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Udy with material ID and respective compo-

o050 and W2200 are identical, except for the sintering

#iTe (2200 °C for W2200 instead of 2400 °C for W5050 and all other
materials).

Mat. ID Number of samples Composition

W5050 1 w

w2200 1 w

W2Y203 1 W + 2 wt% Y,03
WITiC 2 W + 1 wt% TiC
W2TiC 1 W + 2 wt% TiC
W3TiC 1 W + 3 wt% TiC
WO0.5TaC 1 W + 0.5 wt% TaC
W1TaC 1 W + 1 wt% TaC

(see Table 1). The test procedure typically comprises tests at different
THL power densities, number of pulses and base temperatures. Since
the number of samples was so limited the testing conditions were fixed
to a single parameter set: 10° pulses of 0.48 ms duration and of an in-
tensity of Lays = 0.55 GW/m? (Fyr = 12 MWs”/m?) applied with a
frequency of 25Hz at a base temperature of Tpase = 700 °C (homo-
geneous surface temperature). A second block of W1TiC material was
available which was tested at a reduced power density of
Laps = 0.14 GW/m? (Fgr = 3 MWs”/m?) (all other parameters were
kept unaltered). This allowed comparing the materials among each
other and to the reference tungsten IGP. Due to the PIM production
process no preferential grain elongation exists [13], however IGP is
sintered and forged (from two orthogonal directions) and possesses a
needle-like grain structure. The ITER specifications demand that the
“longitudinal orientation of the elongated grains shall not be parallel to
the surface” [8] hence this study compares the PIM tungsten materials
to the IGP in transversal elongation orientation (elongation of grains
perpendicular to the heat loaded surface, IGPT) and to the re-
crystallized IGP material (after 1 h at 1600 °C, IGPR). The latter is
motivated by the fact that PIM tungsten is free of internal stresses due
to the production process, i.e. basically already recrystallized.

High heat flux loading was done with the electron beam facility
JUDITH 2 [14,15] using established procedures [16,17]. The electron
beam provides an intensity profile with approximately Gaussian shape
and a full width at half maximum of ~ 5.7 mm. Hence the loaded area is
circular and can be considered homogeneously loaded (max. heat load
deviation from center = 5%) within a radius of ~1 mm around the
center only. This inhomogeneity is comparable to the situation of THLs
in the strike point of the ITER divertor. The results were investigated by
laser profilometry (KF3 sensor from OPM Messtechnik GmbH), scan-
ning electron microscopy (SEM) and metallographic cross sectioning
within the homogeneously loaded area of r = 1 mm. Cross sectioning
was done by cutting the samples with a diamond cutting blade, then
grinding with SiC paper and polishing with diamond suspension care-
fully towards the center of the loaded spot, finishing with an etching
step which results in better visibility of cracks and grain structure/
boundaries.

3. Results

The reference material IGPT showed a crack network with few
primary cracks of 10-15um width connected by thinner (<9 pm)
cracks. Tungsten melt droplets (diameter up to ~ 40 pm) were found on
the rugged surface. The crack network on IGPR had a similar appear-
ance, but the primary cracks were wider (up to 50 pm). The surface was
less rugged and did not feature melt droplets (Fig. 5).

The sample of material W2TiC failed after the first few pulses and
the experiment had to be stopped. Part of the surface flaked off (Fig. 1)
and immediately overheated. The investigation of the cross section
showed two features: first, a change in microstructure at a depth of

Fig. 1. Block of W2TiC material after delamination failure during the first few
pulses of the test. The circular loaded area close to the center of the sample is
visible next to the top surface crack.
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Fig. 2. The diagram shows the crack depth (top) and roughness R, (bottom)
measured for each material after 10° transient pulses of At = 0.48 ms and an
intensity of Ly, = 0.55 GW/m? (Fp = 12 MWs"/m?) at Tpase = 700 °C. Every
horizontal black line in the crack depth diagram represents one crack and its
depth, while the red indicators and their error bars show the average crack
depths and their standard deviations, respectively. The exceptionally deep
crack in the sample of material W5050 was excluded from the analysis.

100-200 pm. The grain size in the near surface area is larger, but the
porosity lower. This is from a well-known grain growth process of near
surface grains that can happen during production (sintering) [18].
Second, yellow inclusions were found in the delaminated part. An EDX
analysis showed strong signals of Ti and N, suggesting the presence of
TiN.

All other materials showed mostly intergranular crack networks
with different degrees of roughening and crack depths (Fig. 2). The
cracks grew perpendicular to the surface with little tortuosity of 1-1.3
(ratio of crack length to distance between the ends) and branching was
rarely observed (Figs. 3 and 5).
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Fig. 3. SEM top view image (top) and light microscope image of the cross
section (bottom) of the W5050 material sample. Both show the large and broad
crack that formed and propagated transgranular through the near surface zone
of larger grains. The bulk microstructure is visible at the bottom where the
crack propagated intergranular.

Material W5050 had one particularly broad crack in its crack net-
work (Fig. 3). The SEM image showed a width of ~50 pm, while all
other cracks are similar in width (~15 pm or less, average ~6 um). In
the cross section it was found that this crack was 1.5 mm deep, while all
other cracks are less than 130 um deep. Additionally, roughening of the
edges of the large crack is less pronounced. This strongly indicates an
early formation of the large crack, probably due to material in-
homogeneity, which led to stress relief and hence less growth of the
other cracks. The cross section showed a change in microstructure at a
depth of ~1 mm from the production process. In contrast to the pre-
viously described W2TiC, this change is not only deeper, but the dif-
ference in grain size and porosity is also much more pronounced
(Fig. 3). The crack propagated transgranular in the zone of increased
grain size and continued intergranular in the bulk.

Material W2Y203 showed very low roughening, but regular, deep
cracks. The average crack depth is the highest of all tested materials and
- in contrast to the other PIM materials — higher than the average crack
depth of the reference materials (Fig. 2). The crack network showed
primary cracks of typically 6-10 um width and secondary cracks of
<3 um width. Melt droplets were found on the surface; however, an
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Fig. 4. SEM image composed of a secondary electron (SE) contrast image
(upper left) and a backscattered electron (BSE) contrast image (lower right) of
the surface of material W2Y203 after testing. Small melt droplets are clearly
visible in the SE contrast, while their lower atomic number is revealed in the
BSE contrast, indicating they consist of Y,03. The image features examples for
primary (wide, left) and secondary (thin, right) cracks.

EDX measurement proved that these were molten YO particles, not
tungsten. Large droplets were mostly found at grain boundaries, smaller
droplets appeared in holes in the grain area (Fig. 4).

The materials W2200, W1TiC, W3TiC, W0.5TaC, and W1TaC
showed no peculiarities, just crack networks, with crack depths and
roughness values lower than the reference materials (Figs. 2 and 5).
However, the crack networks had slightly different characteristics:
W2200 showed a primary crack network with broad cracks, typically
20-30 pm wide (maximum ~40 um), and short thin secondary cracks
of <3 um width. On W1TiC a few short but wide cracks (~50 pm) were
connected by cracks of up to 15pm width forming a network with
additional branches of thin cracks (<3 um wide). The sample of W3TiC
material had 3-4 larger cracks of ~15um width connected via a

Cross section

Fig. 5. SEM top view images (left) and light microscope images of the cross
sections (right) of some of the material samples.




typically 2-3 pm (maximum

1TaC showed similar crack networks

0.5TaC) or mostly (W1TaC) larger cracks of

width connected by secondary branches of 2-5 um width.

The second sample of material W1TiC which was subjected to a four

times lower power density did not show cracks, just roughening of the

surface (R, = 0.22 um). The reference material IGPT showed no da-

mage under these conditions, while testing the reference material after
recrystallization (IGPR) showed roughening only (R, = 0.6 um).

4. Discussion & conclusions

The experiments performed show a high pulse number damage
behavior of some of the PIM tungsten materials that is generally com-
parable with IGPR. In particular W2200, W1TiC, W0.5TaC and W1TaC
developed similar surface damages (crack networks/roughening), but
outperform the reference with respect to crack depth and degree of
roughening. The lower roughness values indicate a yield strength
higher than that of IGPR can be expected for these materials. The lower
crack depth would be explained by higher ultimate tensile strength
and/or lower thermal conductivity [19].

Material W2TiC failed, probably due to inhomogeneities from pro-
duction (TiN inclusions were found) that led to brittle crack propaga-
tion since the test was done on the materials W1TiC and W3TiC without
failure. However, W3TiC also showed a particularly deep crack (Fig. 2).
Tensile tests of the W1TiC material by C. Yin et al. show its ductile
behavior at 600 °C [20]. In conclusion, since using TiC additions of
more than 1 wt% yielded irregular results, either further optimization
of the production process is necessary or additions of more than 1 wt%
of TiC are detrimental for the thermal shock behavior.

While it is bold to draw conclusions for the different PIM materials it
is clear that the results demonstrate the general ability of PIM materials
to compete with or even outperform the reference materials with re-
spect to high pulse number thermal shock performance. However, there
is still room for optimization and since the PIM process allows the ad-
dition of a large variety of additives which can yield improvements in
mechanical properties (and hence thermal shock performance), further
tests on new material compositions produced by an optimized pro-
duction route are planned.
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