres or randomly
orientated short fibres. For PM material typically short fibre reinforcement
has been used but recently progress has been achieved in long fibre reinforce-
ment [21]. Whereas the CVD material relies on the weak interface concept
[22] in PM material also the weak matrix concept is applied [23, 20]. Here a

reduced sintering temperature leads to a reduced density and thus a reduced
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strength in the matrix. Growing cracks are deflected in the matrix allowing
the activation of the toughening mechanisms.

In the present contribution, we discuss the current development status
and the recent progress that has been made with respect to characterization
and upscaling of the aforementioned materials. In particular, we present the
use of braided W fibre preforms for medium-scale W;/Cu heat sink pipes
and first results of high heat flux (HHF') tests on W;/W flat tile mock-ups
with different size and thickness. Finally, we discuss the peculiarities in using

composites and possible benefits when using it in high heat flux components.

2. Tungsten fibre-reinforced copper heat sinks based on braided

preforms

The first step regarding the manufacturing of W;/Cu composite materials
is the fabrication of fibrous W preforms. In a first development phase, W
monofilaments with diameters down to 50 pm were utilised for this purpose
[15, 24]. However, even thinner and thus stronger wire filaments have been
used recently in the form of multifilamentary yarns. Furthermore, the appli-
cation of yarns leads to an improvement regarding the textile processability
due to their high flexibility. In W;/W composites a higher reproducibility
in terms of mechanical behaviour was shown by Lau et al. [25]. Different
yarn architectures including enwinding, braiding, and twisting have been in-
vestigated [24, 26, 27]. Whereas braided yarns have been successfully used
in W;/W composites [25], work has focused on twisted yarns recently. The
main reasons are comparable low costs and scalability.

Specifically, we investigated the fabrication of a twisted W yarn com-
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prising 14 filaments of drawn tungsten wires with a nominal diameter of
16 pm with an industrial partner (TEC-KNIT CreativCenter fiir technische
Textilien GmbH, Rhede, Germany). Two bundles, each consisting of seven
filaments (2 x 7) are twisted around each together to form the yarn as shown
in the picture in figure 1). The filament wire was a potassium doped (60 ppm)
W wire supplied by the AMS-OSRAM AG, Bruntél, Czech Republic. In ten-
sile tests conducted at room temperature (see figure 1), these yarns exhibit
a yield strength of 2.67 GPa + 0.26 GPa and a ultimate tensile strength of
4.05 GPa £ 0.01 GPa. These values are are in good agreement with the ones
measured for the single filament . Details regarding the tensile tests are
given in Appendix A. The upscaling of the yarn fabrication was demon-
strated with the industry partners (TEC-KNIT and Haarlander GmbH in
Roth, Germany) by producing a batch of about 100 km.

These yarns have subsequently been used for the preparation of preforms
for heat sink pipe geometries by means of circular braiding as described in
[24]. Recently, the preform fabrication has been refined to yield specimens as
illustrated in figure 2, which shows a multilayered circular braid with a triax-
ial architecture produced at the DITF, Denkendorf, Germany. The braiding
process was optimised in such a way that a high yarn density, i.e. a high fi-
bre volume fraction in the later composite material, can be achieved. A high
braiding angle has been desired as this leads to a preferential reinforcement
and macroscopic CTE (coefficient of thermal expansion) reduction in hoop
direction. Three yarn systems are used for the fabrication. Two of these are
used for the primary braiding system which has a braiding angle of 75° with
respect to the braiding axis. The third system introduces 24 evenly spaced
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Figure 1: Engineering stress-strain curves of a twisted yarn comprised of drawn tungsten
wires with a diameter of 16 um (red solid lines) and the pristine, as-drawn wire with a
diameter of 16 pm (black dashed line) used for producing the yarn. 7 tests were performed
for each material. All tensile tests were performed at room temperature. The yarn is built
of two bundles, each consisting of seven filaments (2 x 7) twisted around each other. The

picture in the right corner shows the yarn in detail.

yarns into the braid in an axial reinforcement direction. Details can be seen
in the microscopic image of the braid in figure 2. One braided layer exhibits
a thickness of approximately 0.1 mm. Hence, for a pipe with a wall thickness
of 1.5mm at least 15 braided layers are needed for the preform.

Braids as illustrated in 2 are intended to be used in liquid Cu infiltration
processes for composite material fabrication. In recent years, small-scale
W,;/Cu pipe specimens (outer diameter 15 mm, wall thickness 1.5 mm, length
ca. 200 mm) have been fabricated according to this approach and have been
applied in W monoblock-type plasma-facing components (PFC) mock-ups
for high heat flux testing. Loading with conditions relevant for the European

DEMO, i.e. hot water cooling conditions (inlet temperature of 130°C, inlet
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Figure 2: Multilayered triaxial braid with axial reinforcement made of twisted W yarn (14
x 16 pm. Magnification shows textile structure in detail. Two yarn systems are used for

the braid and one for reinforcement in the axial direction.

pressure of 40 bar, inlet velocity of 16 ms~!) has been performed. The mock-
ups remained fully intact even after cyclic loading up to 1000 10s (thermal
equilibrium 75s) pulses with a surface heat flux 20 MW m~2 [28, 4].

Based on the current target design for the divertor of the European
DEMO [29] the planar area and thus the straight length of a cooling pipe
has to be 700 mm long. With respect to this, in a next development step the
fabrication of heat sink pipes with an overall length of 400 mm are currently
being conducted in cooperation with an industrial partner (Louis Renner
GmbH, Bergkirchen, Germany). First specimens as illustrated in Figure 3 (c)
have been fabricated through liquid Cu infiltration of multilayered braided
preforms as illustrated in figure 2 in a high vacuum furnace process and
subsequent machining. During the infiltration process temperatures up to
approximately 1200°C have been reached. Figure 3 (a) shows an assembly
of an infiltrated braided W fibre preform in a mould after the infiltration

process. In figure 3 (b) the ingot without the mould is shown. The different
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Figure 3: Fabrication steps of medium-scale W fibre-reinforced Cu heat sink pipe specimen
with a length of ca. 400 mm. (a) shows the Cu infiltrated W fibre braiding in mould after
the casting. (b) shows the cast without mould. Cooling leads to deformation. In (c) the

machined pipe is shown (outer diameter 15 mm, wall thickness 1.5 mm).

coefficients of thermal expansion of the involved material leads to geometri-
cal deviations during cooling. Manual straightening is hence required after
the Cu infiltration process before the final contour is machined. Finally, the
central hole is drilled, positioned based on the outer contour.

In figure 4, a cross section of the pipe is shown in order to illustrate issues
with the applied fabrication process. The W wire preform is well infiltrated
(see enlargement) but there is a bad coaxiality of outer and inner pipe diam-
eters, presumably due to geometrical variations after the straightening. In
the future a thicker preform in combination with state-of-the-art machining
techniques like deep-hole drilling will be used to tackle this problem. Addi-
tionally we will work on optimising the furnace process to avoid deformation
e.g. by using a vertical assembly infiltration instead of a horizontal one.

A medium-scale pipe as illustrated in 3 (c¢) was used to fabricate a PFC
mock-up. W monoblocks with a pure Cu interlayer (thickness 1 mm procured

from AT&M Co., Ltd were brazed onto the pipe using 80 % Au, 20 % Cu alloy
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Figure 4: Cross section of medium-scale W;/Cu pipe. Enlargement illustrates the complete
filling of W wire preform. The central hole is not centred due to geometrical variations

after straightening.

(Goldbraze 8020, LOT-TEK GmbH) in a single step. The monoblocks had
a thickness of 12mm in the tube axis direction and a width of 23 mm in the
orthogonal direction. The thickness of W on the plasma facing side has been
8mm, with a total height of 28mm. The brazing was performed at 970 °C
after degassing at 700°C. An image of such a mock-up comprising 20 W

monoblocks is shown in figure 5.

3. Upscaling of W,/W and high heat flux testing

Actively cooled components are subjected to large thermal gradient from the
hot surface with up to 2000°C to a water cooled heat sink below 100°C
[30]. Besides the stresses within the armour material, the mismatch in the
coefficient of thermal expansion between the latter and the cooling structure

material results in high stresses at the interface. The design of plasma facing

10
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Figure 5: Medium-scale W monoblock-type PFC mock-up with W fibre-reinforced Cu heat
sink pipe. 20 W monoblocks with a plasma facing size of 12mm x 23 mm and a height of
28 mm brazed onto a 400 mm long W;/Cu cooling pipe. The waist in the middle of the

mock-up is a photographic effect and not real.

components is chosen to account for these stresses and keep them below the
material limits to avoid the risk of failure. At the moment mono blocks with a
plasma facing area of 12 mm by 23 mm (plasma facing surface) are foreseen for
the European DEMO [29]. However, the reduction in size comes with more
complexity/effort in design and assembling e.g. to avoid the occurrence of
leading edges. The high fracture toughness in W;/W composites could allow
to use larger tile sizes. Flat tile mock-ups featuring a similar and twice the
plasma facing surface of the DEMO design were prepared with two different
thicknesses and tested in high heat flux loading. The aim of these tests
has been to evaluate the macroscopic behaviour rather than the microscopic
changes which have been evaluated before.

The tiles were made from short fibre-reinforced W;/W-composites pro-
duced by powder metallurgy. The porous matrix concept as described in [23]
was used. The raw materials for the porous matrix W,;/W were short potas-

sium doped W fibers (2.4mm in length, 0.15mm in diameter, 60-75ppm

11
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potassium) and W powders with 5pm average particle size. At first, the
short fibers were mixed with the powders with 40 % fiber mass fraction.
Then the mixture was filled into a graphite sintering mold. The mold in-
ner diameter was 105 mm. To reduce carbon contamination a 0.5 mm thick
Molybdenum foil was used on top and bottom. The consolidation process
was performed with a field assisted sintering facility (Sinterland Inc.). The
sintering parameters were 1400 °C holding temperature (measured in mold),
100°C min~! heating rate, 30 MPa pressure and 8 min holding time at pres-
sure of 0.1 mbar. Sintering resulted in a disc with a diameter of 105 mm and
a thickness of 30mm. The overall relative density has been determined to
be ~ 80 % based on weight and geometry. The flat tiles were cut out of the
sample using electro discharge machining (EDM). In addition tiles from a
forged tungsten bar were used as reference material and also cut by spark
erosion. After cutting, the surface of the tiles was ground to remove the
erosion layer (about 0.1 mm removal) and then cleaned with ethanol in an
ultrasonic bath.

The W;/W and the pure tungsten tiles were brazed on CuCrZr cooling
structures using an Ag alloy (28.0 Cu, 2.0 Ge, 0.3 Ni). The Brazing param-
eters were 840°C for 10min at a pressure of 1 x 10~° mbar. After brazing
the surface of each specimen was ground with SiC paper of grit P240, P320,
P600, P1200, P2500 and P4000. Subsequently, the surface was polished with
Al,O4 suspension 1pum grit for 5h on a vibratory polisher. Finally, it was
polished with collodial silica 0.04 pm for 36 h on the vibratory polisher. An
overview of tile sizes and thicknesses is given in table 1 the final mock-ups

are shown in 6. To reduce bending during HHF loading a steel bar (thick-

12
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Table 1: Tile sizes and thicknesses of mock-ups.

No. tile thickness tile surface area number of tiles

3 S 23 x 12 4
4 b} 23 x 24.5 2
5 8 23 x 24.5 2
6 8 23 x 12 4

Figure 6: Mock-ups consisting of a CuCrZr cooling structure equipped with W;/W and
W (shiny) tiles.

ness 11.3mm) was attached on the bottom of the cooling structure using a
dovetail connection.

HHF tests were performed in the GLADIS device at the Max Planck
Institute for Plasma Physics in Garching, Germany. GLADIS allows a ho-
mogeneous heating of actively cooled components by H neutrals (details in
[31]). The tests were performed in two steps: screening to a dedicated load

and cyclic loading the foreseen steady state power density. The inlet tem-

13
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perature of the cooling water was 15°C with inlet pressure of 17bar and a
inlet velocity of 12ms~!. In the first step the samples were stepwise tested
with an increasing incident heat flux up to 12 MW m~2 except for mock-up
#5 which already reached very high surface temperatures at 10 MW m~2.
The loading time for each step was 10s to reach the thermal equilibrium

safely. In a second step 100 pulses with 10 MW m~2

and 10s loading time,
have been performed as cyclic loading. Depending on the results of this
cyclic loading a next loading step with increased heat flux was performed.
Here the same procedure was performed (screening followed by 100 cycles at
maximum load). During testing the surface of the tiles have been monitored
using digital (CCD?) and infrared (IR) cameras. The surface temperature
was measured using one colour and two colour pyrometers. Prior and after
HHF loading the surface of the tiles was photographed and investigated us-
ing optical and electron microscopy. The surface roughness was determined
using laser scanning microscopy and digital microscopy.

The results of the different maximum temperatures obtained for each
mock-up during cycling are shown in Table 2. An increase in temperature
typically corresponds to an occurrence of damage in the component. It should
be noted that the existing scatter in operating parameters also leads to a scat-
ter in surface temperature. If this increase is not evenly distributed over the
entire tile, but only locally limited, these regions are called hot spots. Cyclic
loading at 10 MW m~2 was possible for all mock-ups besides #5 which al-

ready reached a surface temperature of 2500 °C during screening. After this

3The image sensor of the camera is a charged-couplded device (CCD)

14
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first cycling only mock-up #3 showed no signs of degradation. Mock-up
#4 showed two hot spots at the edges of the W;/W tile. For mock-up #6
two W;/W tiles showed degradation and were shielded from the beam using
an cooled scrapper for the next loading step of 15 MW m~2 (screening) and
12MW m~2 (cyclic) respectively. A similar behaviour occurred after cyclic
loading of #3 with 12 MW m~2. Thus for this mock-up only one W;/W tile
and the neighbouring W tile were loaded at 15 MW m™2 (both screening and
cyclic) at which a significant increase in surface temperature was observed
during cycling. The W reference tiles had a lower surface temperature com-
pared to the W;/W tiles due to their higher thermal conductivity and showed
no sign of degradation during the cyclic loading. In summary mock-up #3
which features the smallest tiles performed the best. The larger the tiles
(plasma facing surface) the larger the stress caused by the thermal expan-
sion mismatch between the the tile and the cooling structure. However, this
size effect could also hint to a defect controlled behaviour.

Detailed post examination is ongoing and in the following already avail-
able results focusing on mock-up #3 are discussed to illustrate the procedure
of analysis. In a first step surface pictures before and after loading have been
compared to find features leading to the occurrence of hot spots. Already
before loading most of the tiles show surface cracks. These cracks are ac-
centuated and new cracks are formed during the tests. This happens at all
three loading levels. Crack deflection on surface fibres has been observed.
The surface cracks are not linked to hot spots first observed during the cyclic
loading at 12 MW m~2. Here, two tiles show hot spots at which the temper-
ature rose above 1700°C (see figure 7) As mentioned above, tile #1 and #2

15
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Table 2: Maximum temperature on W¢/W tiles at cyclic loading. The slight decrease in
temperature between the first and last cycle in the second loading of the mock-up #3 has

been caused by the scatter in operating parameters.

NO‘ Tmax Tmam Tma:r Tmam Tma:r Tmax
IOMWm210MWm 2 12MWm 2 12MWm 2 15 MW m 2 15 MW m 2
1st cycle 100th 1st cycle 100th 1st cycle 100th

cycle cycle cycle
°Cl °C] °Cl °C] °Cl °C]
1140 1090 1780 1700 1970 2220
1180 1250

no cycling - surface temperature at screening already 2580 °C

1890 1950 1867 1960

S Ot e W

were shielded when loading the mock up to 15 MW m™2. During cycling the
whole tile #4 got hotter, more pronounced at the edges.

In a next step, side views are used to evaluate the reasons for degrada-
tion/failure. The side view shown in figure 8 reveals several features which
might be linked to the hot spots. There seems to be a bonding delamination
in tile #3 and #4. However, tile #3 did not show any sign of degradation i.e.
hot spots in HHF' tests. There are cracks visible in tile #2 and #4 but only
tile #4 showed a hot spot on this side. The W;/W tiles show inhomogeneities
regarding density (considering bright regions as dense and black regions as
pores) and fibre distribution. Especially tile #1 which showed a hot spot
on this side is very inhomogeneous. At this point a conclusion about the
governing feature is not possible. The next step will be to section the tiles

and investigate the distribution of the features within the volume. Electron

16
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Figure 7: Optical (a) and infrared (b) image of mock-up #3 at cycle 100 for a loading of
12MW m~2. The mock-up is equipped with 4 tiles with a size of 23mm x 12mm and a
thickness of 5mm. Hot spots are visible on the edges of tile #1 and #2. Due to the higher
thermal conductivity the pure tungsten tile #3 is cooler. Tile #4 shows no noticeable

features.

microscopy will be used to get an better idea of the interfaces between the
tiles and the cooling structure and comparison to as-fabricated material will
be used to understand the occurrence of volume cracks. A similar proce-
dure will be performed for the other mock-ups in order to draw a conclusive

a5 picture of the governing mechanism.

17
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Figure 8: Side view of mock-up #3. Several features are visible. Tile #4 and #2 show
large cracks. Overall the material looks very inhomogeneous which is very obvious for tile
#1. In this image tile #4 and #3 seems to be debonded from the cooper structure. These
features are not linked to the hot spots during HHF loading which occurred on tile #4
and tile #1.

4. W, composites for high heat flux components

Both W;/Cu and W;/W are new concepts for materials used in the stan-
dard design for the European DEMO divertor (see chapter 1 for details).
Tungsten fibre-reinforced composites offer interesting material property com-
binations which could be a driving force for new designs and functionality.
As composites can have tailor-made properties, designs using composite ma-
terials are often driven by the requirements of a specific application. Chawla
[32] summarizes this in the statement that you should start with the func-
tion and not the material. This principle is very well applicable for the here
presented tungsten fibre-reinforced composites.

In the case of W;/Cu, the development started with the aim of increas-
ing the strength of the heat sink tube material at elevated temperatures due

to expected issues with thermal softening above 400°C [33]. Considering
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this, reinforcement in hoop direction using a braided fibrous preform was the
starting point. In addition, the fabrication technologies that are compatible
with the cylindrical geometry. To this end, a W fibre-reinforced Cu tube
could be processed successfully showing the desired higher strength. There-
fore the material is considered as an alternative concept for the European
DEMO reactor [4] leading to the activities of upscaling presented in section
2.

On the other hand the development of W;/W started when tungsten was
still considered as a structural material (see e.g. [34] for an overview). For
structural applications fracture toughness and strength is significant. Be-
cause of this the development was focusing on increasing the fracture tough-
ness below the ductile to brittle transition temperature and mitigate concerns
of operational embrittlement (see references in section 1). The focus was on
model systems to provide the proof of principle both for the toughening and
fabrication technology. To this end it could be shown that the composites
could be readily processed and provide a significant increase in toughness
compared to bulk tungsten.

The current work is concerned with scaling up production and ensuring
material quality in the process. Homogeneous material could be produced on
small scale [35, 36]. On a larger scale, issues are different for CVD and PM
material. Whereas CVD material features internal interfaces and few large
pores due to the layered fabrication process [37] PM material can still be
quite inhomogeneous as can be seen in figure 8. Although, porosity in W;/W
produced by powder metallurgy seems to have little effect on D retention due

to the open pore structure the material integrity has to be sufficient. Also
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reduced thermal conductivity has to be considered when looking on density.

However, a recent fracture mechanics-based study showed that for the
current design of the European DEMO divertor target a strongly reduced
toughness and even initiated cracks in the W blocks would pose little risk on
the overall structural integrity and performance. Thus embrittlement during
operation was accepted in the current design accordingly [38]. Although
this design that is optimized for bulk tungsten does presently not seem to
require the inclusion of W;/W composites, the potential utilization of W;/W
should still be considered for future nuclear fusion devices with regard to
design flexibility and risk mitigation. This is especially true with respect to
synergistic effects in a working fusion environment and anticipated long time
operation. With respect to the above discussion, the approach should not be
attempting to replace W one-to-one with W;/W in the current design but to
answer the question where the specific properties of W;/W might be useful.

The use of a joint W; preform for W and Cu based composites could
improve the strength of the joint between a W armour and a copper heat
sink and thus allow for flat tile concepts and larger tiles. This could be
realized using a combination of liquid Cu infiltration and tungsten matrix
production by CVD. In figure 9 a schematic drawing of a structure featuring
such a joint preform is shown.

The increased resistance to failure would help to suppress critical stresses
within the armour material caused by the larger size. Furthermore, it could
also open the path to allow tungsten to take on a structural function again.
Flat tile concepts would allow to reduce the amount of W thereby reducing

costs and could give more design flexibility especially with respect to cooling

20
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Figure 9: Schematic drawing of mock-up made of W fibre-reinforced cooper and tungsten
featuring a joint fibre preform. In a real component many details need to be clarified
e.g. whether a braided tube is used or a pure W layer needs to be on the top. Also the

transitions between the individual composite structures need to be engineered.

concepts. Tiles featuring a larger surface facing area could reduce the com-
plexity in installation avoiding the number of potential leading edges and
allowing a more shallow chamfering. However, as flat tile concepts theoreti-
cally run the risk of complete delamination of tiles, special attention has to
be paid to the joint of tile and heat sink.

W wire used in the composites was designed for the lightning industry
[39] and thus for high temperature application. Due to doping with potas-
sium in combination with the intense plastic deformation during processing
the microstructure is stabilized up to high temperature. Extensive grain
growth leading to a deterioration of the good mechanical properties is only
observed at a temperature above 2000 °C which is almost 600 °C more than
typically reported for tungsten [12]. This could allow to increase the allowed
temperature in regions where recrystallisation and embrittlement is not al-
lowed/desired. To ensure the desired properties a thorough design of the
fibre matrix interface is crucial (see [40]. Depending W armour thickness the
surface temperature can rise well above 2000°C at 20 MW m~2 [29]. In re-

gions where this temperature is reached recrystallisation and extensive grain
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growth will also occur for W wire. The effect of these areas on the component
behaviour needs to be investigated.

The change of material properties due to neutron irradiation will be criti-
cal for future fusion devices (see also chapter 1). The principle of toughening
used in W, /W is also working for brittle composite components as in ceramic
fibre reinforced ceramics [41] and thus could be resilient for embrittlement
due to irradiation. The reduced strength in embrittled W wire [42] has to be
taken into account. In addition, it was shown that W wire is less prone to em-
brittlement. This was done for the single wire in ion irradiation experiments
[43] and when used in composites [44]. Recently, a device which allows to
perform in situ mechanical testing of W wire samples while being irradiated
with MeV energy ions (e.g. helium, protons, tungsten) from a 3 MV tandem
accelerator or keV ions from a plasma source (e.g. helium, deuterium). This
device will allow to get insight into the synergistic effects expected in a future

fusion reactor and thus provide a solid basis for the further use of W wire.

5. Summary and conclusion

Textile processes for W wire already reached industrialisation e.g. large
scale W yarn fabrication and is now used for braided preforms for tungsten
fibre-reinforced copper composites cooling pipes. Upscaling and industrial-
isation of pipe fabrication is ongoing but a challenging process. Maturity
is reached for short tungsten fibre-reinforced tungsten composites produced
by powder metallurgy. This allowed the fabrication of mock-ups with larger
tiles (compared to current design approaches) to investigate the effect of in-

creased fracture toughness. HHF tests are performed and show a large spread
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in results depending on size and thickness. Detailed evaluation is ongoing to
determine governing mechanisms.

To make use of fibre-reinforced composites in high heat flux components
the composites have to be designed according to a function. A good exam-
ple is the excellent performance of tungsten fibre-reinforced copper for cool-
ing pipes. This has still to be proven for tungsten fibre-reinforced tungsten
whereas there is great potential specifically in the improvement of irradiation
resilience. Taking these aspects into account the next step in development
of tungsten fibre-reinforced composites has to be in close cooperation with
industry regarding the question of upscaling and plasma facing component

designers with respect to the integration in HHF components in general.
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Appendix A. Tensile testing of twisted W yarns

The mechanical properties of yarns were characterised using uniaxial ten-
sile tests at room temperature. The instruments and methods outlined in
[11, 9] were used: Tensile tests on wire samples with a free length of 30 mm
were tested using a TIRAtest® 2820 universal testing machine equipped with
a 20 N load cell. The sample ends clamped at the upper and lower cross-head
were covered in cured epoxy glue (UHU® Endfest 300) in order to ensure
that the fracture of the samples occurred within the free gauge length. The
tests were performed with a constant cross-head velocity of 5 pms~!. During
the mechanical tests, the sample surface was recorded using a camera system
consisting of a CMOS image sensor (Toshiba® DU657M) and a telecentric
lens (Opto Engineering® TC110-08/C). Using a custom digital image cor-
relation algorithm written in LabView®, the relative elongation of certain
regions of the sample and thus the local strain e is calculated. The elastic
strain measured in each test was adjusted in a way that the slope in the elas-
tic region matches the Young’s modulus of tungsten at room temperature

(410 GPa [45]).
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