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For future fusion devices, tungsten is the main candidate materials for the application as plasma facing materials
(PFMs). However, considering the challenging operational condition with high thermal loading/thermal stress
combining plasma exposure and neutron irradiation/embrittlement, one of the major concern for tungsten as
PFMs is its intrinsic brittleness. To avoid cracking and components failure, toughening tungsten is widely
investigated, among which tungsten fiber reinforced tungsten composites (Wy/W) are developed using an
extrinsic toughening mechanism. Recently, a new type of aligned long fiber Wg/W (L-W¢/W) with dedicated weak
interface have been prepared by powder metallurgy process, combing the advantages of superb damage resil-
ience with a much easier production compared to conventional chemical vapor deposition process. In this work,
the newly developed material is characterized, including, mechanical tests, high heat flux tests, exposure to
plasma for erosion and fuel retention tests. The .-Wg/W composite could improve significantly the damage
resilience compared to pure W without altering much of other properties.

1. Introduction

For use as an armor material (PFM) in future fusion reactors, can-
didates require advanced mechanical and thermal properties to address
the challenges caused by extreme fusion environments [1]. This is
particularly true for the divertor region, where surfaces are exposed to
intense particle and heat fluxes [2,3]. Tungsten is one of the most suit-
able materials for use as a PFM in the divertor region due to its favorable
physical properties, such as low erosion rate, high sputtering threshold,
high thermal conductivity, and high melting point [4,5]. However, the
intrinsic brittleness of tungsten materials is a big concern for their
application in fusion reactors [6,7]. The operational window is getting
smaller when tungsten materials are exposed to fusion plasma with
neutron irradiation (neutron embrittlement) [8]. Intensive efforts are
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being made to overcome the brittleness of tungsten or to improve its
fracture toughness. One such approach involves tungsten
fiber-reinforced tungsten composites (Wg/W) [9-13].

Similar to fiber-reinforced ceramic composites, the advanced me-
chanical properties of W¢/W do not only depend on the intrinsic me-
chanical properties of the fibers [14] but also on the energy dissipation
during crack propagation, which is generated by the interaction be-
tween the W fibers and the W matrix [15,16]. One of the crucial factor is
the existence of a dedicated interface between the fiber and matrix [15].
Based on these energy dissipation mechanisms, crack tips can be
passivated, and crack propagation can be constrained. These mecha-
nisms work even with a brittle matrix and fibers, as long as an engi-
neered interface exists between the fiber and matrix. As a result, W/W
exhibits, in contrast to pure tungsten, "pseudo-ductility" and
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significantly enhanced fracture toughness even after neutron irradiation
[17-19].

W materials are primarily produced by powder metallurgical pro-
cesses. Field assisted sintering technology (FAST), as a mature powder
metallurgy process, is a pressure-assisted sintering synthesis technology
using low-voltage pulsed direct current [20]. Recently, a novel type of
aligned long fiber Wg/W (L-W¢/W) has been developed based on the
FAST process, demonstrating excellent mechanical performance,
combining with a rather convenient production process [13]. In this
study, the application of this newly developed 1.-W¢/W as plasma-facing
material is further demonstrated. Beyond mechanical properties, other
application-relevant characteristics have been characterized, including
resistance against cyclic loading, high-temperature mechanical proper-
ties, hydrogen retention characteristics, plasma erosion properties, and
resistance against transient heat flux.

2. Experiments
2.1. Sample preparation

The preparation method of the 1-W¢/W is adapted from the method
described in [13]. The raw materials used were W weaves and W pow-
ders. The W weaves were woven by the institute of Textile Technology
(ITA), RWTH Aachen Univeristy, using warp wires of 150 pm diameter
and weft wires of 50 um diameter. The W weaves were designed with a
warp fiber spacing of 200 pm for mechanical reinforcement, while the
weft fibers, spaced at 2 mm, served primarily to stabilize the weave. The
wires possess an elongated grain structure resulting from a drawing
process. Due to the elongated grain structures, the tensile strength of the
wire used is up to 3000 MPa with a ductility above 3 % plastic defor-
mation [21]. The W weaves were laser-cut into circular shapes with a
diameter of 39 mm.

To establish a fiber/matrix interface, the weaves were coated with
yttrium oxide (yttria). Yttria is used here as the interface material due to
its excellent thermal and chemical stability and low neutron activation.
The coating was applied using a magnetron sputtering process with a
thickness of 2.5 um, following the procedure outlined in [22].

A total of 20 layers of coated W weaves were alternated with 21
layers of W powders in a graphite sintering mold (40 mm in diameter). A
protective W foil was used between the graphite mold and the green
body to reduce the carbon contamination [23]. Approximately 4 g of W
powder was evenly spread between each layer of W weave to cover the
weave surface during packing. In contrast to the samples described in
[13], which featured warp wires aligned in a single direction, the weave
layers in the present work were alternately stacked at 0° and 90°, pro-
ducing a bidirectional fiber orientation. In this way, the composite can
have a two-directional reinforcement.

The consolidation of the stacked green body was performed with a
Field Assisted Sintering Technology (FAST). The process was carried out
under vacuum (<0.1 mbar) at 1850 °C with a pressure of 50 MPa, a
holding time of 5 min, and a heating speed of 100 °C/min. A disc shape
sample with bidirectional continuous fibers was produced as a result.
The relative density of the samples after FAST consolidation is around 91
% based on Archimedes principle. Here, the sintering parameters were
intentionally limited to avoid excessive temperature and prolonged
holding time, which would lead to fiber recrystallization and conse-
quently degrade the mechanical performance of the composite. There-
fore, the obtained density of ~91 % represents a balance between matrix
consolidation and preservation of the fiber’s mechanical integrity. This
density is close to the upper limit achievable without compromising the
fiber microstructure. In future work, we plan to further optimize the
sintering parameters to increase the composite density while main-
taining the fiber’s grain structure.
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2.2. Mechanical testing

To investigate the fracture behavior and performance under various
conditions, bending tests were conducted on .-W¢/W samples after sin-
tering. The test specimens were prepared following the EU standards
DIN EN ISO 148-1 and 14,556: 2006-2010 [24]. Small-sized specimens
with KLST geometry were fabricated with dimensions of 27 mm x 3 mm
x 4 mm (length x width x thickness), a span of 25 mm, a 1 mm V-notch
depth, and a 0.1 mm notch root radius [25]. The specimens were cut
using electrical discharge machining (EDM) without any additional
surface or notch treatments.

The bending tests at room temperature were carried out using a
universal testing device (TIRAtest 2820, Nr. R050/01, TIRA GmbH,
Schalkau, Germany) at a constant testing speed of 1 um/s. An optical
camera system (DU657M Toshiba, Tokyo, Japan) was employed during
these tests to monitor crack initiation and propagation behavior and to
measure the absolute sample displacement. Here, the sample displace-
ment is defined as the vertical movement of the sample relative to the
reference stage. Concurrently, the corresponding force was recorded,
enabling the generation of a force-displacement curve for each test.

In addition to the tests at room temperature, 3-point bending tests
were also performed on KLST-type samples at elevated temperatures of
500 °C and 1000 °C at Universidad Politécnica de Madrid. These tests
were conducted in a vacuum environment to prevent oxidation and
maintain material integrity under high-temperature conditions with the
same testing parameters as the room-temperature tests. However, the
displacement during these tests was not directly measured; instead, it
was determined based on the movement of the testing machine.

To evaluate the behavior of 1-W¢/W under cyclic loading conditions,
which simulate thermal stresses encountered during operational cycles,
a 3-point bending test with cyclic loading was performed on KLST-type
specimens. Initially, the stress was increased until the onset of matrix
cracking. Subsequently, the samples were subjected to cyclic loading
between 150 N and 250 N for 10,000 cycles. Following the cyclic loading
phase, the test was concluded by breaking the sample.

2.3. Erosion by plasma

To investigate the erosion resistance by plasma, 1-W¢/W and refer-
ence pure W were exposed to Ne plasma in linear plasma device PSI-2
[26] with the sample temperature controlled by water cooling. The
sample temperature during Ne plasma exposure was monitored by a
thermo couple attached to the backside of the sample. Both samples
were exposed in the same experiment next to each other. The incident
energy of Ne ions was 110 eV; the total exposure fluence was 3 x 10%*
Net m2. The plasma parameters were measured by Langmuir probe.
There are typically a few percent Ne?*in the neon discharge [27]. As
Ne?*has double incident energy, it could slightly contribute to the
sputtering, but it was not considered in the calculation later on, as both
samples were tested in the same discharge. During the exposure, the
sample temperature was ~90 °C.

The sample masses before and after Ne plasma exposure were
measured by micro-balance to assess the mass loss caused by the plasma
erosion. The evolution of sample surface morphology due to erosion was
characterized using scanning electron microscope (SEM, Zeiss DSM
982). Before plasma erosion, a focused ion beam (FIB) cut cross section
was created on the sample surface with line marking. The same cross
section was tracked after plasma erosion. By comparing the removed
marking lines, the surface depth removed can be measured [28].

2.4. Deuterium retention

Another set of samples (including 1-W¢/W and reference W) were
exposed to Deuterium (D) plasma in PSI-2 to study the retention
behavior of hydrogen isotopes in .-W¢/W. Both samples were exposed in
the same experiment next to each other. The incident energy of D ions
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was 95 eV; the total fluence was 5 x 102> D* m™. During the exposure,
the sample temperature was controlled at around 275 °C.

After the exposure to D plasma, the samples were analyzed by Nu-
clear Reaction Analysis (NRA) at the Max Planck Institute for Plasma-
physics, Garching Germany. The NRA measurements were conducted
with a ®He beam of 1 mm x 1 mm spot size. Lateral scans were per-
formed at 2.4 MeV with a 1 mm step width, providing an information
depth of <3.3 um. Depth profiling was carried out using six different *He
energies, ranging from 690 keV to 4.5 MeV, enabling the probing of
deuterium within the first 7.5 pm of the sample surface. High energy
protons from the reaction were detected with solid state detectors under
a reaction of 135° with large solid angle to achieve good counting sta-
tistics and with an annular detector under 175° with good depth reso-
lution. At energies < 1200 keV a solid state detector placed at a reaction
angle of 102° was used to detect the low energy alpha particles. Back-
scattered *He was detected under 165° for charge quantification, and a
detector at 102° for alpha particles. The NRADC [29] software was used
together with SIMNRA 7.04 [30] to deconvolute all measured proton
and alpha spectra simultaneously and derive the most probable depth
profile. Cross section data from Wielunska et al. was used [31].

2.5. Laser thermal shock experiments

To investigate the materials behavior under transient heat load
condition, laser beam exposure was applied in PSI-2. A Nd:YAG laser
(LASAG FLS 352 N, A = 1064 nm) was used, with absorbed power
densities between 0.19 GW,/m? and 1.6 GW/m?> [7]. A circular area with
a diameter of 3.6 mm was exposed with a pulse frequency of 0.5 Hz in
order to allow sample cooling down to room temperature after each
pulse. For each sample, 4 spots were tested with different power den-
sities, pulse numbers or durations: a. 0.19 GW/m?, 100 pulses, 1 ms; b.
0.38 GW/m?, 100 pulses, 1 ms; c. 0.38 GW/m?2, 1000 pulses, 1 ms; d. 1.6
GW/m?, 1 pulse, 2 ms. The surface morphology after the laser beam
shock was analyzed by SEM.

3. Results and discussion
3.1. Microstructure and mechanical properties

After the sintering process, the microstructure of the W¢/W was
analyzed by a Zeiss LEO 982 scanning electron microscope (SEM, Jena,
Germany). The typical microstructure is shown in Fig. 1. As can be seen
from the Fig. 1, each weave layer is oriented perpendicular to its adja-
cent layers. The fiber volume fraction is around 25 %. The fiber volume
fraction (~25 %) was estimated from optical images analyzed using
ImageJ software over three representative cross-sectional areas (each
~5 mm?). Local variations exist due to the woven architecture and the
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Fig. 1. Microstructure overview of L-W¢/W sample with 0-90° fiber orientation.

Fusion Engineering and Design 224 (2026) 115605

manual preparation, but the fiber distribution is macroscopically ho-
mogeneous across the specimen. The yttrium oxide interface is still
visible after sintering, enclosing the fibers (the black ring around the
fibers). In some local regions, the interface layer appears discontinuous.
This can be attributed to several factors, likely acting in combination: (a)
partial detachment of the thin yttria coating during the FAST process
due to the high temperature and current; (b) local inhomogeneity of the
yttria coating; and (c) minor damage introduced during handling and
stacking of the coated weaves prior to sintering.

The mechanical properties of the 1.-W¢/W composite were charac-
terized using in-situ 3-point bending tests at room temperature. The
force-displacement curves for typical .-W¢/W and reference W samples
are shown in Fig. 2. It can be seen that a pseudo ductile behavior with
stable crack growth can be established by .-W¢/W samples: after a linear-
elastic deformation, the slope of the curve changes gradually to negative
values after several small load drops; after reaching the maximum force,
the samples tend to have a continuous load-decreasing. Even after large
deformation, the sample is still able to withstand a loading force of about
150 N. Compared to pure W, 1-Wg/W represents a greatly improved
damage resilience as indicated already in [13].

To evaluate the response of the .-W¢/W composite under conditions
that simulate operational cyclic thermal stresses, cyclic loading tests
were performed. The force-displacement curves of the cyclic loading are
presented in Fig. 3. As it can be deduced from the curve, even though the
cyclic loading is subjected after initial cracking of the matrix, the ma-
terial could still hold 10* cycles without any sign of material degrada-
tion. For brittle pure W, a catastrophic failure would have already
occurred in the first loading (crack initiation).

The mechanical behavior of 1.-Wg/W composite was evaluated also
through 3-point bending tests conducted at elevated temperatures (500
°C and 1000 °C). As shown in Fig. 4(a), the force-displacement curves,
all samples exhibited a pseudo-ductile behavior, characterized by a
gradual decrease in load after reaching the maximum force, without
catastrophic failure. With increasing testing temperature, the maximum
force firstly increased at 500 °C. This could be due to the increasing of
fiber ductility or matrix toughening, which will be investigated in the
future. At 1000 °C, the maximum loading force decreased significantly
compared to the tests at 500 °C and RT. This can be attributed to the
softening of tungsten fibers at high temperatures. As shown in Fig. 4(b),
a pronounced necking effect occurred in the tungsten fibers after failure
at 1000 °C. This strong necking indicates significant plastic deformation
of the fibers under the combined effects of high temperature and me-
chanical loading. For all the samples, the matrix fractured in a brittle
manner. The matrix strength changing with increasing temperature is
not investigated here, which could also result in the reducing of the
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Fig. 2. Force-displacement curves of 3-point bending tests on KLST type sam-
ples for typical .-W¢/W and reference W.



Y. Mao et al.

300
250+
200+
z
S 150+ :
IE 1o°:y:|i:|o-ding150N-1jon )

100+

50+

0 0.1 0.2 0.3 0.4
Displacement (mm)

Fig. 3. Force-displacement curves of 3-point bending tests on KLST type sam-
ples for typical .-Wy/W with 10* cycles loading.

maximum loading force. Despite this, the composites maintained their
pseudo-ductile behavior, demonstrating the toughening mechanisms
even under elevated temperature conditions.

3.2. Plasma erosion properties

Ne plasma exposure experiments were conducted on both .-W¢/W
composite and ITER-grade W (ITG-W) to assess their erosion behavior
under plasma loading conditions. For 1-Wg/W, the mass loss was
approximately 3.06 mg, with an erosion depth of ~2.2 um, while pure
tungsten exhibited a mass loss of ~2.85 mg and an erosion depth of ~2.4
pm.

Assuming a normal incidence for all the impacting particles, the
theoretical mass loss from a flat surface due to plasma sputtering can be
calculated by [32]:

Ay = ©-Y-S-my (€Y

Where Am,g, is the theoretical mass loss, @ the incident particle
fluence, Y the sputtering yield at given ion energy, S the surface area, my
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the mass of the tungsten atom.

Applying the sputtering yield of W in [32], the theoretical mass loss
of pure W during the Neon plasma exposure is calculated as 3.3 mg. Both
samples match within the experimental uncertainty compared to the
theoretical value.

The results show that the mass loss and erosion depth are comparable
for both types of samples. Although 1-W¢/W composite contain yttria at
the fiber-matrix interface, which has a higher sputtering yield compared
to tungsten, the volume fraction of yttria is so small that, it had minimal
influence on the overall erosion properties.

Fig. 5(a) illustrates surface morphology change before and after Ne
plasma exposure together with a FIB cross-section of the .-W¢/W com-
posites and the line markings used to measure the depth loss before and
after plasma erosion. The cross-section here was cut at a fiber interface
region. Post-erosion observations reveal that the tungsten fiber in the
examined region was nearly completely eroded.

Although the volume fraction of yttria is small, its lower density
compared to W means that the mass-based erosion analysis un-
derestimates its contribution. While its sputtering is likely preferential,
the impact on total mass loss is negligible. Microscopically, the removal
of the interface happens mainly at the surface and would not so much
affect local mechanical integrity and thermal stability. But further study
will be performed in the future.

3.3. Deuterium retention

The deuterium (D) retention behavior of the .-W¢/W and pure ITER-
grade W (ITG-W) was studied using NRA after exposure to D plasma in
PSI-2. Fig. 6(a) shows an NRA line scan through the .-W¢/W sample and
a pure W reference sample, illustrating the NRA signal dependence
across different positions on the surface. For the .-W¢/W sample, the left
portion of the surface has fibers exposed at the surface, while the right
portion reveals only the matrix. This surface characteristic arises from
the slight misalignment of weave layers during sample preparation.
Although unintentional, this feature enabled the measurement of
retention property difference fibers and matrix. As seen in the Fig. 6(a),
the fiber region exhibits higher D retention compared to the pure W,
which could be attributed to the higher defect density in the fibers [33]
from the extremely elongated grain structure. Furthermore, the matrix
region demonstrates even higher D retention potentially due to its
higher closed porosity, which provides additional trapping sites for D
atoms.

Fig. 6(b) presents the depth profiles for the open circle positions in

Fig. 4. (a) Force displacement curves of the 3-point bending tests on W¢/W with KLST geometry at different temperatures, in total there are 5 samples tested O1-O5;

(b) fiber fracture section of the sample tested at 1000 °C.
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Fig. 5. W¢/W surface morphology before (a) and after (b) Ne plasma erosion, with FIB cut cross section and line marking to track the depth removal; the picture on
the right top corners show the line marks on the cross section; the cross section after erosion test need to be cleaned up by FIB to remove the redeposition layer.
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Fig. 6. NRA analysis on Wi/W and reference W after D plasma exposure to measure the D retention. (a) line scan on W¢/W and reference (b) D concentration depth

profile on the W matrix, the W fibres and the ITG-W (open circles indicated in (a)).

Fig. 6(a). The depth range measured here is 7 um, which is still quite
shallow compared to the fiber dimension. So the measurement is very
likely still within the fiber and matrix respectively. These profiles
confirm the same trends observed in the surface scan, with the matrix
region retaining the highest amount of deuterium, followed by the fiber
region, and then pure W. However, the retention differences between
these regions narrow with increasing depth, as the surface-dominated
effects diminish. The total D concentrations for the first 7 ym by inte-
grating the curves results in a D content of 5.4E21 D/m? for the Wy/W
matrix region, 1.7E21 D/m? for the W¢/W fiber region and 0.8E21 D/m?
for reference W, respectively. This reveals that the retention differences
among the regions are less than one order of magnitude, indicating that
the variation is still relatively moderate.

3.4. Laser shock experiments

The laser shock tests were performed to evaluate the behavior of -
W¢/W composite in comparison to pure ITER-grade W under transient
high heat load conditions. Four exposure sequences were applied to each
type of sample at varying power densities and pulse numbers as

described in experimental section. Low-power tests (0.19 and 0.38 GW/
m?) did not cause any cracking for either material. However, the highest
power test (1.6 GW/m?) resulted in significant surface cracking due to
thermal stress, as shown in Fig. 7 for both materials. The .-W¢/W samples
exhibited a lower total crack length compared to pure W. The crack
density is estimated by the total crack length within the tested area. For
the reference W, the total crack length is ~ 20 mm and the Wf/W ~ 11
mm. As can be observed from the crack pattern on .-W¢/W surface, due
to the existence of the fibers and the weak interface, the cracks were
deflected. The red-marked area shows that the crack direction changes
along the weak interface and that the interface opens, demonstrating the
effectiveness of the extrinsic toughening mechanism. These mechanisms
absorbed extra energy during crack propagation, thereby leading to
mitigated damage. In contrast, cracks in pure tungsten propagated
directly across the material without significant deviation, leading to a
higher total crack length. These results show the better resilience of the
1-W¢/W composite under transient high thermal stress conditions.
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Fig. 7. Surface morphology of reference W and W¢/W after a laser shock test with 1.6 GW/m? for 2 ms.

4. Summary and conclusion

The newly developed powder-metallurgical long tungsten fiber-
reinforced tungsten composite (L-Wg/W) has been characterized,
including its mechanical behavior, plasma erosion resistance, hydrogen
isotope retention, and high heat flux performance under laser shock.

Mechanical testing, including 3-point bending tests conducted at
room and elevated temperatures, confirmed that 1-Wg/W composite
exhibit pseudo-ductile behavior. At elevated temperatures up to 1000
°C, the Wg¢/W retained its pseudo-ductile characteristics, but the
maximum load decreased due to fiber softening. Under cyclic loading, 1~
W¢/W maintained their structural integrity for over 10,000 cycles,
underlining its fatigue resistance.

Plasma erosion tests revealed that the erosion resistance of .-W¢/W is
comparable to that of pure W. The retention behavior of deuterium in t-
W¢/W composite revealed a more complex material characteristics. The
fiber regions exhibited higher retention compared to pure W and the
matrix regions showed even higher retention probably due to their
higher porosity. However, the differences in retention narrowed with
increasing depth, remaining below one order of magnitude. Laser shock
testing under transient high heat flux conditions showed that .-Wg/W
composite displayed less surface cracking compared to pure W. This
behavior could be attributed to the energy dissipation mechanisms
provided by the introduction of fibers and weak interfaces within the
composite, which effectively deflect cracks and mitigate damage.

In summary, .-Wg/W composite significantly improves damage
resilience compared to pure tungsten, while maintaining comparable
erosion resistance and manageable retention levels for hydrogen iso-
topes, which makes .-Wg/W a promising candidate for use as PFM in
future fusion reactors.
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