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Abstract. The exhaust of power and particles is currently considered as one of the
ultimate challenges in view of the design of a power producing magnetic confinement
thermonuclear fusion device, like DEMO. One predominantly challenging aspect in
this regard is the design and manufacture of divertor target plasma-facing components
(PFCs) that have to sustain substantial particle, heat and neutron fluxes during fusion
operation. With respect to the design of highly loaded actively cooled PFCs, copper
(Cu) alloys are currently regarded as state-of-the-art structural heat sink materials.
However, it has been underlined that the use of Cu alloys in PFCs implies issues mainly
due to the behaviour of these materials under neutron irradiation characterised by a
pronounced loss of ductility at lower and a loss of strength at elevated temperatures.
These operating temperature limitations impose a strong constraint on the design of
divertor PFCs and have regarding DEMO in the literature been termed a high impact
design engineering risk. Against this background, the development of tungsten-copper
(W-Cu) composites as potentially advanced heat sink materials for highly loaded PFCs
was pursued by the authors during recent years. The progress of these developments
is discussed in the present paper in terms of results of high-heat-flux tests conducted
on PFC mock-ups that comprised W-Cu composite material heat sinks. Overall, the
results of these tests indicate that W-Cu composites can indeed be regarded a viable
class of advanced materials for the heat sink of highly loaded PFCs.
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1. Introduction

The topic of power and particle exhaust is currently considered as one of the
ultimate challenges in view of the design of a power producing magnetic confinement
thermonuclear fusion device, like DEMO. One predominantly challenging aspect in
this regard is the design and manufacture of divertor target plasma-facing components
(PFCs) that have to sustain substantial particle, heat and neutron fluxes during fusion
operation.

With respect to the design of highly loaded, actively cooled PFCs tungsten (W) is
currently considered the preferred plasma-facing material (PFM) while copper (Cu)
alloys are regarded as preferred structural heat sink materials (HSMs). The current
state-of-the-art divertor target PFC design that makes use of such materials and will be
used within the ITER divertor is a so-called monoblock design where W armour tiles
are joined to a water-cooled copper-chromium-zirconium (CuCrZr) heat sink pipe with
the help of a soft Cu interlayer [1].

This design has proven to fulfil the ITER divertor target qualification criteria [2, 3].
However, when such a design is directly applied to a DEMO environment issues arise
mainly due to the fact that divertor PFCs in DEMO are foreseen to be in operation
for 2 full power years meaning that they will be exposed to high fusion neutron doses
leading to significant PFC material damage [4, 5].

The precipitation hardened Cu alloy CuCrZr is currently regarded as the most
appropriate HSM for highly heat-loaded, water-cooled PFCs in present-day and future
magnetic confinement fusion devices [6, 7, 8, 9, 10]. However, it has been underlined
that the use of Cu alloys, including CuCrZr, in a DEMO environment implies issues.
This is mainly due to the behaviour of Cu alloys under neutron irradiation characterised
by a pronounced loss of ductility at lower and a loss of strength at elevated operating
temperatures [11, 12, 13, 14]. In the literature, a lower operating temperature limit of
180°C [12] as well as a maximum operating temperature of approximately 300 °C [11]
have been recommended for the use of CuCrZr in DEMO divertor PFCs.

The abovementioned operating temperature limitations impose a strong constraint on
the design of divertor PFCs and have in the literature been termed a high impact design
engineering risk regarding DEMO [12]. Apart from that, if within a divertor PFC design
a W armour material is combined with a Cu alloy heat sink a further issue arises as
the two materials exhibit inherently different thermomechanical properties, especially
coefficients of thermal expansion (CTEs). This mismatch represents a driving force that
inevitably leads to high thermal stresses in a PFC during cyclic HHF loading.

Against this background, tungsten-copper (W-Cu) composite materials are currently of
interest as potentially advanced heat sink materials for highly loaded PFCs [15, 16, 17].
During recent years, the development of W-Cu composites for PFC applications was
pursued by the authors. The progress of these developments is discussed in the following
in terms of results of high-heat-flux (HHF) tests conducted on PFC mock-ups that
comprised W-Cu composite heat sinks.
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2. Tungsten-copper composites

W-Cu metal matrix composites (MMCs) can be regarded as suitable potentially
advanced PFC heat sink materials due to the following reasons [16, 18, 19, 20, 21, 22]:

e W reinforcements in the W-Cu MMC enhance the strength properties of the
material, especially at elevated temperatures.

e The Cu matrix leads to a high overall thermal conductivity of the MMC, as well
as an acceptably ductile material behaviour for sufficiently high Cu contents.

e The W-Cu MMC material properties can - to some extent - be tailored by
adjustment of the composite structure; this can for example be exploited by
reducing the CTE mismatch with respect to W in order to minimise thermal stress
levels at PFM to heat sink joints.

e The material system W-Cu is particularly suited for MMC fabrication by means of
liquid infiltration of open porous W preforms due to the following reasons:

— The binary system W-Cu does not show any interfacial reaction or mutual
solubility.

— There is a distinct difference in the melting points of Cu (Ty,cy = 1083°C)
and W (T,,.w = 3400°C).

— The wettability of W with Cu melt is good.

e The basic constituent materials for W-Cu MMCs are readily and commercially
available.

3. Tungsten particle-reinforced copper

One type of W-Cu MMCs of interest with respect to PFC heat sink application are W
particle-reinforced Cu (Wp,-Cu) composites. Such MMCs are in principle known as it
has long been recognised that these composite metals offer an interesting combination of
material properties [18, 23]. W,-Cu composites can be fabricated by means of Cu melt
infiltration of powder metallurgically produced open porous W compacts. Following
such an approach, viable materials with compositions ranging from typically 60-40wt.%
to 90-10wt.% W-Cu [21] - which corresponds to approximately 40-60vol.% to 80-20vol.%
W-Cu - can be fabricated. This composition range offers notable flexibility in terms of
realisable macroscopic material properties. Nowadays, W,-Cu MMCs are for example
used as circuit breakers in high voltage applications due to their high thermal and
electrical conductivity, their high-temperature stability as well as their high ablation
resistance [22].

In Figure 1, a typical optical microsection of a W,-Cu material with a nominal
composition of 60-40wt.% W-Cu (infiltrated matrix: Cu-OFE (oxygen-free electronic
copper)) is illustrated. The microsection in Figure 1 illustrates the two different phases
of the MMC which can clearly be distinguished. Furthermore, it can be seen that
the material is fully infiltrated with the Cu matrix and that it does not show plainly
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60-40wt.% W-Cu

Figure 1. Typical optical microsection of a W,-Cu MMC (infiltrated matrix: Cu-
OFE) with a nominal composition of 60-40wt.% W-Cu.

visible porosity which is an important prerequisite for acceptable thermophysical and
-mechanical properties of the material in general. Further material characterisation
results regarding the W,-Cu MMOCs investigated within recent years by the authors
with respect to PFC application can e.g. be found in references [15, 24, 25].

An example for an application of a W,-Cu MMC to a PFC mock-up is illustrated in
Figure 2, which shows a flat-tile type PFC mock-up with a W,-Cu heat sink block with
a composition of 70-30wt.% W-Cu (infiltrated matrix: OFE-Cu). For the mock-up as

W tiles

W particle-reinforced Cu

Figure 2. Flat-tile type PFC mock-up with W,-Cu composite heat sink with a
composition of 70-30wt.% W-Cu (infiltrated matrix: OFE-Cu).

illustrated in Figure 2, the bonding of the W PFM tiles to the W,-Cu heat sink was
realised during the melt infiltration of the MMC heat sink within a one-temperature
process. The manufacturing of the mock-up, which was performed in an industrial
environment (Louis Renner GmbH, 85232 Bergkirchen, Germany), can accordingly be
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described as follows:

e The porous W compact for the W,-Cu MMC heat sink block is assembled together
with a W plate within a mould.

e The assembly is Cu infiltrated bonding the W PFM to the W,-Cu MMC heat sink
block.

e The joined assembly is machined to the desired dimensions, including the cooling
channel as well as the castellation of the W plate.

In Figure 3, an optical microsection of a W/W,-Cu joint that has been produced with
the melt infiltration procedure applied during mock-up fabrication is illustrated. It can
be seen that the joint quality is sound demonstrating the viability of the applied joining
procedure. Furthermore, it can be seen that a Cu layer with a thickness of approximately
10pm develops in between the materials during the melt infiltration/joining. The

W particle-reinforced Cu

Figure 3. Optical microsection of a W/W,-Cu joint produced through bonding
monolithic W to W,-Cu during the Cu melt infiltration process of the MMC.

main expected beneficial effect of a PFC design as is illustrated in Figure 2 lies in
a reduced CTE mismatch between the W PFM tiles and the W,-Cu MMC heat sink.
Ultimately, this mitigates the risk of cracking at or near the bonding interface as stress
concentrations occurring at the free edges of the bond interface are relaxed. The issue
with stress singularities at the interface of bonded dissimilar materials under mechanical
and thermal loading is well-known and was investigated in [26, 27] and applied to joints
of highly heat-loaded PFCs in [28].

The mock-up as illustrated in Figure 2 was HHF tested within the neutral beam facility
GLADIS (Garching Large Divertor Sample Test Facility) [29] at IPP Garching with the
following cold water cooling conditions:

e Coolant inlet temperature of T;, = 20°C,
e static coolant pressure of pg.. = 10 bar,

1

e coolant flow velocity of v =12ms™" and

e use of a swirl tape insert with a twist ratio of 2 and a tape thickness of 0.8 mm.
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HHF loading was applied as follows:

e HHF screening up to 22 MW m~2 as well as
e cyclic HHF loading up to 370 cycles at 20 MW m~2.

During the HHF tests reported on in the present paper applied heat pulses had a
duration of 10s and the dwell times in between heat pulses were 90s. The main
results of the HHF testing can be summarised as follows: The mock-up exhibited a
stable behaviour during screening up to 22 MW m~2 without the development of hot
spots that would indicate hampering material or joint defects. This indicated a good
manufacturing quality of the W,-Cu MMC as well as the W/W,-Cu joint. During the
cyclic loading with 20 MW m™~2 no deterioration of HHF performance was detected up to
300 pulses, which corresponds to the stationary load design cycle number for the ITER
divertor target at 20 MW m™2 [1, 6]. Further cyclic loading of the mock-up lead to the
development of bonding defects at the W/W,-Cu joint. The experiment was continued
up to 370 load cycles at 20 MW m~2, when W tile overheating due to detachment was
unambiguously visible. In Figure 4, infrared (IR) images of the mock-up during the
HHF loading for pulse numbers 1, 300 and 370 are illustrated. It can be seen that the

(@) 1+ pulse

L VU

(®) 300" pulse

Figure 4. IR images of flat-tile type PFC mock-up with W,-Cu MMC heat sink
during HHF loading with 20 MW m™~2 for pulse numbers 1, 300 and 370.
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temperature distributions are homogeneous and qualitatively similar for pulse numbers
1 and 300, but that there are hot spots, i.e. overheating W tiles, visible during pulse
number 370. In Figure 5, post HHF test images of the mock-up after 370 applied load
cycles at 20 MW m~2 are shown. In Figure 5a, the centred top view on the heat-loaded
W tiles of the mock-up is shown. No significant material degradation or macroscopic
cracking can be seen. In Figure 5b, a side view on the partially detached W armour tiles
and the W/W-Cu bond interfaces is illustrated. The magnified image shows the W tile
debonding that developed during the cyclic HHF loading. Especially, it can be seen that
melting of the Cu layer occured at the bond interface due to tile overheating. Regarding

Figure 5. Flat-tile type PFC mock-up with W,-Cu MMC heat sink after 370 applied
HHF load cycles at 20 MW m~2: (a) Centred top view on HHF loaded W tiles and (b)
side view on defective W/W,-Cu bond interfaces.

the flat-tile design as described above, high temperatures occuring at the W/W,-Cu
bond interfaces are considered as main performance-limiting factor. Thermal finite
element analysis (FEA) indicates that at the edges of the bond interfaces temperatures
of more than 700 °C occur at a heat load of 20 MW m~2 as is illustrated in Figure 6. It
seems that at such temperatures, the W/W,-Cu bond interface, which essentially is a
thin Cu layer (cf. Figure 3), suffers from fatigue damage and can hence not withstand
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the cyclic HHF loading.
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Figure 6. Temperature distribution according to thermal FEA of flat-tile type PFC
design with W,-Cu MMC heat sink as illustrated in Figure 2 at a heat load of
20 MW m~—? (temperature scale in K).

4. Tungsten fibre-reinforced copper

Another class of W-Cu MMCs of interest with regard to PFC heat sink application
are W fibre-reinforced Cu (W-Cu) composites. In principle, Wi-Cu MMCs are of
specific interest due to the well-known eligibility of fibrous reinforcements in composites
[30]. The preferred reinforcing fibres for the W¢-Cu MMCs are commercially available
drawn potassium (K) doped W fibres, which exhibit very beneficial properties, namely
a high tensile strength as well as a ductile failure behaviour even after annealing at high
temperature [31].

The fabrication of the W¢-Cu MMCs investigated within the present work comprises the
application of techniques known from textile technology for fibrous preform production
[32] as well as liquid Cu infiltration processing. In this context, the authors have worked
during recent years on the optimisation of the fabrication of Wg-Cu material in pipe
configuration for application to actively water cooled PFCs [15, 17].

Such W-Cu MMCs in pipe configuration were applied to monoblock type PFC mock-
ups. In Figure 7, such a mock-up, which comprises 4 W armour monoblocks with a
thickness of 12 mm, is shown after fabrication. The following materials were used for its
manufacturing:

e W monoblocks with Cu interlayer (interlayer thickness: 1mm; supplier: AT&M
Co., Ltd, China),
e W-Cu pipe (inner diameter: 12mm, wall thickness: 1.5 mm),

e Brazing alloy foil with 80wt.% Au, 20wt.% Cu (supplier: LOT-TEK GmbH,
Germany).
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W monoblock

W fibre-reinforced
Cu pipe
T

Figure 7. Monoblock type PFC mock-up with Wg-Cu MMC heat sink pipe before
HHF loading.

The mock-up was joined through brazing the W monoblocks at the Cu interlayer to
the W-Cu pipe and subsequently loaded within the HHF test facility GLADIS. The
following loading was applied initially with cold water cooling conditions as described
above:

e HHF screening up to 25 MW m™2 as well as
e cyclic HHF loading up to 100 cycles at 10 MW m~2.

After that, the mock-up was tested with the following DEMO relevant hot water cooling
conditions:

e Coolant inlet temperature of T;, = 130 °C,

e coolant inlet pressure of p;, = 40 bar,

1

e coolant flow velocity of v = 16 ms™ and

e use of a swirl tape insert with a twist ratio of 2 and a tape thickness of 0.8 mm.
HHF loading was then applied as follows:

e HHF screening up to 20 MW m~2 as well as
e cyclic HHF loading up to 1000 cycles at 20 MW m~2.

In Figure 8, IR and optical images of the mock-up during the cyclic HHF loading with
20 MW m~2 and hot water cooling conditions for pulse numbers 1, 100, 500 and 1000
are shown. It can be seen that the mock-up exhibits a stable behaviour under HHF
loading throughout the accumulating pulses without the development of hot spots that
would indicate hampering material or joint defects. Furthermore, Figure 8 indicates two
more findings. The IR images suggest that strong surface modifications occur during
the accumulating heat pulses as is indicated by the seemingly higher temperatures of the
loaded W monoblock surfaces for high pulse numbers. However, this is rather attributed
to a change in emissivity of the modified W surfaces than due to a real increase of the
surface temperatures. Apart from that, it can be seen that the W monoblocks underwent
accumulated plastic deformation. The monoblock surfaces do after 1000 heat pulses not
exhibit a shape as rectangular as can be seen within the images for heat pulse number
1. In Figure 9, images of the mock-up illustrated in Figures 7 and 8 after HHF testing
are shown. These images confirm that the cyclic heat loading induced strong surface
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Figure 8. IR and optical images of monoblock type PFC mock-up with W¢-Cu MMC
heat sink pipe during HHF loading with 20 MW m~2 for pulse numbers 1, 100, 500
and 1000.
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Figure 9. Monoblock type PFC mock-up with W¢-Cu MMC heat sink pipe after 1000
HHF pulses at 20 MW m~2 with hot water cooling conditions: (a) Oblique specimen
view and (b) top view on heat-loaded surface.

modifications on as well as plastic deformation of the W monoblocks. Nevertheless, it
can be seen that the mock-up and especially the W -Cu heat sink pipe are well intact.
In Figure 10, an axial metallographic cross section of one half (two W monoblocks) of
the HHF loaded mock-up illustrated in Figure 9 is shown. In the magnified image, the
heat-loaded side of one monoblock is shown. In general, it can be seen that the W¢-Cu
MMC pipe is well intact without significant plastic deformation or plainly visible crack
or debonding defects. Apart from that, it can be seen that plastic deformation not
only of the W monoblock but also of the joint including the Cu interlayer has occured,
especially at the edges. Furthermore, some porosity can be identified within the braze
layer though it is not clear if these joint defects were present from the beginning or if
and how they evolved during the cyclic HHF loading.
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1

Figure 10. Metallographic cross section of monoblock type PFC mock-up with W¢-
Cu MMC heat sink pipe after 1000 HHF pulses at 20 MW m~?2 with hot water cooling
conditions.

5. Conclusions

The present paper discusses W-Cu MMCs as potentially advanced materials for the
heat sink of highly loaded PFCs of future magnetic confinement thermonuclear fusion
devices, like DEMO. The suitability of such materials was in this regard mainly assessed
based on results of HHF tests on PFC mock-ups that comprised W-Cu MMC heat sinks.
In more detail, two different types of W-Cu MMCs were discussed: W,-Cu, which was
applied within a W flat-tile type PFC mock-up as well as W¢-Cu, which was applied
within a W monoblock type PFC mock-up. Regarding the former, it was found that the
overall HHF performance of the mock-up was good but eventually limited due to typical
flat-tile design issues inducing failure of the W/W,-Cu bonding interface during cyclic
heat loading at 20 MW m~2. Regarding the latter, a very stable HHF performance was
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found during cyclic heat loading up to 1000 pulses at 20 MW m~2 without notable HHF
performance degradation. These results lead to the following main conclusions:

e W-Cu MMCs can be fabricated by means of liquid Cu melt infiltration techniques
with good material quality, i.e. with material properties acceptable for HHF
applications.

e W-Cu MMCs can be fabricated in a reasonable shape with respect to PFC heat
sink applications.

e The reliable joining of W-Cu MMCs with W armour tiles can be realised, although it
has to be investigated in more detail if the joining technologies proposed within the
present work are applicable to divertor PFCs of future fusion devices, like DEMO.

e During the HHF tests reported on herein no failure of the W-Cu MMC materials
itself was observed, which ultimately confirms the potential suitability of such
materials for PFC applications.

To summarise, it can be stated that W-Cu MMCs can indeed be regarded a viable class
of advanced materials for the heat sink of highly loaded PFCs. However, several aspects
have to be investigated in the future in order to forge ahead with these developments.
In this regard, the following two are considered as most important: The effects of fusion
neutron irradiation on the W-Cu MMCs have to be investigated. Apart from that, the
optimisation and upscaling of industrially viable material fabrication have to be assessed
practically.
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