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Evolution of Tungsten Fiber-Reinforced
Tungsten-Remarks on Production and Joining
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Material issues pose a significant challenge for the design of future fusion

1. Introduction of Tungsten as
First Wall Material-Issues

reactors. These issues require new advanced materials to be developed. W-fiber-

reinforced W-composite material (W;/ W) incorporates extrinsic toughening
mechanisms increasing the resistance against failure and thus granting steps
toward application in a future fusion reactor. Wi/ W can be produced based on
chemical vapor deposition or powder metallurgical routes. In this contribution,
the efforts of upscaling the production of W/ W will be reviewed based on recent
results. In addition, the activities related to enabling large-scale production for
new fusion applications are being studied. Herein, two main achievements are
to be highlighted. First, an upscaled production is established to produce flat
tile samples for joining tests on copper and steel, and second, a new method
of joining Wi/ W on copper is established and tested under high heat-flux

conditions.
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Tungsten (W) is currently the main candi-
date material for the first wall of a reactor as
it is resilient against erosion, has the high-
est melting point, shows rather benign
behavior under neutron irradiation, and
has low tritium retention. Extensive work
has been done to qualify current materials
with respect to these issues for ITER, espe-
cially for W as the first wall and divertor
material,'! where multiple intertwined
issues need to be evaluated.

Some of the main problems a future
reactor is faced with are linked to the mate-
rials exposed to the fusion environment
and their lifetime considerations.”™ As
highlighted in the study of Coenen et al.”!
the following interlinked issues arise: mechanical property evo-
lution during operation, transmutation and neutron damage, ion
impact, and sputtering, thermal properties (after irradiation)
related to steady state heat loads and transient events, oxidation
behavior during accidental air or water ingress as well as the
remaining issue of fuel permeation and diffusion. Making tung-
sten more viable means to improve on production, upscaling,
and joining of tungsten and tungsten composites. In the past,
extensive work has been performed to develop new and advanced
materials?® which has led to collaboration outside of the common
fusion community to elaborate the potential of new materials for
application. In this article, the efforts together with Tokamak
Energy Ltd are being discussed in addition to the growing efforts
of industrialization for W¢/ W (Figure 1).

2. Tungsten Fiber-Reinforced Tungsten
Wi/ W-A Few Remarks

Wi/W or tungsten fiber-reinforced tungsten is a composite
inspired by the basic of ceramics reinforcement to overcome
the intrinsic brittleness and mechanical issues when using W
as armor material. W¢/ W utilizes tungsten wires, filaments, or
yarns to achieve pseudoductility at room temperature.

Various routes are available for the production of W¢/ W com-
posites, either chemical vapor deposition (CVD)®”! or powder
metallurgical processes like field-assisted sintering (FAST)E"!
and hot isostatic pressing (HIP)!'*™"*) are available. The proof
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Figure 1. W as the first wall and divertor material is still facing challenges
The black lines give the status of performance with respect to ideal behav-
ior, represented by the outline of the hexagon. The labels give the envi-
sioned solutions and the colors the level of urgency from green to red.
Nuclear aspects are discussed as part of each side and thus colored black.

of principle for CVD and PM W/ W has been achieved and was
presented in multiple publications.['1¢19]

3. Tungsten Fiber Reinforces Tungsten
W;/ W-Status of Upscaling Effort

Cracking in the armor is a significant lifetime limiting factor in
PFCs. Proceeding from the promising pseudoductile behavior of
Wi/W shown on small-scale (40 mm) samples in 2019 year,
Tokamak Energy and Forschungszentrum Juelich embarked on
an 18-month project to demonstrate the upscaling of the W/ W
technology for divertor applications. This has led to both a large-
scale production of short fiber Wg/W 2 and their study under
fusion-relevant exposure conditions!*" as well as the first successful
development of powder metallurgical W/ W.*? For details on the
CVD W/ W please see the study of Schwalenberg et al.**!

The main aim was to explore how well residual stresses scale
with the component size and potentially deleterious effects on
component properties in a representative divertor design. The
work was in two phases involving the production, joining, and
testing of (i) Wi/ W disks of variant diameters between 20 and
105 mm and (ii) flat tiles of 20 mm X 50 mm in size. This work
helps to elucidate the potential of using W/ W as a plasma-facing
component in a future fusion reactor. This is being driven by
assessing the material properties, in particular, the ability to join
Wi/ W to a given cooling structure e.g., steel or copper. Here, in
particular, the focus is on the stress state in the joint and the
materials. Work has been performed in collaboration with Qdot.

3.1. Material Production

The work was performed on in two phases involving the produc-
tion, joining, and testing of (i) W¢/ W disks of variant diameters
between 20 and 105 mm and (ii) flat tiles of 20 mm x 50 mm
in size.

For the use in the present study, the material was produced
via powder metallurgical route as described in the study of
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Mao et al.*”) Three main objectives were followed based on sam-

ples produced: upscaling, joining and characterization, and high
heat-flux evaluation. Samples were produced at RWTH as well as
Hefei University of Technology, with the latter focussing on the
larger-scale SPS processes, using a large-scale FAST facility
(LABOX-6020 Sinter Land INC).

The samples are based on the principle of porous-matrix fiber
composites.*”) First, short tungsten fibers (2.4 mm in length and
0.15mm in diameter) were mixed with tungsten powders
(5 pm average particle size), with a fiber mass fraction of 40%.
Then the mixture was filled into a graphite mold with a diameter
of 105 mm. Between the graphite mold and the green body, one
layer of graphite foil was used between the punches and the die,
to ease the sample removal after sintering, and also for sealing
the gap between the punch and the die. Another layer of Mo foil
was added between the sample and graphite foil to reduce carbon
contamination.** Afterward, the sintering was carried out at
1,400 °C for 10 min, with a heating rate of 200 °C min™". The sin-
tering pressure was 30 MPa, which was applied when the
temperature reached 800°C. After sintering, a large disk of
Wi/ W with a diameter of 105 mm and a thickness of 30 mm
was produced. The density of the sample was measured to be
89% using the geometric method.

Based on this, the production of test samples for joining and
residual stress tests was performed. These samples are all con-
sisting of the porous matrix material as described above and in
the study of Mao et al.”® Four test samples were produced. Each
sample is comprised of a Wi/ W disk produced by FAST?Z"
bonded to a 316 stainless steel disk with a 300 pm vanadium
interlayer. The thickness of each disk was nominally 5mm,
resulting in a total thickness of 10 mm. Steel was used here
to produce a comparable CTE mismatch as for W and Copper.

For the samples produced at RWTH Aachen (20, 40 mm) the
joining to the 316L steel was performed at a temperature of 970 °C
at 50 MPa for 10 min, with a heating rate of 100 °C min~!, while
for the samples produced at Hefei University (80 105 mm) the
parameters were as followed, 850 °C 30 MPa, at a holding time
of 10 min. with a heating rate of 25°Cmin~'. With respect to
the applied cooling rate, the main difference is that cooling
was controlled for the larger samples at 5 Kmin~" whereas the
smaller samples were cooled passively at about 100 K min ™",

The four supplied diameters were 20, 40, 80, and 105 mm as
shown in Figure 2 and 3.

In addition, samples were produced for testing of joining of
Wi/ W with copper, sizes here are 12 x 12 x 5 mm.

W\W‘.‘V\\\“\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
e B B

Figure 2. Four cylindrical stainless steel/W/W test samples. From left to
right: 105, 80, 40, and 20 mm.
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Figure 3. Large-scale PM produced W¢/W disks.

Based on the large Wi/ W samples were cut to be used in
actively cooled flat-tile prototypes as described in the following
sections.

4. Tungsten Fiber Reinforces Tungsten-Residual
Stress Tests

To assess the potential of W/ W with respect to strength, joining,
and fracture toughness, a set of tests was performed. As tungsten
generally is a brittle material a joint with steel was performed to
measure the residual stress in the joint and material. In addition,
a quench test was performed to utilize the difference in CTE of
tungsten (4 ppm °C™") and steel (16 ppm°C™") as a means to
induce strong stresses.

4.1. Residual Stress Tests of Wi/ W-Steel

Qdot Technology, on behalf of Tokamak Energy Ltd., has coor-
dinated the characterization with respect to residual stress
analysis in a set of W/ W steel samples as described above.
The cylindrical test samples were analyzed at the Advanced
Forming Research Centre (AFRC)[https://www.strath.ac.uk/
research/advancedformingresearchcentre] which conducted a
series of residual stress measurements using surface and bulk
residual stress measurement techniques, namely, X-ray diffrac-
tion (XRD) and the contour method, respectively.

[
L0 fem 20

I
5 16 \7 18

Figure 4. EDM sectioned 105 mm disk.
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Each disk was halved via EDM to facilitate the planned
measurements as shown for the 105 mm sample in Figure 4.

4.1.1. X-Ray Diffraction (XRD)

XRD determines the residual stresses in a component through
the alteration of lattice plane spacing due to elastic deformation.
The residual stresses in the stainless steel and tungsten—tungsten
composite test samples were measured by XRD using a PROTO-
LXRD diffractometer and the sin2¥ method. The LXRD Modular
Mapping System by Proto Manufacturing Ltd. was utilized in
obtaining residual stress measurements along with PROTO
XRDWin 2.0 software. Measurements were obtained in accor-
dance with the study of Fitzpatrick et al.**!

Trial measurements for XRD were made using the cobalt (Co)
and manganese (Mn) anodes to evaluate the tungsten sides and
the stainless steel sides, respectively. The W/ W material is
comprised of a matrix of pure tungsten. This was selected as
the target for the XRD measurements, using the advised param-
eters for pure tungsten. The residual stresses within the tungsten
material were calculated from the strain of {222} plane at the
Bragg reflection angle of 157°, assuming elastic Young’s
modulus of E=400GPa, and Poisson’s ratio of v = 0.27. For
the measurements on the stainless steel side, the {311} plane
and Bragg reflection angle of 152.8° were used, assuming elastic
Young’s modulus of E= 200 GPa and Poisson’s ratio of v = 0.3.
(X-ray elastic constant: 1/2 S2 steel : 7.18 x 10~° [1/[MPa]] W/ W
3.2 x 107® [1/[MPa]] X-Ray elastic constant: -S1 steel: 1.2 x 107°
[1/[MPa]] W/ W) 0.71 x 10~° [1/[MPa]].

The measurements were conducted at six locations per halved
disk (i.e., the 20 mm disk was sectioned for the contour method
(CM), then each half was measured with XRD. Measurements
were performed at three locations in the stainless steel side
and three locations in the Wi/ W for each half, respectively.
The three locations were defined as; edge (at the top edge),
middle (in between the top surface and the interface), and
interface. Measurements were conducted in two directions
(hoop and axial) at each location making a total of 24 measure-
ments per disk.

The XRD residual stress results for all four samples have been
aggregated and are presented in Figure 5a (axial stress compo-
nent) and Figure 5b (hoop stress component). For brevity, only
one side of each sample is shown. Considering the axial stresses,
it is clear that there is a similarity between the 20 and 40 mm
samples, and the 80 and 105mm samples. This could be
expected due to their relatively comparable sizes, or due to the
fact that the two smaller disks and the two larger disks were
manufactured using two different methods (the specifics of
the manufacturing methods lies out of the scope of this work,
however, it is a potentially important observation when consid-
ering future manufacturing options). The tungsten material
exhibited low axial residual stresses at the surface regardless
of sample diameter.

Considering the hoop stresses from Figure 5b, a similar trend
can be observed — however, there is an obvious increase in varia-
tion from part to part for hoop stresses compared with axial
stresses. The 20mm and 40 mm samples exhibit high hoop
stresses at the top edge of the steel material (—400 MPa), however,
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Figure 5. XRD summary a) axial stress all parts; b) Hoop stress all parts.

these decrease in magnitude close to the interface. The reduction
in stress is more significant for the 40 mm compared with the
20 mm. In the tungsten material, the two larger disks show an
increase in compressive hoop stresses at the interface (—220 to
—260 MPa for 105 and 80 mm, respectively) compared with
the smaller disks which are approximately —100 to —150 MPa.

Generally, it needs to be stated that XRD was used to validate
the contour method in agreement with trends between sample
sizes, but confidence in the numerical values of residual stresses
is low. This is due to the 20 and 40 mm samples exhibiting frac-
ture in the W/ W, extending from the W-V interface edge, and
residual stresses exceeding yield in the steel. The primary useful
output of the XRD is thus in comparing the production process
of the 20/40 and 80/105 mm disks. Either the diameter or more
likely cooling rates had a significant impact on component resid-
ual stresses.
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4.1.2. The Contour Method (CM)

CM is a destructive method of residual stress measurement first
introduced by Prime.**! This principle considers a cracked body
subject to external loading or prescribed displacements and
relates forces applied to the cracked surface to close the crack
as equivalent to the stress distribution present in the body in
an uncracked state, if the same geometry and experiencing
the same external loading.

Figure 6 illustrates the contour method procedure. An unsec-
tioned part (A) contains residual stresses ?x as shown. This part is
sectioned normally to the stress component of interest to result
in two equal halves and a cut surface free from the out-of-plane
stress component. The component is sectioned in such a way that
the cracked body results in a manner as close to brittle fracture as
possible, i.e., the sectioning procedure does not introduce further
residual stresses due to, for example, cold work or heating.
Residual stresses are released in sectioning the component
and these stresses normal to the cutting plane can be obtained
through considering the reverse of the cutting process and result-
ing deformation due to the sectioning process. The cut surface
can be forced back into its original planar form through finite
element simulation to obtain the original residual stress
distribution. If the assumption is made that the material behaves
elastically throughout the stress relief process then with refer-
ence to the stresses in Figure 6, stresses in the initial step A
are equal to the sum of those in steps B and C postsectioning.
As the free surface normal and shear stresses must equal zero
(B), the stresses ?x on the cut plane are equal in cases A and C
and this component is obtained completely using the CM. The
major advantage of this method is that it allows the measurement
of a two-dimensional stress map of a component over the entire
cut section. The component can be of simple or complex geome-
try. The CM measures type I, or macro, stresses. The CM was
utilized to obtain residual stresses in each of the four disk test
samples. The contour cutting axis was conducted parallel to the
major axis of the discs. The measured stress component (the out-
of-plane component) is therefore the hoop direction for the disks.

The 20 mm and 40 mm disks contain visibly noticeable cracks
in the W/ W material. The cracks originate close to the interface
and propagate into the bulk of the Wi/ W side and away from the
interface. The presence of cracks is likely to influence the resid-
ual stress measurement results. During the cracking process,
residual strain is released resulting in plastic deformation and
crack propagation. Due to this energy release, the stresses being
measured have to be considered to be different than if no crack-
ing occurred.

The 20, 80, and 105 mm sample’s CM plots are presented in
Figure 7. From this image some clear trends are visible; namely,
that the larger diameter parts contain extremely high axially
asymmetric residual stresses. Additionally, the larger diameter
parts are stress-free in the center of the part, away from the

2= Part cutin hal. . Force cut suface
o stresses relieved 24 |back to origna state &) 3
- onface of cut / | 3

A 1 =B y +C [ F

Original residual
stress distribution

Figure 6. Principle of stress determination using the contour method.
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Figure 7. Summary of the contour method results (—700 To 700 MPa).

ODs, whilst the smaller 20 mm (and 40 mm) part exhibits high
levels of stress in this region. This could be a significant consid-
eration with respect to the design of the manufacturing process
of real components utilizing joined SS/Wg/W.

The XRD measurements indicated a similarity in the residual
stresses found within the 20 and 40 mm parts, and the larger
80 and 105 mm parts. This pattern was continued in the contour
method result analysis.

The contour method results showed that for all four parts, the
tungsten side of the bimaterial sample was in compression with
the stainless steel being in tension. High-magnitude stresses
(reaching and exceeding the yield stress of the materials) were
measured. The larger samples (80, 105 mm) were both found
to contain strong asymmetry, indicating that something in the
manufacturing process is causing the lack of symmetry. Also,
the larger samples were both effectively stress-free in the bulk
of the material. This was not the case for the smaller samples.
The similarity of the stresses within the larger diameter parts
(80 and 105 mm) compared with the smaller parts (20, 40 mm)
indicates that either there is a strong influence from the diameter
on the manufacturing-induced residual stresses, or that the
manufacturing process for the larger parts was significantly dif-
ferent from the 20 and 40 mm parts. This is in fact due to the
variation in production method as indicated above. The larger
samples were, e.g., ramped much different in terms of tempera-
ture than the smaller samples.

4.2. Quench Testing

Quench tests to induce cracks (due to tensile stresses on the sur-
face of the armor) were conducted at Warwick Manufacturing
Group to study crack growth and propagation in the W/ W com-
posite. Samples of nominal diameters of 20, 40, and 80 mm were
used for the quench tests.

The samples were prepared via powder metallurgy using a
field-assisted (also described as spark plasma) sintering method-
ology, including for the bonding of the interlayer and bulk 316L
substrate in a two-stage process (Figure 8).

In terms of surface finish, before testing, it was found that all
samples have a very thin layer of graphite around the cylindrical
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W-W; Composite 4 mm
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Figure 8. Sample layer materials and thicknesses.

face of the stainless steel layer. Figure 9a,b shows sections of the
samples prior to testing. The antidiffusion bonding Mo foils are
shown but were removed by mechanical grinding prior to
testing.

Some of the samples were polished on one side after produc-
tion to visually assess joint quality (see Figure 10a).

While residual stresses may have been relaxed during the
notching, it was determined that the effect would be negligible
in the quench test. The key factor in maximum stress on the
tungsten surface (tensile in nature) is the heat transfer rate dur-
ing quenching.

A Carbolite Gero vertical tube apparatus was used with a quen-
chant of water (with ice) directly beneath the opening of the fur-
nace for the quenching, see Figure 11. The temperature in the
core of the tube was measured using a K-type thermocouple.
Samples were suspended using steel wire in the tube. The sam-
ples were heated up to 1,000 °C using flowing inert argon gas and
quenched with water at 4°C (temperature measured directly
before the quench) for 30 s. Water was selected as the quenchant
to induce a severe quench and induce worst-case scenario
stresses at the joint interface on the at-scale sample.

When the sample reached thermal equilibrium (i.e., held at
temperature for at least 20 min), the suspending wire was cut
to release it under gravity into the quenchant. The sample
was then recovered from the bucket after 30 s of cooling. This

(@)

Figure 9. a) W/Wf side (upper) of 80 mm sample, b) 316L side (upper).

(b)

Figure 10. a) 20 mm Sample #1, notch taken prior to delivery. b) 40 mm
sample.
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Figure 11. Quench test set up with argon inert gas heating and water
quenchant.

procedure was repeated for each sample. The temperature of the
quenchant did not change throughout the tests, and the same
quenchant was used for all samples.

Severe oxidation was observed on the surfaces of the samples
after testing, which may be due to an insufficiently inert test
atmosphere. The W side, i.e., the surface of interest, becomes
yellow-green colored corresponding to WO; formation,
hydrous-WO;, turns from yellow to green. The surface became
flaky and when observed closely, decohesion could be seen at the
fiber-matrix interface, shown in Figure 12a.

Nonetheless, all joints remained intact postquench even with
visual observations of different shrink rates of the Wy/W and
stainless-steel component. Some decohesion was observed at
the fiber-matrix interface. Notably, large cracks following the
fiber interface were found on the largest disk, i.e., the 80 mm
diameter disk (see Figure 12b), which were not present on the
smaller 20 and 40 mm samples.

Further analysis confirmed that some of these fractures
existed on the W¢/W surface before quenching (Figure 13a),

@ _ (b)

Figure 12. W¢/W composite tile surface postquench. Cracks and oxidation
are evident. a) The individual fibers are 2.4 mm long, b) 80 mm sample
after quenching.
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Figure 13. Optical micrograph of W¢/W surface before, a)- the individual
fibers are 2.4 mm long, and after, b), quenching for the 80 mm sample -
c) photograph of W¢/W surface following quenching, with evidence of
fracture.

suggesting that the manufacturing process may have already gen-
erated surface cracks which were further exacerbated due to high
stresses or oxidation during quenching.

Evidence of crack arrest was inconclusive from the quench
study, but the reliability of the joint was promising. For informa-
tion on the crack propagation in the sample, you can see a mag-
nification of the cut in Figure 14.

Some cracks visible in the surface reach deep into the material
being deflected partly around the visible fibers.

In Figure 15, a cut through the 80 mm samples is shown as a
whole-clearly indicating the joint holding without damage.

It can be assumed that when cyclic quenching is applied, the
cracks might traverse toward the joint.

5. Tungsten Fiber Reinforces Tungsten-Flat Tile
Options
5.1. Flat-Tile Design Options

In the past multiple options for employing tungsten for fusion
applications were discussed. Amongst these were flat tiles and
mono-blocks.*”?*! Tt was established that due to the risks asso-
ciated with the joining failure of flat-tile designs, and subsequent
exposure of the cooling structure to the high heat fluxes in the
fusion devices mono-blocks would be the sensible choice.
However, utilizing tungsten blocks facilitates the need for com-
plex manufacturing®®® and qualification steps. It was hence
always an option to further develop the so-called flat-tile
approaches for use in future devices. Among these approaches
are recent developments utilizing flat tungsten armor %4 sim-
ilar to the ones discussed here. Critical for all of these approaches

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 14. Magnification of cut through 80 mm quench sample.
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Figure 15. Cut through the 80 mm sample after quenching.

is the viability of the material choices and the joints. In the fol-
lowing, approaches of utilizing W/ W joined to Cu are described.

5.2. Small Samples-Joining of Wi/ W and Cu

Flat tile design requires the joint of plasma facing material (PFM)
with its heat sink or structural materials. Here, porous matrix
Wi/ W considered as PFM is joined on copper with different joint
surface treatments. The joining process is based on a liquid cop-
per molding method. First, Wi/ W was cut into a block with a
dimension of 12 x 12 x 5 mm?, then the joining surface was
mechanical ground and polished to a roughness of 0.25 pm.
In the following, two paths were followed - the polished sur-
face was joined to a cooling structure or further roughened. In
the cased of the roughened joint surfarce the surface was rough-
ened by sand blasting (here the typical scale length is the dimen-
sion of the fibers 150 pm). The aim is to remove the weak porous
matrix, so that the fibers can stand out forming interlocks with
copper layer after the joining. Then, the joining surface was elec-
trically polished to remove the remaining oxides on the W sur-
face and improve the wetting. Afterward, the W/ W block was
placed in a graphite mold, and on top of it, pure copper frag-
ments were placed. The infiltration was performed in a vacuum
furnace. First, the sample was reduced in a low-pressure H atmo-
sphere at 950 °C for 12 h to remove any remaining oxides on the
joining surface. Then the H flow was stopped and the tempera-
ture was then increased to 1,100-1,150 °C for 1 h to melt the Cu
and realize the infiltration joining. The illustration of the process
and the produced sample is shown in Figure 16. The cross-sec-
tion of the joint is shown in Figure 17. It can be seen from micro-
graphs that the joint surface is clean and dense without defects.
We can even see some areas where the copper filled the voids in
the porous matrix, which will consequently increase by order
of magnitude the contact area between copper and tungsten.
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1100°C

Vaceum Cu pieces

Graphite mold
e

W¢/W after surface treatment

Cu infiltration into the porous matrix

Figure 16. Joining process between Cu and porous matrix W¢/W, the diam-
eter of the fibers visible is 150 pm, the block is 12 x 12 mm in dimension.

Figure 17. Microstructure of the joint between porous matrix W¢/W and Cu.

This kind of interlocking materials interface is the best way to
ensure that the thermal performances will be bound by respec-
tive material thermal properties and not the interface itself. W
fibers stick out forming the interlocks and improving the
mechanical link between armor and heatsink. The manufactur-
ing of the joint can be considered as successfully realized. The
properties of the joint were also evaluated by a cycled high heat
flux test with the electron beam JUDITH 2,*°7) as described in
Section 6.

5.3. Joining Studies on Flat Tile Divertor Concepts

After having demonstrated the capability to produce W/ W com-
posites at a large scale (up to 105 mm), a disk of 105 diameter was
produced for use as flat-tile divertor material. This phase focused
on joining composite tiles onto flat-tile divertor target concepts,
an example of which is shown in Figure 18.

The flat-tile dimensions chosen for the demonstrators in this
phase were W20 mm x L50 mm x T4 mm (Figure 19).

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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(a)

Figure 18. Sketch of one possible design for flat-tiles joint on a divertor-
target cooling structure. a) Overview of a potential flattile design b) close
up with potential cooling channel design (Provided by Qdot Technology
Ltd, Harwell Campus, Didcot 38 OX11 0QX, UK]).

The heat sink material was CuCrZr (UNS C18150) and the
design was similarly based on a jet impingement gas cooling con-
cept. Using the W/ W composite armor, two joining methods
and interlayer options were explored: (i) vacuum brazing with
pure Cu interlayer and (ii) hot isostatic pressing with a
functionally-graded interlayer.

5.4. W¢/W to Pure Cu Interlayer-Vacuum Brazing

A nickel-based braze filler metal was used to vacuum braze the
W/ W to a copper (C110) interlayer. Prior to the full-scale braze,
wetting of the braze alloy to an off-cut of the composite tile was
confirmed using a prescribed braze run for the selected filler
metal.

An oversized copper interlayer (20 mm wider on either side of
the tile width) was used for the full-scale braze, with a pocket
matching the footprint area of the Wi/ W tile to set in the braze
foil. A larger thickness was accounted for grinding back to a desired
flatness due to hogging after the braze run, crucial for the onward
vacuum brazing stage to the CuCrZr heat sink. Conventional vac-
uum component cleaning by isopropanol and deionized water was
applied prior to assembling the foils and tiles for brazing.

In the full-scale run, the braze alloy did not completely wet the
W;/ W tile and the Cu interlayer. This was observed for 2 units in
a batch of 5. It is hypothesized that the porous nature of the Wy/
W tile wicked the molten alloy away from the joint and resulted in
the gap shown in Figure 20a. This was unexpected due to the
successful wetting test prior to the full-scale run. Surface prepa-
ration could have caused insufficient wetting. Another explana-
tion is the orientation of the tile with respect to the powder
metallurgy process during the production of the tile. CTE mis-
match could have played a role, i.e., generating sufficient strain to
disbond the tile from the Cu interlayer during the cooling phase
of the braze run — however, one would then expect to observe

www.aem-jou rnal.com

(a)

Visible gap between Wy /W composite tile and Cu inter-
layer after brazing..

(b)

Comparison of W¢/W and pure Tungsten Mock-Up

Figure 20. Mock-ups for Joining of W¢/W and pure W; a) Visible gap
between W;=W composite tile and Cu interlayer after brazing;
b) Comparison of Wr= W and pure tungsten mock-up.

disbond across all composite tiles in the batch, which was not
the case for this joining trial (Figure 20).

The remaining bonded tiles were processed and assembled to
the heat sink structure (diffusion-bonded CuCrZr layers) for braz-
ing. A heat treatment was prescribed as per’®® at the end of this
braze run to optimize the mechanical properties of the CuCrZr by
aging, since the devices are at their solution temperature and
under vacuum. Argon gas was used in the quench sequence,
directed at the top of the assembly, i.e., at the top of the composite
tile. The aggressive quench (almost 200°Cmin ') in this run
inevitably resulted in large thermal gradients in the bonded
assembly. The diffusion-bonded heat sink layers delaminated,
likely during the quench, due to weak bond strength in these
layers. Here diffusion bonding is only applied on the CuCrZr heat
sink structure, see the description above. Surface preparation to a
tight tolerance is required for diffusion bonding and was the likely
cause of the weak bond on this occasion.

f Il i
4 5 ¢ 7 8 9 10 11 12 13 14

YT il
150 el
515 16 17 18 19 20 21 22 23 24 2% 2% 2

Figure 19. Sample overview - W¢/W material samples used for later joining experiments (cf. Figure 20 the individual plates measure 4 mm in height and

20 x 50 mm along the respective dimensions.
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Figure 21. Crack propagating across an entire pure W tile in a W—Cu brazed joint. The pores observed are an artifact of polishing.

Visual inspection showed fractures in the delaminated
armor-interlayer-heat sink (top layer) joint, with both armor
variants, i.e., pure W and composite W/ W. For the pure W, this
is expected due to the intrinsic brittleness and is one of the
primary modes of failure in plasma-facing components. As
the fibers have been shown at a smaller scale to improve
pseudo-ductile behavior, micrographs of polished joint
samples were prepared to compare crack propagation in pure
W and W/ W.

In the pure tungsten tile (Figure 21), a clear bowed fracture
line across the length of the tile is evident, extending from near
the W—Cu joint to the center of the tile. The crack may have been
initiated near the joint area due to higher expansion/contraction
in the Cu layer. Fracture lines near the joint area are also faintly
visible, and some crack branching is observed which may gen-
erate secondary fracture surfaces.

In the composite tile, cracks typically occurred along the fiber
in the matrix. A longitudinal crack line can also be observed in
the composite tile, as in the pure W, albeit intermittently broken
up by the irregularly oriented short fibers.

Fibers around the edges of the tile can be oriented to discour-
age crack propagation toward the center of the tile, i.e., vertical,
see Figure 22. The cracks can also be spotted along the tile,
although it is broken up - made intermittently by the fibers.
Additionally, there was a weak interface between the braze
and the W/ W tile and efforts to improve wetting should be
explored if using the brazing approach. The cracks in the joint
are critical at any length as they will eventually cause the joint to
fail during thermal cycling. No easy way of controlling this is
available which is the reason for developing mono-blocks or
advanced joining see in the following section.

Figure 22. Crack propagating through the edge of the W¢/W sample.

Adv. Eng. Mater. 2023, 25, 2300569 2300569 (9 of 12)

6. Tungsten Fiber Reinforces Tungsten-High
Heat-Flux Tests

As part of the procedure when qualifying new materials and tech-
nologies for high heat-flux components for fusion, exposures to
relevant high heat-fluxes are being performed. The standard pro-
cedure includes exposure to relevant heat fluxes and evaluation of
the potential for exhausting heat toward the coolant. For the base-
line materials,*>*% this typically means exposures in one of the
high heat-flux facilities.*>*®! For Wi/ W in general a few studies
have already been performed wrt to its performance under high
heat-flux and plasma?®=% where for the material itself good per-
formance under plasma and heat-loading was established,
together with high (66-80% wrt to pure) heat conductivity.

No high heat-flux tests could be performed on the samples as
scribed in Section 5.3. For the material used here,*” the joining
to the cooling structure is the main focus of the tests here. As
described in Section 5.2, Wy/W is joined by roughening of the
interfaces-this is then compared to standard joints and pure
tungsten. Two sets of high heat-flux exposures were performed
with the parameters chosen such that the copper joint is set to be
at a maximum of 600 °C. This means that the heat flux chosen
was at most 6 MW m™? for the design of the experiment, estab-
lishing equivalence to a standard tungsten mono-block exposed
to 20MW m ™2 where the joint is at a similar temperature.
During the first series of tests up to 5 MW m™2 of cyclic loading
(30s on/ 30s off) the joint failed early, thus the procedure for
joining was adapted, and a cleaning step of the interfaces was
included.

For the second set of exposures, a pure W sample 12 x 12 x 5
mm, a flat joint Wy/W on 3 mm copper, and a rough joined
Wi/ W on 3 mm copper were exposed where all samples were
brazed to one cooling structure and exposed simultaneously
(cf. Figure 23).

As mentioned above, the parameters were chosen to have a
measure of the strength of the interface at most at
10 MW m™?, based on an ANSYS simulation (Figure 24).

Figure 23. JUDITH 2 mock-Up for high heat-flux testing with all three
types of samples (12 x 12 x 5 mm)/joints from left to right: pure tung-
sten, flat joint, rough joint.
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10 MW/m?

0000 0030 0060 (m)

0015 0,045

Figure 24. Temperature values from ANSYS calculation at exposure to
10 MW m~2 for 30s.

HSST

'

Figure 25. Thermographic images of the exposure at cycle 1 and cycle
1,000. Samples from bottom to top pure W, W¢/W flat, and W¢/W rough.

A screening was performed between 1 and 8 MW m ™2 fol-
lowed by cycling at 8 MW m™2. Even after 1,000 cycles no visible
change in the response to the heat-flux exposure was observed.
No sign of failure was observed (cf. Figure 25).

The emissivity for each of the samples was determined by a
parallel measurement with a pyrometer, where the only change
during the series was an evolution of the emissivity on the flat
W/ W sample.

The series of cycles at s MW m™
10MWm™>.

In the series performed at 1I0MWm °, as depicted in
Figure 26, ejection of particles was observed and the pure tung-
sten samples started to overheat at one edge. The series was
hence stopped at 381 cycles, also visible is an inhomogeneity
of the surface temperature of the Wg/W.

After the experiment optical inspection (cf. Figure 27) of the
material revealed that the pure W samples showed apparent
recrystallization due to the high temperature, whereas both
W/ W samples showed copper droplets on the surface-the appar-
ent reason for the cold spots on the surface in the IR images.
From a side view of the mock-up, it becomes clear that the join-
ing of the pure W samples has failed at one side, and copper has
infiltrated through the porosity of both Wi/ W samples, see
Figure 28.

% was followed by exposures to

2
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Cycle 150

Cycle 300

m

Cycle 381

Figure 26. Thermographic images of the exposure at various cycle num-
bers. Samples from bottom to top pure W, W¢/W flat, W¢/W rough.

Figure 27. JUDITH 2 mock-up after exposure with all three types of sam-
ples (12 x 12 x 5 mm)/joints - from left to right: pure tungsten, flat joint,
rough joint.

Figure 28. Sideview: JUDITH 2 mock-up after exposure with all three types
of samples/joints - from left to right: pure tungsten, flat joint, rough joint.

To elucidate the behavior of Cu moving through the material
the samples were sectioned and compared to pristine Wy/ W Cu
joint samples. In Figure 29, the sections are shown. EDX analysis
shows that in the pristine samples, no copper can be found in the
Wi/ W pores, while in the exposed samples, a significant amount
of copper can be measured via EDX. As the interface, the copper
joint, cannot have reached a melting point the reason for this
behavior needs to be further explored.

Figure 29. Samples from left to right: W¢/W-Cu rough interface before
exposure, W¢/W-Cu flat interface after exposure, W¢/W-Cu rough interface
after exposure - each sample is 12 mm wide.
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7. Conclusion and Outlook

In this contribution, the approaches in terms of production
upscaling and joining of Wi/ W are reviewed. Large-scale
W/ W with 105 mm diameter and 30 mm thickness was produced
using the concept of porous matrix composites, based on which,
flat-tiles were manufactured. The joining of W/ W with steel and
copper was intensively performed via different methods including
SPS/diffusion bonding, conventional brazing, HIP process, and
copper infiltration. After joining, various characterization methods
were carried out to measure the performance of the joining, includ-
ing residual stress measurements, quenching tests, and high heat-
flux tests. For the residual stress measurements, the XRD measure-
ments indicated a similarity in the residual stresses found within
the 20 and 40 mm parts, and the larger 80 and 105 mm parts. This
pattern was continued in the contour method result analysis. The
contour method results showed that for all four parts, the tungsten
side of the bimaterial sample was in compression with the stainless
steel being in tension. High-magnitude stresses (reaching and
exceeding the yield stress of the materials) were measured.

For the high heat-flux tests, the two main statements can be seen
as follows, the limit for the tests is given by the quality of the joint,
and the material is easily able to handle the high heat-fluxes. In
general, the mismatch of CTE can cause a failure of the joining,
especially on the tungsten/ W/ W side but the joining with W/ W
gives better behavior in terms of damage resilience. Still, the poros-
ity of the W/ W is one of the concerns when using it as the plasma-
facing materials. In future work, the production of newly developed
long fiber W/ W with much better mechanical properties will be
upscaled, together with the collaborators. Flat tiles, mono-blocks,
and joining using long-fiber W/ W will be explored.
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