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ABSTRACT

The basic principle of electron beam melting (EBM) technology is the additive generation of structures by the
selective melting of metal powder layer by layer with an electron beam under vacuum conditions. The cooling
rate of the EBM process can be reduced drastically by increasing the temperature of the powder bed to avoid the
formation of solidification cracks by brittle materials such as tungsten (W). This refractory metal is a promising
candidate as plasma facing material for future fusion reactors. The selection of tungsten is owing to its physical
properties such as the melting point of 3420 °C, the high strength and high thermal conductivity, the low thermal
expansion and low erosion rate. Disadvantages are the low ductility, and fracture toughness at room tempera-
ture. Furthermore, the manufacturing by mechanical machining, such as milling and turning, is extremely cost
and time consuming. An interesting alternative process route to conventional manufacturing technologies is
EBM. It allows the near-net shape fabrication of prototype structures with geometrical freedom and has proven
its capability for mass production by the manufacturing of hip prostheses made of titanium.

This manuscript describes the fabrication of tungsten parts via electron beam melting, with application to the
manufacturing of divertor armour. The investigation comprises the microstructure examination, crystallographic
texture, as well as mechanical characterization via tensile and Charpy impact testing. This is followed by the
presentation of process routes to fabricate mock-ups with different designs and copper cooling structures.

Furthermore, the different mock-ups were exposed to high heat flux (HHF) applying transient thermal loads to
assess thermal shock and thermal fatigue performance of EBM tungsten.

Post mortem analyses were performed quantifying the occurring damage with respect to reference tungsten
grades by microscopical means.

The achieved results demonstrate the high potential to process tungsten via electron beam melting.

Introduction

applications [1-3]. X-ray and radiation protection for medical technol-
ogy, electrodes for welding, components for high-temperature furnaces,

Tungsten is a body-centered cubic (bcc) brittle refractory metal with
the chemical symbol W and atomic number 74. Due to the high density
(19.25 g/cme'), high thermal conductivity (174 W/(m*K) at room tem-
perature), high melting point (3420 °C), high strength and hardness, low
thermal expansion and hydrogen interactions, tungsten has numerous
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and wear-resistant parts for rocket nozzles typical applications. Low
activation (as compared to molybdenum) and low H-retention makes
tungsten attractive for plasma-facing components for fusion reactors.
The divertor concept of the world s largest fusion experiment presently
under construction, the International Thermonuclear Experimental
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Reactor (ITER), is based on tungsten monoblocks as plasma-facing ma-
terial. The tungsten monoblocks are connected to CuCrZr-pipes by
different manufacturing technologies [4]. To qualify the involved pro-
cesses and materials, small units of the real components were fabricated
(so-called mock-ups) and their performance was determined by high
heat flux (HHF) tests [5].

Industrially produced tungsten (W) grades are available in different
types of semi-finished products, e.g. as rods, plates, and sheets. Condi-
tioned by the powder metallurgical fabrication route (powder compac-
tion, sintering, rolling or forging) the products show a relatively high
density and are available in large quantities. However, the subsequent
mechanical machining is very time-consuming and cost-intensive. An
alternative method to conventional fabrication by material removal is
additive manufacturing (AM). The potentials benefits of AM are rapid
prototyping and the freedom in geometrical design to fabricate near-net
shapes. In the past few years, several AM techniques have been devel-
oped and optimized. Common AM techniques for fabricating tungsten
parts are laser powder-bed-fusion (LPBF), also known as selective laser
melting (SLM), wire arc additive manufacturing (WAAM), and electron
beam powder-bed-fusion (EBPBF), also known as electron beam melting
(EBM). Regarding the before mentioned processes is given in [6-14]. To
melt the metal powder the SLM process uses energy provided by a laser
beam while the maximum laser power is < 1 kW. During the EBM
process, the energy for melting the powder is generated by an electron
beam (maximum electron beam power 3 kW). Independent of the power
source, SLM and EBM have in common that the powder bed is melted
selectively, layer-by-layer under a vacuum atmosphere. During the
fabrication process, the cooling rate and the temperature gradient play
an important role. Both are process-related and have a strong impact on
the material properties and thus may influence the residual stresses and
cracking behavior. Since the SLM process generally employs high cool-
ing rates, brittle materials, such as tungsten, exhibit the formation of
solidification cracks [15-18]. However, recent work in LPBF has shown,
that crack formation can be minimized, if the build plate heated via
induction heating [6,19]. When using the EBM process, it is possible to
preheat the substrate and reheat each powder layer by the defocused
electron beam thus minimizing the residual stress significantly, which,
represents a clear advantage, in particular for the refractory materials
[20-33].

This contribution presents the results of the investigations of pure
tungsten fabricated by electron beam melting. At first, the
manufacturing process of the tungsten parts by W-EBM, and the results
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of mechanical tests and microstructural investigations are described.
The second section focuses the production of copper cooling structures
by means of melt infiltration or selective laser melting (SLM) and on the
subsequent manufacturing process of three different mock-ups (W ar-
mour and Cu cooling structure) including their computational fluid
dynamic (CFD) calculations. The high heat flux testing section describes
a first test on tungsten samples with the electron beam facility JUDITH 2
(JUelich DIvertor Test facility located in Hot cells) at For-
schungszentrum Juelich followed by a second test campaign of the three
different mock-ups into the neutral beam facility GLADIS (Garching
LArge DIvertor Sample test facility) at IPP Garching. Finally, the results
of the postmortem analysis were discussed and suggestions for further
investigations are made.

Experimental methods
Tungsten powder characteristics

Tungsten powder produced by gas atomization was received from
Tekna (formerly Heraeus Additive Manufacturing, Hanau, Germany).
The morphology of the atomized powder particles is highly spherical
(important for flowability and raking homogeneous powder layers, see
Fig. 1) and the particle size distribution is in ranges between 45 and 90
um (d10 = 49 pm, d50 = 69 um, d90 = 98 um). The chemical purity
amounts to 99.9 wt-% with a very low oxygen content of 0.005 wt-% and
good flowability.

The powder was stored in a sealed inert environment and after that
kept in the vacuum environment of the Arcam A2X machine.

Fabrication of tungsten parts via electron beam melting

The Arcam EBM A2X machine from GE Additive (formerly Arcam
AB) is equipped with a high-power electron beam (3000 W) and operates
in vacuum (10 — 10" mbar) which provides a clean and controlled
environment. This is important for the processing of tungsten powder
with its high oxygen affinity. The electrostatic charging, the so-called
“smoke” was prevented by applying a marginal helium pressure of 10
3 mbar. Parts were printed layer-by-layer. The layer information is based
on CAD data sliced into layers of constant thickness of 50 um. For each
layer, the electron beam heats the powder to an optimal process tem-
perature and acts as the heat source for pre-heating, re-heating, and
melting. The built volume of the A2X unit is 200 mm x 200 mm x 380

Fig. 1. SEM image of the used tungsten powder.
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mm (width x depth x height). Fig. 2 shows a schematic sketch of a
generic EBM system. The electrons are emitted by a tungsten filament.
The deflection of the beam is controlled by electromagnetic lenses. The
vacuum chamber contains the powder in the powder hoppers.

EBM is a powder bed additive manufacturing process. During the
build process, the metal powder is fed from the hoppers and the rake
fetches powder from each side to generate an even layer on the building
platform. A thin layer of powder is distributed, heated, and selectively
melted. After melting the layer, the building platform is lowered, and the
sequence is repeated until the part is completely built. Fig. 3 shows the
main process steps. EBM is an extremely hot process: pre-heating and re-
heating eliminate residual stress. Therefore, the EBM build temperatures
avoid the formation of cracks [22].

Different techniques have been developed to improve the control of
the EBM process. Fig. 4 shows different patterns for heating and melting.
The heating step (Fig. 4a) for pre-heating and re-heating eliminates re-
sidual stress. This acts as quasi-multi-beam scanning of the total building
area with a defocused beam. After pre-heating, the powder surface, the
material is melted (powder sintering) within the melting step. Two
strategies can be used: hatching or quasi-multi-beam. For melting by
hatching the beam goes in lines from left to right or from top to down
(Fig. 4b). For melting by quasi-multi-beam, the beam jumps from point
to point (Fig. 4c) from outside to inside or the other way, i.e. from inside
to outside.

Power and focus of the electron beam are generally determined by
the choice of beam current and focus offset, respectively. In order to
improve the printing results of this study, it was first necessary to
optimize the support structures. These support structures make it
possible to dissipate the heat introduced during printing in a targeted
manner and to detach the component from the base plate after the
printing process. These support structures are also used for so-called
overhangs on component geometries. If the support structure is unsta-
ble, it detaches from the build platform, for example, which led to
swelling at the edges of the printed parts (see Fig. 5). Furthermore, edge
swelling is also induced by using inappropriate printing strategies.
Optimizing the support structure and printing parameters ensured that
the edges of the parts did not swell, resulting in defect-free cubes.

Before printing, the process chamber was evacuated and the building
plate was heated up to 1000 °C with a defocused electron beam. The
manufacturing of the tungsten parts was carried out by using multibeam

Electron Beam Column
Cathode / Filament

Astigmatism lens
Focus lens
Deflection lens

Vacuum :gwdeerr

chamber pp
Heat shield
Rake

Build tank Electron Beam

Powder

Build platform

Fig. 2. Schematic sketch of an EBM system according to [24].
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Fig. 3. The main steps EBM processing.

process control with developed process parameters, which comprise a
layer thickness of 50 pm, a beam speed of 225 mm/s, a beam current of
14 mA, and a focus offset of 10 mA. Fig. 6 shows printed tungsten
samples in various designs after removal from the built platform.

Tensile test samples were printed following three different build
directions: standing, laying, and sideward (see Fig. 7). The motivation
behind these different directions is to test the impact of the building
direction on the mechanical behavior. The nominal dimensions of the
samples are: length L = 35.0 mm, width W = 10.0 mm, thickness B=1.0
mm.

Small-scale Charpy-V impact test specimens (see Fig. 8) were also
printed in three different build directions: standing, laying, and side-
ward. The nominal dimensions of the so-called Kleinstprobe (KLST)
small samples are as follows: length L = 27 mm, width W = 4 mm,
thickness B = 3 mm, notch depth N = 1 mm, notch angle 60°, notch root
radius 0.1 mm. The notch was inserted via electro-discharge machining
(EDM) after printing the basic bar geometry.

Characterization and testing methods

Microstructure and crystallographic texture

In preparation for the electron backscatter diffraction (EBSD) mea-
surements, the EBM-printed W armor was sectioned using EDM,
whereby the EBM tungsten was probed in the as-printed condition and
after high heat flux testing in the GLADIS (Garching LArge DIvertor
Sample test facility) neutral beam test facility at IPP, Garching. As a
reference, a rolled W plate (produced by Plansee, Austria) with technical
purity was studied. The thickness of this commercial W plate was 5 mm.
The EDM sections of the EBM W and rolled W were embedded in a hard
compound prior to the grinding procedure. Information about the
orientation of the cross-sections regarding the mock-up coordinate sys-
tem is provided later in this paper. The layer presumably affected by
EDM was removed by careful grinding. Due to mechanical and subse-
quent electrochemical polishing, the induced deformation layer was
removed. For electrochemical polishing a freshly-prepared etching
agent containing demineralized HyO and 0.66 wt-% NaOH (diluted
ASTM electrolyte VII-7 [26]) was set up. We applied a voltage of 10 V
activated in intervals of 5 s current and 10 s time-out for 36 cycles, i.e.
for a gross duration of 9 min. During the 10 s lasting time-out phases, the
sample surface was rinsed with demineralized H3O.
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(a) Heating

(b) Melting: Hatching
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(c) Melting: Quasi-multi-beam

Building area

Hatching area within part

Contour of the hatching area

Fig. 4. Heating (a), melting via hatching (b), and melting via multi-beam (c) during the EBM process. Top. photograph during processing, below. schematic sketch of

the beam trace according to [25].
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Fig. 5. Optimization of the support structure. inappropriate support structures lead to swelling effects at the part geometry.

Electron backscatter patterns (EBSP) were collected with a high-
resolution field emission SEM Merlin (Carl Zeiss, Germany) equipped
with a data collection EBSD system Hikari XP (EDAX Inc., USA). The
acquisition software utilized was TEAM v4.6 (EDAX Inc., USA). The
EBSD camera was operated with 5 x 5 pixel? binning and an EBSP
acquisition rate of around 300 fps. For scanning the coarse EBM struc-
tures the acceleration voltage was 30 kV and the probe current was
20nA. The step size was set to be 5.0 um at a working distance of 14 mm.
To probe the EBM printed samples the combo scan function of TEAM
was utilized, i.e. partial areas measuring 950 x 750 ym? were collected

and finally stitched to generate a single map depicting the complete
cross-section. The Plansee rolled plate was scanned with a reduced step
size of 0.050 um collecting a single map with the size 95 x 75 ym?. The
collected area was located at the centerline regarding the normal di-
rection of the rolled plate. Reflecting the much finer grid, the acceler-
ation voltage was adjusted to 20 kV. The further scan parameters
remained unchanged to the above-mentioned values of the W-EBM
scanning campaign.

By using TSL OIM analysis v8.6, pixels with a confidence index (CI)
below 0.1 were eliminated during post-processing. Apart from a grain CI
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Fig. 6. Differently shaped tungsten samples printed via EBM.

standardization, no clean-up routine was performed on the datasets so
that the measured orientation of all the points remained unchanged. In
this paper, maps utilizing the color-coded inverse pole figure scheme
refers to the crystallographic direction parallel to the building direction
(EBM tungsten) and rolling direction (Plansee plate), respectively.

Thermal diffusivity measurements
The high thermal conductivity of 174 W/(m*K) at room temperature
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[27] is one of the main reasons for the consideration of tungsten as a
plasma-facing material (PFM) in nuclear fusion reactors. For the thermal
diffusivity measurements, the laser flash method device (LFA 427,
Netzsch, Germany) was used for measurements at temperatures between
room temperature and 800 °C. A short laser pulse is directed onto the
front of a cylindrical sample. The temperature increase is measured as a
function of time by an infrared detector. The thermal diffusivity (a) was
calculated using the sample thickness (d) and the so-called half max time
(to.5):
2

d
a=0.1388e — (€8]
.to.s

Thermal conductivity

The specific heat capacity (c,) was measured using a differential
scanning calorimeter (DSC 204 F1 Phoenix, Netzsch, Germany) at
temperatures between —20 °C and 410 °C. The measurements were
performed with a heating rate of 10 K/min in argon atmosphere with a
flow rate of 50 ml/min. Synthetic sapphire was used as the reference
material. The specimens were cut into pieces with 5 mm diameters and
0.5 mm thicknesses. The uncertainty of the specific heat capacity was
estimated to be + 2 %.

The thermal conductivity () was calculated using the measured
thermal diffusivity (o), specific heat capacity (cp) at constant pressure,
and the measured density (p) of the sample:

A=acyp 2)

The density of the EBM tungsten samples was measured by the
Archimedes method. The sample was weighed in air (mg;) and in

Electron beam

standing

Build platform

Unit: mm

Fig. 7. Fabrication of tensile samples. Left. layout of the build direction on the built platform, middle. finished samples, right. sketch of the used tensile samples.
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Fig. 8. Fabrication of KLST Charpy-V impact test samples. Left. layout of the build direction on the built platform, middle. finished samples, right. sketch of the used

KLST samples.
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ethanol (Methano1)- The density was then calculated from the two weight
as follows:

Mg
p=

- m.- ® Pethanol (3)
ar—Methanol

where pethanol is the density of high-purity ethanol (0.789 g/cm®) at RT

Tensile test

Tensile tests were performed by using a general-purpose test frame
7100 (Zwick, Germany) equipped with a high-temperature radiation
furnace (Maytec, Germany) at three temperatures (600 °C, 800 °C and
1000 °C) in vacuum (10'4 mbar or better) at a constant strain rate of 1 x
10" s71. The load-displacement data were converted into engineering
stress-strain data.

Charpy impact test

Instrumented Charpy impact tests on KLST specimen (which are
based on the EU standard DIN EN ISO 14556:2017-05 [28]) were per-
formed at temperatures between 800 °C and 1100 °C in vacuum (1072
mbar). The maximum impact energy of the used drop-weight machine is
22.6 J, the drop height is 754 mm, the hammer bearing strength is 30 N,
and the span of the anvil is 22 mm. All KLST Charpy V-specimen were
notched. The absorbed energies were evaluated from the instrumented
test data, i.e., from the force-time curves.

Thermal shock test

At Forschungszentrum Juelich, Germany thermal shock tests with
the electron beam facility JUDITH 2 (JUelich DIvertor Test facility
located in Hot cells) were performed with hot water-cooling (Ti, =
70 °C, Py, = 24 bar, v = 25 m/s) [29]. The testing conditions for these
high pulse number tests are follows: 105 pulses of 0.48 ms duration time
and an intensity from Labs = 0.14 GW/m? (FHF = 3 MWs'/2/m?) up to
Labs = 0.55 GW/m? (FHF = 12 MWs'/2/m?) with a repetition frequency
of 25 Hz. A base temperature of 700 °C (homogeneous surface temper-
ature) was achieved by using a (quasi) steady-state heat load of 10 MW/
m?. For the experiments, three W-EBM bulk samples with a size of 15 x
15 x 5 mm? were ground and mirror-like polished from each surface.

High heat flux test

The Garching LArge DIvertor Sample test facility (GLADIS) at IPP
Garching, Germany serves to investigate the thermo-mechanical
behavior of components subjected to extreme thermal loads compara-
ble to the plasma conditions in the divertor. The facility is equipped with
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two 1 MW neutral beam sources for homogeneous heating of plasma-
facing components at heat fluxes up to 45 MW/m? and 45 s pulse
length [30]. The aims of the High Heat Flux (HHF) tests of pure W-EBM
mock-ups were: (1) to study the thermo-mechanical behavior (tempo-
rally-resolved surface temperature evolution during screen and cycling)
and (2) to study changes in surface morphology due to the high tem-
perature and high heat flux (grain growth, porosity, surface structure).

Results and discussion
Microstructure and crystallographic texture

Electron backscatter diffraction (EBSD) is a powerful microstructural
characterization tool. Fig. 9 shows the crystallographic directions in
building direction for EBM tungsten exemplary on a fabricated mono-
block geometry. A typical columnar grain structure formed along the
built direction is clearly visible presumably due to the printing process.
This epitaxial grain growth is parallel to the direction of the maximum
temperature gradient and is also reported in literature [20,21]. The
width of the columnar grains is about 50-100 pym. The length of these
long columnar structures is between 1 to 5 mm and indicates a stable
melt pool during the EBM process [21]. Only a few micropores are found
in the EBM tungsten samples, however, no microcracks are visible. The
absence of microcracks benefits from the combination of vacuum envi-
ronment to reduce the oxide impurities (oxygen reacts very fast with
tungsten at higher temperatures) and the preheating from the heating
schemes above the ductile-to-brittle-temperature (DBTT) of tungsten. At
higher temperatures, the dislocations are more mobile, plastic defor-
mation can occur, thus reducing the chance of cracking [22,31]. This
demonstrates the superiority of EBM for printing tungsten if compared
with SLM pure tungsten samples that contain microcracks and micro-
pores [10,32].

The grain structure toward the building direction is shown in Fig. 10.
The presence of just red and blue colors indicates a preferent growth of
grains with (100) or (111) direction parallel to the building direction.
In this cross-section equiaxed grain morphologies were observed with
diameters in the range of 10 to 120 um.

Fig. 11 shows the crystallographic directions of the reference mate-
rial (a Plansee rolled tungsten plate with a thickness of 5 mm whereby
the IPF color code is referring to the rolling direction. In comparison
with the coarse solidification structure of the W-EBM the reference
material is very fine-structured and small grains are visible. Frequent
greenish-colored grains indicate the presence of an alpha-fiber domi-
nated rolling texture.

Fig. 9. Microstructure along the building direction. Crystallographic direction parallel to the building direction.
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Fig. 11. Crystallographic direction of the reference tungsten (rolled tungsten
plate, thickness 5 mm) along the rolling direction.

Thermal conductivity and density

Fig. 12 shows the results of thermal diffusivity measurements on
three tungsten EBM samples and two rolled tungsten plates produced by
Plansee. The thermal diffusivity decreases with increasing temperature
due to the phonon scattering. No notable differences between EBM-W
and the rolled W plates are visible.

Fig. 13 shows the specific heat capacity measurements. At room
temperature, the specific heat capacity of EBM tungsten is 0.130 J/
(g*K), (literature [1]: 0.133 J/(g*K)) and the measured values increase
with increasing temperature.

The thermal conductivity of commercial tungsten (density: 19.25 g/
cm?) is 174 W/(m*K) at room temperature [34], and the measured
thermal conductivity of EBM tungsten (density: 19.21 g/cm?®) is 165.42
W/(m*K). The thermal conductivity decreases with the increase of the
test temperature due to the dominating effect of the thermal diffusivity
(see Fig. 14).
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Fig. 12. Thermal diffusivity of tungsten fabricated via EBM and rolled tungsten
plate from Plansee. For better visualization the measured data points
were linked.

Mechanical properties

Tensile testing

Tensile tests were carried out at three temperatures: 600 °C, 800 °C,
and 1000 °C. The related stress—strain curves are shown in Fig. 15.

The total elongation for the laying and sideward samples is in a range
of 20 % and 30 %, respectively. For the standing samples, total elon-
gations between 70 % (600 °C) and 80 % (1000 °C) were achieved. Since
the grain size parallel to the printing direction is several mm, we assume
some kind of single crystal tensile behaviour. Compare to the poly-
crystaline tungsten, single crystal show higher ductility even at lower
test temperature [35]. The samples sidewards and laying orientation do
not show this high tensile ductility, since the high angle grain bound-
aries are 90° oriented to the tensile direction. High angle grain bound-
aries in tungsten are prone to brittle behaviour [2]. As shown in Fig. 16,
the standing specimens exhibit significant necking across all test tem-
peratures. The fracture surface (see Fig. 17) exhibited macroscopic
features of plastic deformation. The sideward and laying specimen,
tested at 600 °C, failed in a brittle manner without necking. At 1000 °C
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Fig. 14. Thermal conductivity of EBM tungsten and a rolled tungsten
plate (Plansee).

these printing directions show slight necking and fine secondary cracks.
The fracture mode appears to be a mixed type comprising cleavage and
intergranular fracture. In contrast, the standing specimens tested from
600 to 1000 °C show strong necking with coarse secondary cracks of the
fracture surface. The fracture mode of the standing samples is trans-
granular at all three test temperatures.

Consequently, we can conclude that the building direction signifi-
cantly influences the properties of the EBM-printed tensile samples — and
thus also the behavior of later components. This must be taken into
account with regard to the later functional use of an EBM printed
component.

Fig. 18 compares the tensile testing curves of the rolled tungsten
plate and EBM-printed tungsten (standing orientation). Rolled tungsten
shows a much higher strength but a significantly lower uniform and total
elongation. With 80 % to 90 % the total elongation in build-direction of
EBM-printed tungsten is extraordinarily high for tungsten. However,
yield strength and UTS are lower than observed for rolled tungsten.
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Charpy impact testing

In Fig. 19, the Charpy energy is shown for the test temperatures
800 °C, 1000 °C and 1100 °C. The notched (KLST) samples made of
sideward and laying printed EBM tungsten failed in a brittle manner
even at 1100 °C. In contrast to that, the standing printed samples show a
significant increase in Charpy energy at 1000 °C (6.5 J) and at 1100 °C
(7.1 J). The DBTT of the standing specimens is in the range as observed
with the Plansee plates.

Typical appearances of specimens after the Charpy impact tests at
temperatures between 800 and 1100 °C are shown in Fig. 20. The
specimen printed sideward and laying fractured in a brittle mode, i.e.
material separation without lateral extension. The specimens printed in
standing orientation show for all three testing temperatures plastic
deformation and ductile behavior in the case of 1100 °C. A similar
behavior can be observed for the rolled tungsten plates, which were used
as a reference.

Thermal shock testing at JUDITH 2

Fig. 21 shows the SEM images of the surfaces and cross sections of the
three W-EBM samples after testing for 10° pulses at increasing transient
heat load power densities. With higher intensity, the tungsten surfaces
deteriorate due to surface roughening and cracking. Despite this, no
deterioration of power handling capabilities or overheating took place.
Furthermore, no clear sign of macroscopic cracking was observed after
10° pulses of up to 12 MWs'/2/m? at 700 °C.

Divertor target mock-ups: Design and fabrication

As shown in Fig. 6, the EBM process allows the production of tung-
sten parts of various geometries. This advantage allows to explore new
approaches in the design and manufacturing of divertor targets. While,
initially, the introduction of the supporting structure was intended to
improve the quality of the printed (massive) tungsten slab, later on it
was recognized that, given the good quality of the lattice structure, its
presence in the raw EBM product could be useful when connecting the
tungsten armor to the cooling structure. Previous studies [19,36]
demonstrated successful the combination of tungsten lattice structure
samples fabricated via Laser powder bed fusion (LPBF) and melt infil-
tration with copper. Thus, using this structure as an anchoring element,
the massive tungsten part can be limited to the plasma-facing side of the
target, while its backside could be made out of the same material as the
cooling channel. The concept, also known as a “flat-tile” solution, found
limited application in the past mainly due to the issues related to the
joining between the tungsten tiles and the heat sink usually made of
copper or copper alloys. The presence of the lattice structure in the W-
EBM tungsten raw parts can be used to create compliance layers that
could mitigate the stresses resulting from the difference between the
thermal expansion of copper and tungsten as well as due to the one-sided
loading of the target. In this section, we are introducing three new
divertor target designs each of them based on tungsten armor produced
by an EBM process but featuring different cooling concepts and different
methods of connecting the tungsten part to the cooling channel. While
the main objective is to characterize the quality of the tungsten armor
under fusion-relevant heat loads, having mock-ups with different cool-
ing schemes and manufacturing steps give us a first indication of their
behaviour during high heat flux tests. By studying the thermo-
mechanical behavior (temporally-resolved surface temperature evolu-
tion during screen and cycling) and the surface morphology changes due
to high temperature and high heat fluxes (grain growth, porosity, sur-
face structure). In addition to that, a special interest concerns the
investigation of the potentials and the pitfalls of the different
manufacturing procedures as well as the performances of the three
selected cooling solutions.

High heat flux (HHF) testing was performed in the GLADIS test fa-
cility at IPP Garching. This facility serves to investigate the thermo-
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Fig. 15. Tensile test results of EBM tungsten. Note. Total elongation scatters about + 20 % between several tests.
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Fig. 16. SEM images of the W-EBM specimens (side view) after tensile testing. Reference. Plansee tungsten plate tested in rolling direction.
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Fig. 17. SEM images of the W-EBM specimens (fracture surface) after tensile testing. Reference. Plansee tungsten plate tested in rolling direction.
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Fig. 18. Tensile test results. W-EBM (standing orientation) vs. rolled W-plate as
reference (sample removal in rolling direction). Note. Total elongation scatters
about + 20 % between several tests.

mechanical behavior of divertor components subjected to extreme
thermal loads.

While one of the mock-ups follows more or less the current baseline
(tungsten slab cooled by a swirl flow), the other two mock-ups explore
the possibility of implementing more complex cooling concepts by using
additive manufacturing techniques for the heat sink channel. Because, at
the time of the parts manufacturing, we had access only to cooper-based
additive manufacturing techniques (selective laser melting — SLM), all
three mock-ups used copper instead of copper-chrome-zirconium
(CuCrZr) which is the selected material for the baseline solution.

Fig. 22 gives an overview of the processing routes for the different
design types of the mock-ups. Common to all mock-up designs is the
fabrication procedure of the parts via W-EBM. In all three cases, the flat-
tiles consist of a massive part acting as divertor armor built on a lattice
structure. The second step of the manufacturing process is also similar
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for the three mock-ups, the grid being melt infiltrated with pure Copper.
From this point on, the fabrication process follows different paths:

e Mock-up I: Combination of W-EBM and Cu-Infiltration — w/o addi-
tional joining.

e Mock-up II: Combination of W-EBM and Cu-SLM - joining via
brazing.

e Mock-up III: Combination of W-EBM and Cu-SLM - w/o additional
joining.

Cooling concept and fabrication route of mock-up I

For the first mock-up, whose design was motivated to avoid a
joining/brazing between the W-EBM part and the heat sink the imple-
mentation of the swirl cooling concept (similar to the baseline solution)
was rather straightforward. Fig. 23 shows the geometric details of mock-
up L. The armor structure consists of three tungsten tiles in cube design
each 14.5 mm x 14.5 mm (length x width) with a height of 8.3 mm. The
distance between the tiles is 1 mm. After printing the W tile grid
structure via W-EBM, the W grid was melt infiltrated with pure copper.
For the infiltration process a big box made of stainless steel with a length
of 100 mm was used. The assembly was slowly heated-up to 1100 °C,
held for 20 min at the temperature and slowly cool-down subsequently,
all under vacuum conditions. After Cu infiltration, the copper contour
was mechanically machined by turning and milling. The pipe-style
cooling channel with a diameter of 10 mm was machined by drilling
and a twisted tape with a twist ratio of 2.375 was inserted. Fig. 24 shows
the details of the fabrication route and Fig. 25 shows the final state.

The mock-up behavior under high heat flux testing conditions was
simulated using ANSYS CFX. For this purpose, the model uses for the
water the IAPWS IF97 properties as implemented in CFX. The copper-
infiltrated tungsten structure is replaced by a part having a uniform
material composition with thermal properties calculated as the proper-
ties of a mixture using a volumetric weighting.

The water enters the mock-up at a pressure of 15 bar (a) with a ve-
locity of 12 m/s, having a temperature of 15 °C. Two HHF testing sce-
narios were considered, one with a peak heat load of 12 MW,/m? and one
with 15 MW/m?2. The applied heat load distribution on the surface is
modeled according to the loading profile of GLADIS, and is shown in
Fig. 26. Due to the size of the gaps between the tungsten slabs, the model
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Fig. 20. Appearances of EBM tungsten (sideward, laying, standing) and reference tungsten (rolled plate) specimens after Charpy impact testing.

assumes that the heating is applied also on that particular surface.
The resulting steady-state temperature field during 15 MW/m?
loading is shown in Fig. 27.

Cooling concept and fabrication route of mock-up II

The second mock-up makes use of a hypervapotron cooling concept,
a solution characterized by an efficient heat removal performance dur-
ing the fully subcooled boiling regime [37]. For this concept, the cooling
channel has a rectangular cross-section and the heat-loaded side has fins
manufactured perpendicularly to the coolant flow direction. At low heat
loads, forced convection is the main heat transfer mechanism. At higher
heat fluxes, when the local critical heat flux is exceeded, the liquid be-
tween two adjacent fins starts to boil creating a steam bubble between
the fins. This steam condenses when in contact with the bulk subcooled
flow, allowing cold liquid to rewet the heated surface [37-39]. The
solution has critical heat flux values superior to 30 MW/m? [40] which
is very attractive for divertor applications.

Fig. 28 shows the geometrical details of mock-up II. The armor
structure consists of three flat-tiles each 26 mm x 12 mm (length x
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width) and 11.5 mm in height. The distance between the tiles is 1.2 mm.
The cooling channel dimensions adopt a hypervapotron geometry
similar to the one investigated by Baxi and Falter [38], having a 22 mm
wide channel and 7 mm height; the fins have a 3 mm pitch and a 4 mm
height leaving a 3 mm for the bulk flow. Note that, as compared to the
previous mock-up, the width of the tungsten slab is larger by almost 80
%, 26 mm compared to 14.5 mm. Since the length of the slabs is slightly
smaller (12 mm compared to 14.5 mm), the increase of the loaded
surface is only 48 %. This means if tested with the same beam profile as
utilized for mock-up I, mock-up II will receive about 50 % more power
than mock-up I.

Fig. 29 shows details of the fabrication route of mock-up II. After
printing the W flat-tile with grid structure via W-EBM, the W grid was
melt infiltrated with pure copper (similar to mock-up I). The W grid Cu
contour was mechanically machined. In contrast to mock-up I, the
cooling structure made of pure copper was printed via selective laser
melting (SLM) on an SLM M280 machine (SLM Solutions, Germany).
The used process parameter of this system includes a layer thickness of
50 um, a laser power of 350 W, a laser scanning velocity of 800 mm/s,
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Fig. 21. SEM images of the three W-EBM samples. surfaces (top) and cross sections (bottom) after 10° pulses at different transient heat load power densities.

Combination of W-EBM and Cu-Infiltration w/o additional joining

» Infiltration of the W grid with pure Cu
* Machining: turning/milling of the Cu contour
* Drilling of the cooling channel

Printing of the Flat-tiles made of W

via Electron Beam Melting (EBM)

Combination of W-EBM and Cu-SLM joining via brazing

* Printing of the cooling structure made of pure Cu via
Selective Laser Melting (SLM)

» Infiltration of the W grid with pure Cu

» Machining of the Cu contour

» Joining via brazing of the Cu cooling structure with the
Cu infiltrated W grid

Combination of W-EBM and Cu-SLM w/o additional joining

» Infiltration of the W grid with pure Cu

» Printing of the cooling structure made of pure Cu via
Selective Laser Melting (SLM) on the Cu infiltrated W
grid

Fig. 22. Processing routes of the three different Mock-ups.

and a hatch distance of 120 um. A stripes scanning strategy was applied.
The starting plate was made of steel and pre-heated to 200 °C. The size of
the copper particles (99.9 wt-% purity) was in a range between 20 and
45 pym. The internal structure of the copper cooling component was
analyzed via micro computed tomography (uCT), see Fig. 29. The
YXLON Precision uCT system was set up with an acceleration voltage of
200 kV at a target current of 0.2 mA with an additional 0.5 mm thick Cu
filter for beam hardening reduction. Altogether 1890 projection images
were recorded on the Perkin Elmer XRD1620 AN flat panel detector with
an integration time of 1000 ms. Three images were averaged for each
projection to reduce noise. The detector had a size of 2048 x 2048 pixels
and a pixel pitch of 0.2 mm resulting in a final voxel size of 25 pm in the
reconstructed volume image. The edges of the cooling channel are
clearly visible. Finally, the W flat-tiles with Cu infiltrated grid and the Cu
cooling structure were joined via brazing (“Gold braze”: 82 wt% Au, 18
wt% Ni, brazing temperature: 980 °C). Fig. 30 shows the produced
mock-up in the final state.

Similarly to the first mock-up, the HHF performances were evaluated
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using an ANSYS CFX model. In this case, the model represents only half
of the mock-up, taking advantage of its symmetry. The modeling of
copper-infiltrated part is done the same way as for mock-up I, using a
volume-weighted average of the individual heat conductivities.

The simulations assume a cooling water with a pressure of 14 bar
that enters the connecting tube with a velocity of 8 m/s and a temper-
ature of 16 °C. The surface heat loading conditions are the same as for
mock-up I, the beam being centered on the second tungsten slab. Fig. 31
presents the calculated temperature field for the two loadings.

The higher tungsten surface temperature as compared to the first
mock-up is mainly due to the (minimum) distance between the tungsten
surface to the water cooling is larger in case of Mock-up II (18.65 mm)
than in case of Mock-up I (12 mm). In addition to that, Mock-up II has a
thicker tungsten block (11.5 mm) as opposed to only 8.3 mm for Mock-
up L.

Cooling concept and fabrication route of mock-up IIT
The third mock-up uses a combination of cooling channel geometry
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Fig. 24. Processing route of mock-up I.

Fig. 25. Mock-up I. Combination of W-EBM and Cu-Infiltration, w/o additional joining. W tile and grid after fabrication via W-EBM (right) and the final state after Cu
infiltration and mechanical machining (left).

and turbulence promoters to achieve a high heat transfer. In terms of divided into two flow areas having a quasi-triangular geometry as can be
heat-loaded surface and overall dimensions, this mock-up is the same as seen in Fig. 32. In addition to that, on the heated-side wall, there are
the second mock-up. However, the cooling channel cross-section is arrows (1 mm in height) acting as turbulence promoters for enhanced

13
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Fig. 26. CFX model of mock-up I with heat flux loading conditions.

(a) applied heat flux profile; (b) heating profile along the axial direction for the two simu-
lated cases.
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Fig. 27. Mock-up I temperature field for a loading with a 15 MW,/m? peak heat flux.

Mock-up Il

Flat-tiles + grid (W-EBM) infiltrated with Cu

Joining via brazing: infiltrated W grid (W-EBM)
and Cu cooling structure (Cu-SLM)

Fig. 28. Geometric details of mock-up II
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Fig. 29. Processing route of mock-up II.
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Fig. 30. Mock-up II. Combination of W-EBM and Cu-SLM, joining via brazing.

heat transfer. This combination results in a solution that has better
cooling capabilities than the hypervapotron, in terms of the tungsten
temperature and the pressure loss.

Fig. 32 shows the geometrical details of mock-up III. The armor
structure consists of three flat-tiles each 26 mm x 12 mm and with a
height of 11.15 mm. The distance between the tiles is 1.2 mm. The Cu
cooling structure was optimized via computational fluid dynamics
(CFD).

After printing of the W flat-tile grid structure via W-EBM, the W grid
was melt infiltrated with pure copper and the W grid Cu contour was
mechanical machined. After this, the prepared structure was flipped and
put upside down into the SLM printer. Fig. 33 shows the details of the
fabrication route of mock-up III. The cooling structure made of pure

15

copper was printed directly via SLM (the same machine and process
parameters as used for mock-up II) on the copper infiltrated and me-
chanical fixed W grid. Fig. 34 shows the final state after surface
polishing.

For this mock-up, both cases, 12 MW/m? and 15 MW/m? loading are
computed (see Fig. 35). The cooling water is assumed to enter the mock-
up with a velocity of 8 m/s, under a pressure of 14 bar and a temperature
of 16 °C.

If comparing the tungsten temperatures of mock-up II and mock-up
III we can see that the values are, in average, 150 °C lower for the
latter. This is mainly due to the strong mixing effect associated with the
arrows presence. Also, an important fact is the different heights of the
flat-tiles (mock-up I: 8.3 mm, mock-up II: 11.5 mm, mock-up III: 11.15
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Fig. 31. Mock-up II steady-state temperature distribution during heating at 12 MW/m? (left picture) and 15 MW/m? (right picture).
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Fig. 32. Details of mock-up IIL

mm). However, one should notice that, for the simulated case, the heat HHEF testing of mock-up IT

transfer is dominated by force convection, meaning that, the hyper- The initial test for mock-up II was done using cold water-cooling
vapotron effect is not active. Fig. 36 display the simulation results of conditions (Tj, = 16 °C, v = 8 m/s, pi, = 14 bar) and started with a
temperature distribution and coolant velocity near the wall of the screening from 6 to 15 MW/m?, with a pulse length of 20 s loading,
cooling channel. followed by 100 cycles at 12 MW/m?, 15 s on and 60 s off. The surface
temperature of mock-up I at 12 MW,/m? was 1980 °C. Fig. 39 shows the
High heat flux testing at GLADIS IR images of the mock-up II of the 1st and the 100th pulse of the HHF
cycle at 12 MW/m?. Screening and cycling at cold water-cooling con-
HHF testing of mock-up I ditions were performed without any formation of large cracks. Only at
For the preliminary investigation screening pulses from 6 to 15 MW/ the left edge a small crack is visible (see Fig. 40). However, this was
m? are used, each with 20 s duration under room-temperature water- already visible during the 1st cycle.
cooling conditions (Tjy, = 16 °C, v = 12 m/s, pj, = 15 bar). The condi- The second test campaign applied to mock-up II was performed very
tions of the subsequent three test cycles are shown in Table 2. similar to the first: cold water-cooling conditions (T, = 16 °C, v=8 m/s,

Fig. 37 shows the IR images of the mock-up I of the 1st and the 100th pin = 14 bar), however a heat flux of 15 MW/m? up was applied (instead
pulse during the cycling at 20 MW/m?2. As Fig. 38 demonstrates, the of 12) for 100 cycles with 15 s on and 75 s off periods. At 15 MW/m? the
screening and cycling in the cold-water loop was performed without any temperature on the surface of the mock-up II reached a value of 2650 °C
indication of cracks or damages. in thermal equilibrium. Fig. 41 shows the IR images of the mock-up II

from the 1st and the 100th pulse during the screening at 15 MW/m?2.
The visual inspection revealed no cracks or damages except the one

16
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Fig. 33. Processing route of mock-up III.
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Fig. 34. Mock-up III. Combination of W-EBM and Cu-SLM w/o additional joining.
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Fig. 35. ANSYS CFX simulation results of the Mock-up II temperature distribution if heated with a 12 MW/m? heat flux (left pictures) or with 15 MW/m?
(right picture).
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Fig. 36. Cooling channel temperature distribution and coolant velocity field near the wall. The pictures show only half of the mock-up surface on top of one of the
two channels. (a) temperature of the copper body at the interface with the copper-tungsten composite; (b) wall temperature at the surface in contact with the coolant;
(c) velocity field on a plane near the wall. Note that the water saturation temperature at 14 bar is around 195 °C, which is above the wall temperature (140 °C).

Table 1 gives an overview.

Table 1
Overview of power, pressure, and temperature.

Mockup Peak Heat flux Pnom Tin Flowrate Surface temperature W1 /°C Surface temperature W2 /°C Surface temperature W3 /°C Pressure loss
/MW/m* /bar  /°C /s /bar
MU-I 12 152 16 0.94 1076.7 1153.2 1081.7 1.15
15 152 16 0.94 1457.6 1562.9 1463.3 1.15
20 152 16 0.94 1998.8 2144.9 2004.9 1.15
MU-II 12 14 16 0.9 1401.2 1465.3 1404.8 2.30
15 14 16 0.9 1891.4 1979.3 1895.8 2.32
MU-III 12 14 16 0.9 1281.6 1333.6 1284.4 0.67
15 14 16 0.9 1744.3 1816.9 1748.0 0.66
off. The surface temperature of mock-up III was 1770 °C in equilibrium
Table 2 . at 12 MW/m?>. Fig. 42 shows the IR images of mock-up III of the 3rd and
Test conditions for mock-up I the 100th pulse during the cycling HHF campaign at 12 MW/m?.
No. of No. of Heat flux ~ Cycle length Surface Each of the three flat-tiles of mock-up III shows small surface cracks
test cycles temperature before testing (see Fig. 43, left). After the screening and cycling at cold
1 100 12 MW/ 15son, 60soff 1600 °C water-cooling conditions, a new crack at the central block was detected
m? (see Fig. 43, right). The reason for the cracks before testing could be
2 100 15 MW/ 15son, 75soff 2100 °C . . . . .
2 explained by a failure during preparations for SLM printing the Cu
3 100 20 MW/ 15s0n, 10550ff 2520 °C cooling structure since after EBM printing no crack was detectable. The
m? W-EBM structure was mechanically fixed in the SLM machine, which is

on the outer edge of one flat-tile (see Fig. 40).

HHEF testing of mock-up III

For mock-up III, the initial test was done using cold water-cooling
conditions (Ty, = 16 °C, v = 8 m/s, pi; = 14 bar) and started with a
screening from 6 to 15 MW,/m?, each pulse duration of 20 s, followed by
100 cycles at 12 MW,/m?, while the cycling scheme was 15 s on and 60 s
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believed to introduce high stresses in the tungsten flat-tiles during SLM
printing of the cooling structure.

Post-mortem analyses after HHF tests in GLADIS

Fig. 44 shows the cross-section of mock-up I after HHF testing at
GLADIS. No macroscopic failures of the tungsten flat-tiles were visible.
However, a seam of some holes of the tungsten grid without copper
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Fig. 37. Infrared (IR) image of mock-up I in the thermal equilibrium at 20 MW/m?. The loaded surface of the three individual blocks (14.5 x 14.5 mm? each) shows a
homogenous temperature distribution without any indication of local hot spots.

below the tungsten solid tiles became apparent (marked with red ar-
rows). Here, the copper infiltration process or the tungsten grid needs to
be optimized.

The visual inspection of mock-up II after the second test campaign
(100 cycles at 12 MW/m? + 100 cycles at 15 MW/m?) showed no more
new cracks or damages except one thin crack on the outer edge of one
flat-tile (see Fig. 40). Fig. 45 shows the copper-tungsten seam clearly,
demonstrating that the copper infiltration and the following brazing
process were successfully conducted.

Fig. 46 shows mock-up III after HHF testing at 12 MW/m2 No
damages and a faultless copper-tungsten seam after infiltration and
brazing can be recognized.

Table 3 shows the different three mock-up designs, the reached re-
sults after the HHF testing and also the surface temperature during the
test with the GLADIS facility. For mock-up I and II higher surface tem-
peratures were measured. This is due to the cooling performance, the
different height of the flat-tiles, and, in the case of mock-up I, the pores
in the copper-tungsten seam.

Electron backscatter diffraction (EBSD) allows descriptive analyses
of the grain size, orientation, distribution, and shape. Fig. 47 shows the
microstructures of the initial state as EBM printed (columnar grain
structure) and after HHF testing of the mock-ups. After HHF testing in
GLADIS, for mock-up I and II the columnar microstructure has changed
in the surface near region. Big grains near the surface have formed

Fig. 38. Mock-up I. no cracks or damages after completion of GLADIS
test program.

MAX-PLANCK-INSTITUT MAX-PLANCKﬂNﬂSTITUT

15t pulse 12 MW/m? KIT#2 0t pulse 12 MW/m? KIT#2

Fig. 39. IR image of the mock-up II during the screening at 12 MW/m?. The loaded surface of the three individual blocks (26 x 12 mm? each) shows a homogenous
temperature distribution except a local hot spot on the outer edge of the left block.

19



S. Antusch et al.

Fig. 40. Mock-up II. top side. the small crack on the left edge is highlighted

after 100 cycles at 12 MW/m?>.
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presumably due to recrystallization. The part below still consists of a
columnar grain structure that originated in the EBM building process. A
change of the microstructure after HHF testing of mock-up III could not
be detected. It is concluded that the different response of the micro-
structure is related to the difference in surface temperature during the
GLADIS testing as well as the varied numbers of test cycles of the three
mock-up types. Furthermore, the various height of the tungsten flat-tiles
is of importance (mock-up I: 8.3 mm, mock-up II: 11.5 mm, mock-up III:
11.15 mm).

Conclusions and outlook

The goal of this work was the fabrication of highly dense and crack-
free tungsten parts via electron beam melting and the investigation of
novel copper cooling structures for fusion applications. The main out-
comes of this study can be summarized as follows:

EBM printed tungsten

Pure plasma-atomized tungsten powder was processed by electron
beam melting in an Arcam A2X machine. The printed tungsten bulk
samples exhibit a very high density of 99.8 % and a crack-free micro-
structure. Only some micropores were observed. The absence of
microcracks can be explained by the low thermal stress due to the pre-

MAX-PLANCK-INSTITUT

Fig. 41. IR image of the mock-up II during the screening at 15 MW/m?>.

MAX-PLANCK-INSTITUT

1t pulse 12 MW/m? KIT#3

MAX-PLANCK-INSTITUT

100" pulse 12 MW/m? KIT#3

Fig. 42. IR image of mock-up III during cycling at 12 MW/m?>. The loaded surface of the three individual blocks (26 x 12 mm? each) shows at the beginning of cycling
indications of small axial cracks in the left and right block. Surface inspection after the test confirmed the three visible cracks after 100 cycles.
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before HHF after HHF

Fig. 45. Cross section of mock-up II (Hypervapotron) after completed GLADIS HHF campaign (200 cycles).
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Fig. 46. Cross section of mock-up III after completed GLADIS HHF campaign (100 cycles).

Table 3
Parameters of the HHF Testing at GLADIS and measured surface temperature in
thermal equilibrium.

Mock-up Design (unit: mm) HHF Testing at GLADIS

14,5

Mock-up I

#1: 100 cycles at 12 MW/mZ; Tsurface = 1600 °C
#2: 100 cycles at 15 MW/mZ; Tsurface = 2100 °C
#3: 100 cycles at 20 MW/mz; Tsurface = 2520 °C
Cooling water conditions:

Vin = 12 m/s, pin = 15 bar

Mock-up II

#1: 100 cycles at 12 MW/mZ; Tsurface = 1980 °C
#2: 100 cycles at 15 MW/m?; Tyrface = 2650 °C
Cooling water conditions:

Vin = 8 m/s, pin = 14 bar

Mock-up IIT

#1: 100 cycles at 12 MW/mz; Tsurface = 1770 °C
Cooling water conditions:

Vin = 8 m/s; pin = 14 bar

heating schemes during the EBM process and the reduction of oxide
precipitates due to manufacturing in a vacuum environment. A long
columnar grain structure along the building direction due to epitaxial
growth seems to be typical for EBM-printed tungsten. This indicates a
stable melt pool during the EBM process. The results of the tensile tests
(test temperature range between 600 to 1000 °C) show a ductile
behavior and total elongation of 80 % if tested along the building di-
rection. It is concluded that the ductile-to-brittle-temperature (DBTT)
for EBM tungsten is in the range between 700 to 900 °C. The measure-
ment of the thermal conductivity corresponds to the literature for
conventionally produced W. For the thermal shock testing at Judith 2
small tungsten cubes were loaded by an electron beam, simulating an
ITER-like steady state (10 MW/mz) and transient (10° pulses with 0.14
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GW/m?) heat loads simultaneously. No macroscopic failure was
observed after this test.

Mock-up fabrication (W armour and pure Cu cooling structure)

For mock-up (MU) fabrication three different process routes are
successful investigated: (MU I) pure copper melt infiltration of the EBM
tungsten, (MU II) joining of the EBM tungsten tiles and the SLM copper
cooling structure via brazing and (MU III) direct printing on the EBM
tungsten tiles with a SLM printing process of a copper cooling structure.
All process routes are stable: (MU I) w/o pores or microcracks, (MU II)
the brazing joining zone was firm also after HHF testing w/o damage
and (MU III) no joining zone was visible for the direct printing method
and the join was steady.

Mock-up high heat flux testing at GLADIS

All three mock-ups successfully withstood the exposure to high heat
fluxes at GLADIS. No macroscopic failures were visible, but due to the
not optimized geometrical size (width and height) a very high surface
temperature was reached which goes along with a big grain size near the
surface after testing of mock-up I and mock-up II. However, the potential
of the new cooling designs is evident: mock-up III showed no surface
transformation and a lower surface temperature under the same cooling
conditions as mock-up II with a heat flux of 12 MW/m2 The minor
surface temperature of the tungsten blocks in mock-up III is also influ-
enced by the insignificant lower height of the tungsten blocks in com-
parison to mock-up II.

The results demonstrate successful the fabrication route of dense and
crack free tungsten parts via electron beam melting and moreover the
assembly to a component for testing. New investigations are planned
with optimized geometrical dimensions (especially the flat-tile height)
of the tungsten mock-ups fabricated via electron beam melting (EBM)
and the use of CuCrZr cooling structures fabricated via laser powder bed
fusion (L-PBF) instead of pure Cu. This next test campaign will be per-
formed similar to DEMO hot water-cooling conditions (Ti, = 130 °C, pin
= 40 bar) with a heat flux of 20 MW/m? up to 100 cycles for 10 s.
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