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Abstract

Powder injection molding (PIM) has been used to produce nearly net-shaped samples
of tungsten-based alloys. These alloys have been previously shown to have favorable
characteristics when compared with standard ITER-grade tungsten. Six different alloys
were produced with this method: W-1TiC, W-2Y2O3, W-3Re-1TiC, W-3Re-2Y2O3, W-1HfC
and W-1La2O3-1TiC. These were tested alongside ITER-grade tungsten in the PSI-2 linear
plasma device under ITER-relevant plasma and heat loads to assess their suitability for use
in a fusion reactor. All materials showed good behavior when exposed to the lower pulse
number tests (≤1000 ELM-like pulses), although standard tungsten performed slightly
better, with no observable difference in surface roughness. High-power shots, namely one
laser pulse of 1.6 GWm−2, revealed that samples containing yttria are more prone to melting
and droplet ejection. After high pulse number tests (10,000 and 100,000 pulses), with and
without plasma, the reference tungsten showed the most cracking and highest surface
roughness of all materials, while the PIM samples seemed to have a higher resistance to
cracking. This can be attributed to the higher ductility of these alloys, particularly those
containing rhenium. This means that tungsten-based alloys, whether produced via PIM or
other methods, could potentially be used in certain areas of a fusion reactor.

Keywords: nuclear fusion; tungsten; powder injection molding; PIM; plasma; PSI-2; ELM;
thermal shocks; plasma-facing materials; divertor

1. Introduction
Plasma-facing materials (PFMs) inside fusion devices are exposed to extreme particle

and heat loads. During full DT operation (QDT = 10), PFMs in the ITER divertor and
possibly in DEMO are expected to withstand a stationary heat load of up to 10 MWm−2

and a slow transient for several seconds of up to 20 MWm−2 [1–4]. Additionally, PFMs
will need to endure transient heat loads due to edge-localized modes (ELMs) which are
expected to reach up to 1 GWm−2 and have a duration of approximately 0.5 ms. Over
106 such transient events are expected during the ITER divertor lifetime [3,5,6]. Moreover,
divertor PFMs will face particle loads from plasma ions with a fluence to the order of
1026 m−2 per pulse and 1030–1031 m−2 during their planned lifetime. Fusion neutrons will
also cause damage to the material, which will amount to about 0.5 displacements per atom
(dpa) [7].
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Tungsten has been chosen as the plasma-facing material (PFM) for the ITER diver-
tor due to its favorable material properties, such as a high melting point, low tritium
retention, high thermal conductivity and low erosion rate (high energy threshold for
sputtering) [2,8,9]. This makes it vital to test tungsten PFMs under the conditions under
which they will operate in the ITER divertor. Previous tests have shown that tungsten
mock-ups are able to withstand the stationary heat loads expected but carry the risk of
producing macrocracks after exposure to a few hundred cycles of slow transient events of
20 MWm−2 [10]. Additionally, ELM-like transient heat loads have been shown to cause sur-
face damage, cracking, roughness, melting and recrystallization on tungsten samples [6,11].
Since, in a reactor, heat and plasma loads will impact PFMs simultaneously, the synergistic
effects of both loads have also been investigated. These effects include the formation of
tungsten fuzz, embrittlement of the material, increased cracking, bubble formation and
localized melting [12–20].

The damage suffered by tungsten under the previously mentioned conditions indi-
cates that PFMs could suffer catastrophic damage during the expected conditions in the
ITER divertor and in future reactors such as DEMO. An example of the possible issues
was observed in the EAST tokamak, where some tungsten divertor tiles have cracked
and detached [21]. This makes developing new materials, particularly tungsten alloys
that can better sustain such harsh conditions, of the utmost importance for the future of
fusion energy. Tungsten-based alloys have been shown to have improved mechanical
properties. The addition of rhenium, which forms a solid solution with tungsten, has
shown improved ductility and toughness [22,23]. Solution softening seems to play a role
in this case, increasing the dislocation density and bolstering deformation in the {1,1,2}
slip plane [24–26]. Furthermore, finely dispersed grains of high melting point carbides
and oxides, such as TiC, HfC, Y2O3 or La2O3, have also shown improved ductility and
strength, increased resistance to recrystallization and grain growth and a lowering of the
ductile-to-brittle transition temperature (DBTT) [26–32]. These carbides can disperse into
the grain boundaries, hindering the grain boundary dispersion at high temperatures and
strengthening them. Oxide phases can mitigate grain growth in recrystallized tungsten [33].

Powder injection molding (PIM) is a process that allows different materials, including
materials with high melting points such as tungsten, to be mass produced with high
performance, complex geometries and good mechanical properties [34–36]. This makes
PIM an ideal method for developing tungsten alloys for use in fusion reactor divertors.
PIM tungsten alloy samples produced at the Karlsruhe Institute of Technology (KIT) have
been produced previously and tested at Forschungszentrum Jülich (FZJ), producing, in
general, comparable results to those of ITER-grade reference tungsten [37]. Now, new PIM
alloys have been produced and tested under fusion-relevant plasma and heat loads to test
their viability as a PFM in the divertor of fusion reactors.

2. Materials and Methods
The used tungsten powder (>99.97 wt.% W) was mixed with a small quantity of

a polymer (binder). The finished granulated so-called feedstock was used for injection
molding of green parts. After shaping the green parts, the binder was extracted. The final
sintering at temperatures above 2000 ◦C led to a density higher than 98%. Figure 1 shows
the different steps in the production of W-PIM.
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Figure 1. The main process’s steps in W-PIM [32].

The fabrication of semi-finished parts (blocks or plates) via W-PIM and the subsequent
mechanical machining is time- and cost-intensive. The solution was the design, develop-
ment and fabrication of a new cavity to produce the samples via W-PIM (see Figure 2) for
the PSI-2 linear plasma device at FZJ. The geometry and final shape of the samples can be
seen in Figure 3.

  
(a) (b) 

Figure 2. (a) The design of the new cavity for the PIM tool. (b) Successful running-in of the new
W-PIM cavity and fabrication of the first green-parts.

Six different tungsten-based alloys were produced with the PIM method at the KIT,
whose microstructure and mechanical properties have been previously studied [32,35,36].
The tungsten-based alloys studied in this work are (by weight percent) W-1TiC, W-2Y2O3,
W-3Re-1TiC, W-3Re-2Y2O3, W-1HfC and W-1La2O3-1TiC. Reference tungsten samples
made of ITER-grade tungsten (ref. W) produced by PLANSEE in Austria were tested under
the same conditions. Samples of each material with a geometry adapted for use in the PSI-2
linear plasma generator were produced. The samples had a thickness of 5 mm, with a top
surface of 10 × 10 mm−2 and a bottom surface of 10 × 12 mm−2 and a 1 mm step on two
sides. All samples were polished to a mirror finish, with a mean arithmetical roughness
(Ra) of less than 0.1 µm. The samples were then tested in the PSI-2 under the conditions
shown in Table 1 [38]. Testing conditions were designated as low pulse number testing



J. Nucl. Eng. 2025, 6, 25 4 of 13

(LP), high pulse number testing (HP), and simultaneous plasma and high pulse number
testing (PHP).

 

 
(a) (b) 

Figure 3. (a) Geometry and (b) final shape of the W-PIM samples produced at the KIT.

Table 1. Testing conditions for the PIM-W and reference samples.

Testing
Condition

Base Temp.
(◦C)

Power Density
(GWm−2)

Heat Flux
Factor FHF

(MWm−2s−1/2)
Pulses Plasma Flux

(m−2s−1)

LP1-400/1000

400/1000

0.19 6 100 -

LP2-400/1000 0.38 12 100 -

LP3-400/1000 0.38 12 1000 -

LP4-400/1000 1.6 72 1 -

HP1-700
700

0.4 9 104 -

HP2-700 0.4 9 105 -

PHP400/1000 400/1000 0.4 9 105 3.6–4.4 × 1021

These testing conditions were designed to simulate different fusion-relevant heat loads
a PFM could be exposed to during its lifetime, particularly due to ELMs, and they have
been used for testing similar materials in the past [11,13,37]. Plasma and heat load tests are
designed to show the possible synergistic effects materials will undergo when exposed to
both plasma and heat loads [12–14]. The different temperatures the materials were tested
at show how the exposed PFMs could behave at different operational temperatures both
below and above the DBTT of the reference tungsten.

In order to test the behavior and resistance of materials to thermal shocks by simu-
lating the ELMs in a nuclear reactor, a pulsed Nd:YAG laser was used in PSI-2, with a
wavelength of 1064 nm, a square profile and a produced laser spot about 3 mm in diameter.
Low-pulse number tests (1–1000 pulses) were performed using 1 ms pulses (2 ms for the
single high-power pulse) and a pulse frequency of 0.5 Hz, and high pulse number tests
(104 and 105 pulses) were performed using 0.5 ms pulses with a 10 Hz frequency.

Tests which simulated the synergistic effects of simultaneous heat and plasma loads
were then performed [12,13]. The plasma was generated in the PSI-2 by an arc discharge
using a LaB6 cathode and then focused toward the sample with an axial magnetic field.
A deuterium plasma with 6% helium was generated to simulate the plasma mix inside
a fusion reactor [39]. Plasma fluxes of 3.6–4.4 × 1021 m−2s−1 were generated, with an
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incident ion energy of about 35 eV and a total plasma fluence of roughly 5 × 1025 m−2.
The heat loads were produced simultaneously by the previously mentioned Nd:YAG laser.

3. Results and Discussion
After testing, all samples were analyzed with a laser profilometer to determine the

change in their surface roughness as a measure of the surface modification and damage
caused by the thermal shocks and plasma. The mean surface roughness (Ra) of each sample
after testing under each condition is shown in Table 2 and in Figure 4.

Table 2. Summary of the mean surface roughness (Ra) of every material tested under every condition.
Ra is given in µm.

Testing
Condi-

tion
W-1TiC W-

2Y2O3

W-3Re-
1TiC

W-3Re-
2Y2O3

W-
1HfC

W-
1La2O3-

1TiC
Ref. W

LP1-400 0.09 0.26 0.12 0.12 0.13 0.12 0.10
LP2-400 0.11 0.28 0.13 0.13 0.15 0.14 0.09
LP3-400 0.30 0.37 0.22 0.19 0.34 0.36 0.11
LP4-400 0.89 3.17 0.81 5.67 0.87 0.96 0.18
LP1-1000 0.10 0.07 0.19 0.13 0.14 0.12 0.10
LP2-1000 0.14 0.25 0.20 0.18 0.19 0.16 0.11
LP3-1000 0.38 0.52 0.33 0.47 0.43 0.31 0.39
LP4-1000 0.74 4.91 0.81 5.99 1.31 0.86 0.24
HP1-700 0.48 0.46 0.43 0.45 0.73 0.57 0.66
HP2-700 0.49 0.56 0.45 0.51 0.91 0.59 16.2
PHP400 0.45 2.88 0.44 0.48 0.50 0.45 2.70
PHP1000 1.26 1.37 0.44 0.50 2.19 1.07 4.49

Figure 4. Heat map of the mean surface roughness (Ra) of every material tested under every condition,
as shown in Table 2.
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The tests with 100 pulses (LP1 and LP2) of all alloys showed no visible sign of surface
modification or damage, even when inspected with an SEM. As shown in Table 1, W-2Y2O3

had worse behavior at both temperatures, with a significantly increased Ra. Other alloys
behaved similarly to the reference tungsten at 400 ◦C, but their roughness slightly increased
after LP2-1000. After exposure to 1000 pulses with 0.38 GWm−2 at 400 ◦C (LP3-400), the
trend continued, with all alloys increasing their roughness and the reference W showing no
significant change. At 1000 ◦C (LP3-1000), this difference could not be observed, with the
reference W also showing increased roughness. The roughness increased the most for both
samples containing yttria.

SEM images of all LP3-1000 results are shown in Figure 5. The circular area affected by
the laser can be identified by the rougher-looking surface. Despite their higher roughness,
the yttria-containing samples showed no evidence of cracking, whereas all other alloys
formed small, isolated cracks.

 

Figure 5. SEM micrographs of the samples tested at 1000 ◦C with 1000 laser pulses of 0.38 GWm−2

(LP3-1000).

The reference tungsten also showed a higher resistance to the high-power pulse
(LP4) at both temperatures, showing no signs of melting or damage and only a slightly
higher surface roughness. The yttria-containing samples again showed a significantly
higher roughness. Additionally, they showed large amounts of melting and some droplet
ejection, which can be seen in Figure 6. This is to be expected, as Y2O3 has a melting point
over 1000 ◦C lower than that of tungsten (2410 ◦C versus 3422 ◦C) and a lower thermal
conductivity (27 versus 175 Wm−1K−1). La2O3 has an even lower melting point (2217 ◦C),
but it was present in a lower amount than for the yttria-containing samples. The behavior of
W-2Y2O3 and W-1TiC was similar to that observed for the disruption-like loads in Ref. [40].
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Figure 6. SEM micrographs of the samples tested at 1000 ◦C with 1 laser pulse of 1.6 GWm−2

(LP4-1000).

All other PIM samples also showed signs of melting in Figure 6, as well as signs of
cracking in both samples containing TiC. Small craters were also seen on the sample surface,
particularly for W-1HfC. This is a sign of the temperature reaching the boiling point of the
materials, causing part of it to evaporate under the surface. This caused a pressure increase
until the gas burst out, causing the observed damage.

The samples were then tested under a higher pulse number, namely 104 (HP1) and
105 (HP2), with an absorbed power density of 0.4 GWm−2. This helps in understanding
the behavior of the material under thermal shock fatigue throughout its lifetime due to the
effect of ELMs. After 104 pulses, all samples behaved similarly, with no evident damage
and some surface roughening. However, after exposure to 105 pulses, differences were
more significant. The reference tungsten showed a large crack network (see Figure 7), with
broad cracks and a much higher surface roughness (16.2 µm).

On the other hand, all PIM-W samples seemed to have tolerated the thermal shocks
much better, with crack networks forming in the yttria-containing samples, but the cracks
themselves were much thinner than those in the pure W (see Figure 7). W-1TiC also formed
a crack network of thin cracks. In all cases, the surface roughness stayed low (<0.6 µm),
except for W-1HfC, which had a slightly higher roughness (0.91 µm). The addition of
TiC seemed to provide some resistance to damage from higher pulse numbers, as both
W-3Re-1TiC and W-1La2O3-1TiC formed no cracks whatsoever, and W-1TiC only formed
thin cracks. The more pronounced cracking of samples containing yttria seems to confirm
their higher brittleness when compared with other materials, as demonstrated in [32,36].

To further understand the behavior of tungsten alloys when compared with ITER-
grade tungsten, simultaneous exposure of the samples to plasma and thermal shocks was
performed in the PSI-2 as described previously both at 400 ◦C (see Figure 8) and at 1000 ◦C
(see Figure 9).
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Figure 7. SEM micrographs of the samples tested at 700 ◦C with 105 laser pulses of 0.4 GWm−2 (HP1-700).

 

Figure 8. SEM micrographs of the samples tested at 400 ◦C with 105 laser pulses of 0.4 GWm−2 and a
simultaneous total plasma fluence of 5 × 1025 m−2 of D/He (6%) plasma (PHP400).
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Figure 9. SEM micrographs of the samples tested at 1000 ◦C with 105 laser pulses of 0.4 GWm−2 and
a simultaneous total plasma fluence of 5 × 1025 m−2 of D/He (6%) plasma (PHP1000).

At 400 ◦C, all materials showed the formation of a crack network, while only W-2Y2O3

formed cracks during the tests at 1000 ◦C. This is a clear sign of how the operational
temperature of a material or component can affect its performance. In this case, it is clear
that none of the materials showed enough ductile behavior to prevent cracking at 400 ◦C.
Even if they did show a lower DBTT than standard tungsten (as shown above in Figure 7
at 700 ◦C), the improvement was not enough at this operational temperature. The question
of whether the DBTT can be further lowered by decreasing the grain size remains, as has
been shown with fine-grained W-0.5ZrC, for example [41].

The temperature of 1000 ◦C is significantly higher than the DBTT of standard tungsten,
which has a DBTT of about 600 ◦C [42]. By comparing the results of the tests with simulta-
neous plasma and heat loads at 400 ◦C and 1000 ◦C, it is clear that the damage observed in
most cases was indeed lower for samples exposed at a higher temperature, mainly due to
their improved ductility. For PHP1000, only W-2Y2O3 formed cracks, and most samples
showed an increase in surface roughness. The rhenium-containing samples, W-3Re-1TiC
and W-3Re-2Y2O3, had only a slight increase in roughness (Ra = 0.4–0.5 µm). This indicates
that using rhenium as an alloying element could increase its resistance to cracking thanks
to the formation of a solid solution, which increases its strength and ductility (known as
the “rhenium effect”, which occurs in many BCC metals) [26]. However, the addition of
yttria seemed to partially counteract this effect (see Figure 7), as the inclusion of Y2O3 can
reduce the ductility of tungsten [32,36].
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In most cases, there was no noticeable difference in the microstructural change of
the different tungsten alloys after exposure to thermal shocks and plasma, with the only
difference observed being the amount of damage and change in roughness. In some cases,
however, such as those observed in Figure 10, second phases could be observed. In the
yttria-containing alloys, particularly W-3Re-2Y2O3, darker, smaller grains were observed in
the SEM images. Since some were also observed in W-2Y2O3, it can be assumed that these
are yttria-rich grains. The darker color indicates a lower atomic mass in the SEM images,
suggesting a high presence of yttria. These second phases were observed in the as-received
samples as well (Figure 11, right) but with more regular, rounded shapes, as opposed to the
elongated and irregular shapes observed after exposure in the PSI-2. The TiC-containing
alloys also had a clear second phase, which could be identified as smaller, porous grains.
In the as-received samples, they seemed to be smaller, as can be seen in Figure 11. After
exposure, they seemed to have either coalesced and increased in size or appeared larger
due to their surface being more exposed.

 

Figure 10. SEM micrographs showing the microstructural changes in the samples tested at 400 ◦C
with 105 laser pulses of 0.4 GWm−2 and a simultaneous total plasma fluence of 5 × 1025 m−2 of
D/He (6%) plasma (PHP400).

 

Figure 11. SEM micrographs showing the as-received microstructure of PIM-produced W-1TiC and
W-3Re-2Y2O3.
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4. Conclusions
Powder injection molding (PIM) allows the production of nearly net-shaped samples

of different tungsten-based alloys. The performances of six tungsten-based alloys were
compared (W-1TiC, W-2Y2O3, W-3Re-1TiC, W-3Re-2Y2O3, W-1HfC and W-1La2O3-1TiC) to
the performance of ITER-grade tungsten under several different thermal shock and thermal
shock with simultaneous plasma loading regimes (see Tables 1 and 2).

All materials had good behavior for the lower pulse number tests (≤1000 pulses),
although the standard tungsten performed slightly better, with no observable difference in
surface roughness.

After the high-power shots, with one laser pulse of 1.6 GWm−2 (LP4-1000), the samples
containing yttria showed evidence of melting and droplet ejection, the tungsten reference
samples showed almost no change in surface roughness, and all other PIM samples had
slightly elevated surface roughness values and evidence of surface melting. The samples
containing TiC formed some cracks, while these could not be observed on W-HfC.

The high pulse number tests, with and without plasma, all showed the opposite trend
of the lower pulse number tests. Here, the reference tungsten showed the most cracking
and highest surface roughness of all materials, while the PIM-W alloys seemed to have a
higher resistance to cracking. This can be attributed to the higher ductility of these alloys,
particularly those containing rhenium. This means that tungsten-based alloys, whether
produced via PIM or other methods, could potentially be used in certain areas of a fusion
reactor. This can be particularly beneficial in those areas where the operation temperature
will be lower than the DBTT of standard tungsten.
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