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Plasma-facing components (PFCs) in future magnetic confinement fusion reactors must sustain high heat fluxes 
and intense neutron irradiation. These extreme conditions demand specially engineered material solutions. State
of-the-art designs for highly loaded PFCs are based on bulk tungsten (W) armor combined with a copper (Cu) 
alloy heat sink. Whereas the monoblock design cannot be readily extrapolated to large dimensions due to the 
large number of armor blocks, the broader use of the flat-tile design is limited due to concerns about the integrity 
of the joint of the armor to the heat sink, i.e. the delamination of armor tiles. Therefore, a material design is 
being explored in which tailored tungsten-copper (W-Cu) composite structures are utilized to minimize thermally 
induced stresses and to strengthen the bond between a W armor and a Cu based heat sink. These composites 
are based on W lattice-like preforms, which are additively manufactured utilizing laser-based powder bed fusion 
(PBF-LB) on monolithic W armor tiles. The composite is created in a vacuum-assisted Cumelt infiltration process. 
The present work summarizes investigations on two composite specimens with different honeycomb-type W
lattice preforms. High heat flux tests were performed in the GLADIS facility to assess the behavior and the 
thermomechanical response under cyclic heat loading procedures up to 500 pulses at 20MWm−2 surface heat 
load. No deterioration in the heat removal capability of the composite heat sinks was found throughout the 
cyclic tests. Although further optimization of the composite fabrication process is still necessary, the results can 
be considered a strong hint for the superior performance of the presented PFC concept.

1. Introduction

One of the major challenges for the realization of future magnetic 
confinement fusion power plants is the development and qualification of 
suitable materials and designs for highly loaded in-vessel plasma-facing 
components (PFCs) [1]. The maximum heat fluxes such wall components 
can withstand limit the overall performance of fusion devices and the 
reachable plasma scenario [2]. Tungsten (W) is considered the preferred 
plasma-facing material (PFM) for PFCs due to its high threshold energy 
for hydrogen isotope sputtering, low hydrogen isotope retention, and 
high melting point [3,4]. Copper (Cu) and Cu alloys, in particular the 
precipitation hardenable Cu alloy CuCr1Zr, are considered the preferred 
heat sink materials for highly loaded PFCs since they exhibit a very high 
thermal conductivity [4,5].

* Corresponding author at: Max Planck Institute for Plasma Physics, Garching, 85748, Germany.
E-mail address: robert.luerbke@ipp.mpg.de (R. Lürbke).

Traditionally, two main PFC designs for the highly heat-loaded diver
tor region in magnetic confinement fusion devices have been researched. 
Both designs are schematically shown in Fig. 1. On the one hand, the 
so-called monoblock design comprises monolithic W blocks bonded to 
a circular CuCr1Zr cooling pipe [6--9]. The monoblock design exhibits 
good damage resilience, but defects have for example been observed 
along the W-Cu interface after several hundred pulses at 20MWm−2

surface heat load due to fatigue induced by the thermal expansion mis
match between the W blocks and the CuCr1Zr tube [10]. Also, during 
extensive high heat flux testing at 20MWm−2 for the ITER divertor 
program, the monoblock design showed tendencies for deep cracking 
[11,12]. It is to be noted that all tests mentioned above were performed 
without taking into account effects of neutron irradiation on the tested 
PFC mock-ups.
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Fig. 1. Traditionally researched PFC designs. (a) Monoblock design with W blocks bonded to a Cu alloy heat sink pipe. (b) Flat-tile design with a Cu alloy heat sink 
block and W armor tiles bonded to it.

Fig. 2. 3D CAD model of the heuristic design. The gradient in W volume fraction is realized by a 8mm long section with a linear gradient, which then continues in 
a non-graded extrusion.

On the other hand, the so-called flat-tile design is an actively cooled 
Cu heat sink block with castellated W armor tiles bonded to its plasma
facing side [6]. However, singular stress concentrations occur in such 
a design during thermomechanical loading at the free surface edges of 
the material joints. These stress concentrations lead to issues regarding 
the integrity of the W-Cu joint and may lead to a complete failure of 
the component, for example, due to delamination of entire armor tiles 
[13--16].

The present paper summarizes investigations regarding the manufac
turing and testing of a novel material concept that tries to mitigate the 
PFC design issues mentioned above. This is achieved by improving the 
bonding between the armor tiles and the heat sink as well as optimizing 
Wand Cumaterial distributions in the heat sink part of the PFC. The goal 
of this optimization is to minimize the thermally induced stresses under 
high heat flux loading. Additive manufacturing (AM) is exploited due 
to its design freedom to realize such tailored material distributions in 
the composite. The two materials are combined in a metal-matrix com
posite (MMC) based on additively manufactured W preforms, which are 
infiltrated with Cu during a melt infiltration process.

2. Tailored material distribution in plasma-facing components

The work presented in this paper assesses two specimens based on W
honeycomb lattice preforms. The first type of preform is created based 
on a heuristic approach. This design comprises two sections, one with a 
graded wall thickness and a second with a constant wall thickness. The 
linear graded section is 8mm high and varies from 1mm to 0.3mm in 
wall thickness. The graded section is continued in a section with a 9mm
long wall with a constant thickness of 0.3mm. The unit cell size of the 
lattice is 2.5mm. A 3D computer-aided design (CAD) model of the part 
is shown in Fig. 2.

The second type of preform is a computationally optimized honeycomb
type lattice. The optimization is based on the MSPFC (Minimum Stress 
in Plasma-Facing Components) code developed by Curzadd et al. [17]. 

This code utilizes a finite element (FE) method to describe the thermo
mechanical behavior of a two-phase composite material. The material 
models for the code are based on a numerical homogenization approach, 
meaning that the macroscopic properties of a composite are determined 
by spatially averaging unit cells of a lattice structure. This structural 
optimization technique uses temperature-dependent material models 
to minimize the peak von Mises stresses in the component for a given 
surface heat flux and stress-free temperature. Predictions of a 2D case 
indicate a possible stress reduction of up to 85% compared to a plain 
bulk W block [17].

In the layerwise optimization performed for the present work, the 
MSPFC code is applied to a 1D problem. This is achieved by keeping ma
terial volume fractions constant in layers with a fixed height of 1mm. As 
boundary conditions, the top 5mm of the component is set to a W vol
ume fraction of 100% to represent the armor. The incident heat flux 
is chosen to be 20MWm−2 and the stress-free temperature is set to 
1050 ◦C, which corresponds approximately to the solidification temper
ature of Cu. After optimization, the design space shows a gradient in 
W content. Fig. 3 shows the iterative optimization’s first and last steps, 
comparing the initial W volume fraction and von Mises stress to the op
timized state. Due to the optimization, the peak von Mises stress in the 
part is reduced.

In Fig. 4, the result of the optimization is displayed next to the cor
responding 3D model created in a CAD software. The unit cell size of 
the lattice is 2.5mm. The lines from the discretization of the layered 
optimization result are visible in the model.

3. Additive manufacturing of optimized PFC W preforms

The W preforms are manufactured by an AM process called laser 
beam-based powder bed fusion (PBF-LB) [18]. The W powder raw ma
terial used in this work is TEKMAT W-25 supplied by Tekna Advanced 
Materials Inc. (Québec, Canada). This powder grade was found to yield 
good build results in PBF-LB due to its high spheroidicity and low oxy
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Fig. 3. First and last step of a layer-by-layer optimization with the MSPFC code developed by Curzadd et al. [17]. The first step is the starting condition, where a W
volume fraction of 100% is set for the armor and a constant W volume fraction of 70% is set for the heat sink. After optimization, the structure shows a gradient 
with 0% of W at the part’s lower section.

Fig. 4. Result of the optimization and the corresponding design of the honeycomb lattice. The discrete steps in the layer-by-layer optimization can be seen in the 3D 
CAD model.

gen content [19]. The specified particle size distribution of TEKMAT 
W-25 has a D10 of 5 μm and a D90 of 25 μm. [20]

An AconityONE PBF-LB machine made by Aconity3D GmbH (Aachen, 
Germany) is used at the Fraunhofer Institute for Casting, Composite and 
Processing Technology IGCV (Augsburg, Germany) to manufacture the 
preforms investigated in the present work. For the preform fabrication, 
the laser power is set to 400W, the hatch distance is set to 80 μm, and the 
layer height is set to 40 μm. A laser scanning speed of 570mms−1 is used 
for the consolidation of the optimized preform, while the heuristic pre
form is built with a laser scanning speed of 510mms−1. Furthermore, the 
pre-processing of the CAD file for the heuristic preform was performed 
manually. This might also explain differences in the material quality 
between the heuristic and optimized preforms. The W build plate tem
perature is 600 ◦C. Wire-cut electrical discharge machining (EDM) is 
used to remove the samples from the build plate.

Fig. 5 shows scanning electron microscopy (SEM) images of mi
crographs of the two investigated preforms.1 The white boxes in the 
overview images indicate the locations where the SEM images were 
taken. The optimized design preform (Fig. 5b) shows little porosity and 
some cracking along the columnar grain boundaries. The heuristic de
sign preform (Fig. 5a) shows significantly bigger grains, as well as more 
pronounced porosity and significant intergranular cracks.

The anisotropic mechanical and fracture properties of rolled W plates 
used to fabricate PFC armor tiles are a decisive feature. Due to this 
anisotropy, their rolling direction must be aligned with the later heat 
flux direction [21]. Usually, the rolling direction of W plates used as 
a substrate in PBF-LB machines is oriented in-plane. To achieve the 
desired grain orientation in later PFC mock-ups, the W substrate is mod

1 The samples were etched with Murakamiś reagent.

ified with recesses and set in W armor tiles cut from a grade 3N plate 
manufactured by A.L.M.T. Corp. (Tokyo, Japan). With this modification, 
W lattices can be directly built on W armor tiles. Fig. 6 shows the mod
ified substrate and heuristic and optimized honeycomb lattices as-built. 
It is important to note that the heuristic mock-up tested in this work is 
built on an as-received W substrate, so the rolling direction of the armor 
tiles is not aligned with the heat flux direction. The optimized mock-up 
is built on a modified substrate, so the rolling direction of its armor tiles 
is aligned with the heat flux direction.

4. Vacuum assisted melt infiltration

The PFC mock-ups investigated in this work are produced using a 
vacuum-assisted melt infiltration process, where the AM preforms are 
filled with Cu to create a MMC. In this process, the W preforms produced 
by PBF-LB are placed in crucibles made from hexagonal boron nitride 
(𝛼-BN) (HeBoSint CL-Z 200 manufactured by Henze BNP AG, Lauben, 
Germany). 𝛼-BN is used because there are no undesired reactions at the 
process temperatures. The raw Cu material (grade CW009A) is procured 
as bars and machined to fit the crucibles. Before the materials are placed 
in the crucibles, the Cu bars are cleaned with 5% citric acid in water for 
half an hour in an ultrasonic bath. The W preforms are cleaned using 
the same process in a solution of 1.5% NaOH in water. Finally, the cru
cibles are thoroughly cleaned with isopropyl alcohol. Fig. 7 (a) shows 
an infiltration setup after cleaning and assembly.

The assembled infiltration setup is then placed in a TZF 15/610 ce
ramic tube furnace manufactured by Carbolite Gero GmbH & Co. KG 
(Neuhausen, Germany). A stable infiltration procedure, which laid the 
foundation for the process used in our work, was developed in [22]. A 
maximum process temperature of 1150 ◦C is used to prevent extensive 
grain growth in the W armor tiles, and a holding time of 3 h is used to 
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Fig. 5. SEM images of the AM W preforms, taken post-exposure. The white boxes in the overview images indicate the locations from which the SEM images were 
taken. (a) Heuristic design preform: The AM W shows pronounced porosity and cracks. (b) Optimized design preform: Some intergranular cracks are visible, while 
porosity and cracking are less pronounced than in the heuristic design preform.

Fig. 6. (a) W substrate used in the AconityONE PBF-LB machine with machined recesses for W armor tiles. (b) Honeycomb lattice preforms produced by means of 
PBF-LB at Fraunhofer Institute for Casting, Composite and Processing Technology IGCV (Augsburg, Germany).

Fig. 7. (a) Top view of an AM W preform set into a 𝛼-BN crucible for infiltration. 
The Cu (CW009A) matrix material is placed in as solid bar material. (b) Side 
view of an ingot resulting from the melt infiltration process. The ingot is slightly 
bent due to the asymmetric material distribution.

allow for thorough penetration through the W preform. Furthermore, 
heating and cooling rates of 5 K min−1 are used. Before the cooling and 
solidification phase, the system is pressurized to atmospheric pressure 
with Ar gas to support the infiltration of the preform and thus reduce 
porosity in the Cu matrix according to [22]. The programmed tempera
ture and pressure evolution during the process can be seen in Fig. 8.

Due to the slow cooling rate (set point 5 K min−1) indicated in Fig. 8, 
the grains of the vacuum melt infiltrated Cu matrix typically grow to 
comparably large sizes. Fig. 9 shows an SEM image of the infiltrated 
Cu matrix taken from the region indicated with the white box in the 
overview image. The image shows the optimized mock-up after the high 
heat flux tests. The SEM image is taken from the non-loaded side of the 
specimen. As the infiltration process has been optimized for minimal 
porosity in [22], only small pores are visible.

As shown in Fig. 7 (b), the asymmetric material distribution in the 
composite billet causes it to bend slightly during the cooldown phase, so 
it has to be mechanically straightened to keep within the tolerances of 
the later processing steps. The small-scale mock-ups are then machined 
according to the dimensions illustrated in Fig. 10. To ensure leak tight
ness, the cooling channel outlets are precision turned and fitted with 
Swagelok tapered vacuum fittings. After manufacturing, the mock-ups 
are vacuum leak tested with helium gas. The test procedure starts with 
testing at room temperature and 4MPa of pressure, followed by test
ing at 160 ◦C and 3MPa, and concluded with a third test at 4MPa after 
the samples have cooled down below 60 ◦C. The test is passed if the 
samples show a leak rate below 5×10−9 mbar l s−1 in all three steps. Ini
tially, neither mock-up passed the vacuum leak test, so the inner side 
of the cooling channel was sealed using galvanic deposition of Cu at 
Galvano-T electroforming-plating-GmbH (Windeck, Germany). This elec
trochemically deposited Cu layer is also visible in the micrographs in 
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Fig. 8. Programmed temperature and pressure evolution during the vacuum-assisted melt infiltration. The molten Cu is re-pressurized with Ar gas to support the 
infiltration of the preform with Cu.

Fig. 9. SEM image of the Cu matrix material, taken from the area indicated by the white box in the overview image. The top of the SEM image shows electrochemically 
deposited Cu, which was added in the repair process. It is also visible in the overview image. The rest of the SEM image shows the vacuum melt infiltrated Cu. The 
slow cooling rate of 5 K min−1 causes the formation of large grains. Grain boundaries and pores in this image are indicated by the white arrows.

Fig. 10. Dimensions of the small-scale mock-ups, given in mm. 

Fig. 9. The actual inner diameter of the mock-ups after the repair is 
11mm. The mock-ups passed the second vacuum leak test after the gal
vanic repair.

5. High heat flux testing

The high heat flux tests are performed with GLADIS (Garching large 
divertor sample test facility) at the Max Planck Institute for Plasma 
Physics [23,24]. Surface heat fluxes up to 25MWm−2 are used, created 
by a 1MW neutral beam source. A 1-color and a 2-color pyrometer are 
available for surface temperature measurements. The emissivity is set to 
𝜖 = 0.3 for the measurements of W surfaces with the 1-color pyrometer 
Serie 740 from Kleiber Infrared GmbH (Unterwellenborn, Germany). The 
2-color pyrometer QKTRD 1075-1 from Dr. Georg Maurer GmbH Optoelek
tronik (Kohlberg, Germany) possesses a measuring range from 500 ◦C to
1700 ◦C. Since the results of the 2-color pyrometer are independent of 
the emissivity of the measured material, its measurements are preferred 
in the evaluation. Outside of this range, the values from the 1-color 
pyrometer will be given. The error on the surface temperature measure
ments is estimated with ± 5%. The high heat flux testing is divided into 
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Table 1
Overview of the high heat flux test procedures the small-scale mock-ups 
underwent. The pulse duration for all procedures is 10 s.
Procedure Heat fluxes Water inlet temperature Pulse count 

[MWm−2] [°C] 
Screening 6, 8, 10, 15, 20, 25 20 3*

Cycling 10 20 100

Screening 6, 8, 10, 15, 20 130 3*

Cycling 20 130 500 
* The 3 pulses were performed at each heat flux level.

Fig. 11. Both small-scale mock-ups before high heat flux testing. (a) Mock-up 
with heuristic W preform. (b) Mock-up with optimized W preform.

two procedures. An overview of the procedures and the applied parame
ters can be found in Table 1. During screening, the thermal performance 
of the small-scale mock-ups at increasing heat fluxes is investigated. 
During the cycling tests, the fatigue behavior of the components under 
repeated high heat loads is assessed. The cooling water parameters in 
these procedures are 20 ◦C at 10 bar and 12m s−1 as well as 130 ◦C at 
40 bar and 16m s−1. The cycling procedure at 20MWm−2 , 130 ◦Cwater 
temperature and 500 pulses is a specified design criterion for the Euro
pean DEMO [25,26]. Both specimens are equipped with 1mm stainless 
steel swirl tapes [27] with a twist ratio of 2.8. Fig. 11 shows both mock
ups before the testing in GLADIS. The surface of the W armor tiles is 
honed with P600 honing paper before high heat flux testing.

Before the high heat flux tests were conducted, a non-linear static 
thermal finite element (FE) calculation is performed to assess the 
expected surface temperature values during cold-water screening at 
20MWm−2. The set-up of the simulation in the computational design 
software nTop version 5.12.2 [28] can be seen in Fig. 12. At a cooling 
water temperature of 20 ◦C, the convection coefficient for the convec
tion boundary condition is set to 1 × 105 W m−2 K−1. The W and Cu
regions are separately meshed with an edge length of 0.3mm and a 
growth factor of 2. The temperature-dependent material property data 
for both materials is taken from [29]. Since the MMC is created in a melt 
process, no gap can exist between the two materials, so the thermal re
sistance is set to near zero (1×10−13 m2 K W−1) and a ll radiative losses 
are neglected.

The results of the simulations for thermal equilibrium can be found 
in Fig. 13. The heuristic mock-ups design shows a calculated maximum 
surface temperature of 1515 ◦C, while the optimized mock-up shows 
a maximum temperature of 1595 ◦C. This difference in temperature is 
possibly caused by the difference in W volume fraction at the material 
joint between the heat sink and the armor tiles.

During screening with 20 ◦C cooling water, both mock-ups show 
a linear increase of surface temperature with incident heat flux as 
seen in Fig. 14. The surface temperature of the optimized mock-up is 
around 100 ◦C higher than that of the heuristic mock-up. The tem
perature differences in hot- and cold-water screening are consistent 
with the aforementioned FE calculations. No hot spots developed dur

ing screening up to 25MWm−2 on both samples. During cold water 
cycling at 10MWm−2, the heuristic mock-up shows surface tempera
tures of 820 ± 40 ◦C. The optimized mock-up shows temperatures of 
915 ± 45 ◦C.

The screening with 130 ◦C cooling water yields analogous results 
to the cold water screening. The heuristic mock-up shows surface tem
peratures of 1610 ± 80 ◦C, while the optimized mock-up shows surface 
temperatures of 1660 ± 85 ◦C at 20MWm−2. During cycling at elevated 
cooling water temperatures, the heuristic mock-up shows increasing 
surface temperatures with increasing pulse number. This behavior sta
bilizes after 120 pulses at 1810 ± 90 ◦C. The optimized mock-up shows 
constant surface temperatures of 1630 ± 80 ◦C throughout all applied 
500 pulses.

Fig. 15 shows thermographic and optical images of the heuristic 
mock-up during cycling at 130 ◦C coolant temperature. At the start of 
the procedure, the temperature distribution across all armor tiles is ho
mogeneous. Hot spots develop and increase in intensity from the first 
pulses until the 120th pulse and stabilize after that.

After high heat flux testing, the mock-ups are cut in the longitudinal 
and transversal directions as marked in Fig. 16 to prepare metallo
graphic microsections. The samples are etched with freshly prepared 
Murakamiś reagent (10 g NaOH, 10 g K3[(CN)6], 100 g H2O). The post
exposure microsection of the heuristic mock-up can be seen in Fig. 17. 
The transversal microsection shows a crack in the W armor tiles corre
sponding to one of the hotspots seen in Fig. 15. This cracking behavior 
is attributed to the effects of the anisotropic fracture properties of W
plate material, e.g. described in [21] in the context of the ITER diver
tor PFCs. Directly above the crack, the sample shows significant grain 
growth due to the high temperatures in this part of the armor tile. The 
intact armor tiles also show grain growth, as can be seen in Fig. 17c.

Fig. 18 shows thermographic and optical images of the optimized 
mock-up during cycling. The mock-up shows no hot spots on the armor 
tiles. There is no visible difference in the surface temperatures of the first 
and the 500th pulse during cycling. From the start, some very small hot 
spots are localized between the armor tiles and at the bottom on the 
right side of the component. These hot spots are caused by leftovers 
from W foils, which were used to space out the W tiles during preform 
manufacturing. The heuristic mock-up does not have these spots because 
the armor tiles are directly cut from the build platform, so no spacing 
between tiles is necessary.

The post-exposure microsections of the optimized mock-up are 
shown in Fig. 19. The transversal cut shows some comparably large 
pores in the Cu matrix localized between the individual sections of the 
honeycomb lattice structure. Even though the pores formed directly 
beneath the armor tiles during infiltration, they are not detectable as 
hot spots in the thermographic imaging during HHF testing. However, 
the maximum surface temperature of the optimized mock-up is mea
sured to be higher than that of the heuristic sample. This behavior is 
also visible in the FE calculations, so the higher temperatures are at
tributed to the higher volume fraction of W at the material interface 
of the mock-up rather than the pores. The optimized mock-up shows 
one case of self-castellation [30], visible in the longitudinal cut of the 
sample in Fig. 19c. The armor tiles also experience some grain growth, 
but due to their lower surface temperature compared to the heuristic 
mock-up in cyclic testing, the grain growth is less pronounced as can 
be seen in Figs. 17b and 19b. The boundary of the grain growth visi
ble in Fig. 19 (a) corresponds to the isotherms predicted by the FEM 
calculations shown in Fig. 13.

6. Conclusions and outlook

The present work investigates tailored W-Cu composites based on 
AM W preforms for use as heat sinks in PFCs. The behavior of such 
composites is investigated using high heat flux tests on PFC small-scale 
mock-ups. The results of two different mock-ups comprising different 
AM preforms are presented. One design is created using a heuristic 
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Fig. 12. Setup of the non-linear static thermal analysis in nTop 5.12.2 [28]. The width of the simulated area is 8.25mm, according to 2 armor tiles and the castellation 
gap. The meshes were created with an edge length of 0.3mm and a growth factor of 2. The temperature-dependent material data is taken from [29]. The thermal 
resistance between W and Cu is set to 1 × 10−13 m2 K W−1. Radiative losses were neglected.

Fig. 13. Results of the non-linear static thermal analysis in nTop 5.12.2 for ther
mal equilibrium at 20MWm−2 and 20 ◦C coolant temperature. The maximum 
surface temperature of the heuristic design is calculated to be 1515 ◦C, while 
the maximum surface of the optimized design is calculated to be 1595 ◦C.

Fig. 14. Surface temperatures during screening with 20 ◦C cooling water of both 
tested mock-ups. Both samples show a linear increase of surface temperature 
with incident heat flux. The optimized mock-up shows slightly higher surface 
temperatures than the heuristic mock-up. This behavior is replicated in the re
sults of the FE simulations.

design approach, and the second one is designed utilizing a finite el
ement analysis to minimize peak thermally induced von Mises stresses 
by optimizing the W-Cu material distribution in the heat sink part. Both 
designs show comparable surface temperatures at various incident heat 
fluxes, ranging from 6MWm−2 to 25MWm−2. The optimized design 
shows slightly higher surface temperatures at all heat flux levels than 
the heuristic design. This behavior is consistent with accompanying FEM 
calculations. However, the heuristic design develops hot spots during 
cyclic testing up to 500 pulses at 20MWm−2 and hot water cooling 
conditions. The location of the hot spots corresponds to the locations 
of cracks in the armor tiles found during metallographic analysis. The 
cracks are attributed to the anisotropic cracking behavior of rolled W

and the misalignment of the rolling direction of the W armor tiles and 
the heat flux direction as described in [21]. The overheated regions 
experience extensive grain growth. The optimized mock-up shows sta
ble surface temperatures of 1660 ± 85 ◦C throughout all 500 pulses at 
20MWm−2 without any hot spots. From these results, we draw the fol
lowing conclusions:

• Even though the material quality of the samples is sub-optimal, the 
mock-ups still showed very promising performance during cyclic 
high heat flux testing.

• The composite material utilizing AM preforms and subsequent melt 
infiltration shows a high-integrity material joint between the W ar

mor tile and the Cu heat sink.
• During the high heat flux tests performed in this work, no failure of 
the composite heat sink is observed, which confirms the potential 
of such an MMC for the use in plasma-facing components.

• Since the difference in surface temperature during the screening 
procedure is reproducible with FE calculations, the MMC PFC de
sign is suspected to be resilient against the formation of pores in 
the matrix phase.

As a consequence, this work shows that tailored W-Cu composite 
heat sinks are a viable option for highly heat-loaded plasma-facing com
ponents. However, some open questions have to be investigated in the 
future. Most importantly, the material quality of the AM W and the infil
trated Cu matrix needs to be improved. Furthermore, the full potential 
of the optimization should be leveraged by choosing a different lattice 
type, e.g., a body-centered cubic type, exploiting more sophisticated pre
form and composite architectures, as well as optimized cooling channel 
geometries. Also, the cost function of the MSPFC code could include 
more components, for example, a term for a minimal surface tempera
ture.
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Fig. 15. Thermographic and optical imaging of the heuristic mock-up during cyclic loading. At the first pulse, the temperature distribution was homogeneous. The 
hot spots at the edge of the tiles developed quickly during testing but stabilized after 120 pulses.

Fig. 16. Cutting schematic for the metallographic microsections in the transver
sal and longitudinal directions. The red lines mark the cutting line, and the blue 
areas mark the prepared sections of the sample. (For interpretation of the col
ors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 17. Metallographic microsections of the heuristic mock-up after high heat flux testing. The lighter areas of the armor tiles have experienced grain growth. (a) 
Transversal cut. The crack indicated by the red arrow corresponds to the left overheated tile in Fig. 15. The armor tile experienced grain growth above the crack, as 
indicated by the black arrow. The Cu matrix shows some small pores close to the armor tiles. (b) Longitudinal cut. The AM W shows a large number of pores. (c) 
Enlarged view of one of the armor tiles, showing grain growth.

Fig. 18. Thermography and optical imaging of the optimized mock-up during cyclic loading. The hot spots in the gaps of this sample are leftovers from W foils used 
as spacers for manufacturing. There is no observable change in the performance of the PFC between the first and the 500th pulse.

Fig. 19. Metallographic microsections of the optimized mock-up after high heat flux testing. The lighter areas of the armor tiles have experienced grain growth. (a) 
Transversal cut. The infiltration of this sample formed macroscopic pores between the individual sections of the honeycomb lattice, indicated by the red arrows. (b) 
Longitudinal cut. The pores formed directly underneath the armor tiles (red arrow). (c) Enlarged view of one of the armor tiles. The tile shows self-castellation [30] 
after testing, indicated by the white arrow. The armor tile experienced grain growth during testing.
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