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ABSTRACT

A detailed microstructural analysis is one key factor for establishing structure—property relationships, which
themselves are essential for manufacturing any device or part thereof. In particular, this paper focuses on the
microstructural analysis of tungsten composite materials produced by powder injection molding (PIM). Our
combined scanning electron microscopy (SEM) and transmission electron microscopy (TEM) approach revealed
that W/TiC and W/Y,03 composites are promising candidates for e.g. plasma facing components in future fusion
reactors. The grains size distribution of all present phases was a log-normal one. TiC and Y,O3 precipitates in
contrast to HfC ones limited the grain growth of the tungsten matrix during sintering about three times more
efficient. The precipitate grain size was for all samples in the range of 1.7 pm-3.5 um. Chemical interaction was
only observed for TiC-based composites in the form of W diffusion into the TiC precipitate forming a mixed (Ti,
W) carbide retaining the face-centered cubic (fcc) based crystal structure of pure TiC. The tungsten content in
Y,03 and HfC precipitates was found to be negligible. La,O3; was only observed in TEM attached to (Ti, W)C
particles in the form of about 100 nm sized precipitates. As result, the Y,03 and TiC containing samples are

considered as promising materials for further detailed mechanical and microstructural investigations.

1. Introduction

Tungsten-based materials are considered as potential plasma-facing
materials in future fusion reactors beyond the international nuclear
experimental reactor (ITER), since these materials — as is well known by
now - exhibit excellent high temperature properties. Among others,
typical examples are the exceptional high melting point, a good sputter
resistance, a high thermal conductivity, a low thermal expansion, or the
remarkable high-temperature (creep) strength [1-4]. Nonetheless,
tungsten materials show drawbacks like an extreme brittleness at low
temperatures [5,6], which is even more enhanced by neutron irradia-
tion, softening due to recrystallization (the recrystallization tempera-
ture can be lower than 1000 °C depending on the degree of deforma-
tion) as well as time and cost aspects that come into play in connection
with industrial scale fabrication of the reactor components [3,7]. An
effective method to resolve these limitations is to manufacture com-
posite materials consisting of a matrix with finely dispersed grains of
carbides (e.g. TiC or HfC) and oxides (e.g. Y»O3 or La;03) [8-13]. On
the one hand, these oxides and carbides are promising, since they have
high melting points (e.g. 2410 °C, 2217 °C, 3140 °C, 3890 °C for Y503,
La,0s3, TiC and HfC, respectively) and on the other hand they should
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not produce any highly activating isotopes upon neutron irradiation. It
is also known that the addition of oxide and carbide particles into a
tungsten matrix influences the mechanical behavior of the material like
e.g. ductility or strength [1,14-16], which could be further improved by
the addition of Rhenium forming a solid solution with Tungsten
[17,18]. Furthermore, in order to be useful as a plasma facing com-
ponent in a fusion reactor the addition of such materials should not
worsen the thermal fatigue behavior of the component.

Powder injection molding is a promising route towards large scale,
high performance, and low cost production of tungsten-based near net
parts with complex geometries [19], which might be used not only as
fusion reactor material but in any suitable high temperature environ-
ment, like for example, in solar power plants [3]. In contrast to many
other fabrication methods, by simple adjustment of the particle volume,
PIM offers an easy way to tailor material properties over a wide range
according to their later field of application.

In the present work we will focus on the microstructural char-
acterization of unirradiated particle reinforced W-PIM materials. The
results of the irradiated materials will be reported separately. The
present results will be compared to results found in literature and will
be the basis for any future work involving W-based PIM materials, e.g.
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Fig. 1. Schematic illustration of the PIM process.

after neutron irradiation. The characterization of the materials includes
a texture analysis via electron backscatter diffraction (EBSD), com-
prising transmission electron microscopy analyses, and a few basic re-
sults from four-point bending tests.

2. Experimental

Several W-PIM small scale specimens (8 mm X 8 mm X 4 mm) of
different alloys were produced: W-1TiC, W-1HfC, W-3Re-TiC, W-3Re-
2Y,03, and W-1La;03-1TiC- that were tested for high heat flux prop-
erties at Forschungszentrum Juelich with parameters as listed in [4,20].
Additional plasma exposure tests have been performed to some of these
materials in the Magnum-PSI facility (DIFFER, The Netherlands) [21].
The PIM synthesis (see Fig. 1) of our samples followed the procedure as
described by Antusch et al. [1,3,19,22,23]. The five samples mentioned
above were analyzed in detail by scanning (SEM) and transmission
electron microscopy as well as by mechanical testing, i.e. 4-point-
bending tests. Prior to microstructural analyses the sample surfaces
have been prepared by an optimized procedure that included grinding,
polishing and subsequent electropolishing to balance surface topo-
graphy and surface damage.

The 4-point bending tests were carried out in a Zwick 100 testing
machine under vacuum conditions with the testing temperature ranging
from 200 °C to 800 °C using test geometries according to [24,25]. The
loading rate in all tests was 0.033 mm/min. Basic tensile properties
have been partly determined and published in [26].

The SEM analyses namely Electron backscatter diffraction and en-
ergy-dispersive X-ray analysis (EDX) were carried out in a Zeiss Merlin
and a Zeiss Auriga with high tensions ranging from 5kV to 20kV. The
textural analysis of the present W-based composite materials was per-
formed by using a Zeiss Merlin field-emission-gun scanning electron
microscope equipped with an EDAX Hikari high-speed EBSD camera.
The SEM acceleration voltage was set to 20 kV with a probe current of
10nA. The SEM-EDX analysis was carried out using two machines: (i)
Zeiss Merlin and (ii) Auriga CrossBeam focused ion beam/scanning
electron microscope (FIB/SEM). In the Merlin machine we used the
same acceleration voltage and probe currents as in the EBSD mea-
surements. The Zeiss Auriga was used for two purposes: (i) EDX

mapping of light elements at lower acceleration voltage and prepara-
tion of a lamella for TEM.

Transmission electron microscopy (TEM) characterization was per-
formed in a Thermofisher Talos F200X scanning transmission electron
microscope (STEM) equipped with four EDX detectors and a Gatan
Enfinium electron energy-loss (EEL) spectrometer with DualEELS cap-
ability. The microscope was operated at 200 kV acceleration voltage.
The convergence and the collection angle for the EELS experiments
were 10.5 and 14.1 mrad, respectively. The STEM-EDX maps were ac-
quired for than 1 h. The spot size therein did not exceed 1 nm. The EDX
detector resolution is specified by the manufacturer as <136 eV at Mn-
Ka. At the W-La (E = 8.396 keV) or Re-La (E = 8.651 keV) the energy
resolution has a value of about 150-160 eV, which is sufficient to se-
parate both X-ray lines. If the M-Lines of both elements are considered
the detector resolution is not sufficient for a clear line separation of
both elements. Therefore, the X-ray L-lines are preferred for the EDX
analysis if applicable. Quantification of STEM-EDX data was done using
the k-factor method, whereas in STEM-EELS Hartree-Slater cross-sec-
tions were used in combination with a multiple scattering correction.
The TEM images and selected area diffraction pattern (SAED) were
acquired by using a Thermofisher Ceta 16 M CCD camera.

3. Results and discussion
3.1. 4-point bending tests

In the following, we defined ductile vs. brittle material behavior as
follows: (1) Fracture within the elastic range means brittle behavior, (2)
if a fracture appears after plastic deformation but before maximum
deflection at 1.5 mm, the behavior is denoted “partially ductile”, and if
up to maximum deflection no fracture occurs, we call it “fully ductile”
(see Fig. 2).

All samples were analyzed by 4-point bending tests in the range
between 200 °C and 800 °C. Table 1 summarizes the maximum flexural
strength being obtained. At 200 °C all of the samples were partially
ductile or brittle, whereas at 400 °C only W-3Re-2Y,03 and W-3Re-1TiC
remained only partially ductile. Above 400 °C W-3Re-2Y,03 was the
only partially ductile sample. It exhibited a maximum flexural strength
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Fig. 2. Stress vs. deflection obtained from 4-point bending tests carried out at
200 °C for all five samples. All materials showed partial ductility with the ex-
ception of W-3Re-2Y,03, which broke in a brittle manner.

Table 1

Maximum flexural strength in units of MPa and temperature for all analyzed
samples. Values marked by a star (*) denote measurements in which the
maximum deflection of 1.5 mm was reached.

Sample 200 °C 400 °C 600 °C 800 °C
W-1TiC 1112 1262* 1403* 1277*
W-1La,03-TiC 1030 1493* 1147 501
W-1HfC 837 1030* - -
W-3Re-1TiC 413 1446 911 976
W-3Re-2Y,03 1018 1572* 1743* 1564

of 1493 MPa at 400 °C and for all other measured temperatures it was
below this value. A similar behavior with a maximum yield strength at
400 °C was also observed by Aguirre et al. [2] for a W/Y»03 composite
material suggesting that our observed trend in flexural strength for
sample W-3Re-2Y,03 might be a characteristic feature of this material.
The carbide containing samples in general yielded a higher flexural
strength than W-3Re-2Y,0s.

3.2. Texture analysis by SEM-EBSD

Fig. 3 shows EBSD orientation mappings for all analyzed samples for
two different length scales. The EBSD mappings reveal an isotropic
microstructure, i.e. equiaxed grain orientations, which has already been
found by Antusch et al. in similar processed materials [1,23]. This is a
clear benefit of the PIM method. The lower magnification orientation
maps were further evaluated with respect to W matrix grain sizes in
order to have good statistics. The higher magnified insets show that the
EBSD indexation procedure fails for the secondary phase precipitates
(black & white color). Due to the sample preparation method a residual
topography was left on the sample hampering the EBSD analysis of
oxide and carbide precipitates. The precipitates’ structure and compo-
sition will be addressed separately in detail in the following sections.
The grain size distribution as well as the average grain size are plotted
for all five samples in the down most row of Fig. 3. The W matrix grain
size distributions follow a log-normal type for all samples as expected.
However, there are distinct differences between the single samples that
have to be addressed. The distribution width increases in the following
order, which is also reflected by the average grain size: W-3Re-2Y,03,
W-1La,05-1TiC, W-1TiC, W-3Re-1TiC, W-1HfC. Sample W-3Re-TiC
additionally showed a bimodal matrix grain size distribution, which is
most probably due to a problem during the powder mixing procedure.
In terms of W grain boundary pinning, i.e. recrystallization inhibition,
Y505 is the most effective material, whereas HfC performs poorest given
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the actual synthesis conditions. The W grain size is an important
quantity, because it influences for example hardness, strength, fatigue
and toughness in general, but also high heat flux test properties like
surface roughening and crack formation [4], which are important for
the thermo-mechanical behavior of the material. The later plays
amongst others an important role for the qualification as a divertor
armor material in a future fusion reactor.

3.3. Secondary phases analysis by SEM

Fig. 4 shows Z contrast images (i.e. BSE images) and EDX elemental
maps on the micrometer scale for 4 of the 5 samples. Sample W-1La,03-
TiC was emitted since the results were similar to W-1TiC except for the
grain size as can be seen in Table 2. Grain sizes were determined from a
larger region than presented in Fig. 4 including several hundred pre-
cipitates for statistical reasons. The EDX mappings reveal that the ma-
trix materials (W or W/Re) infiltrate larger TiC precipitates, whereas
smaller ones seem to be less affected. In sample W-1HfC the Hf and W
maps show a similar behavior, which can be hardly seen, since the
infiltration process of matrix elements into the HfC precipitates is al-
most completed, i.e. precipitates and matrix intermix. This particular
effect has already been observed in literature for W/ZrC composite
materials [27,28], but also for W/TiC [29] and affects in principle every
W/carbide system, as Holleck summarized already roughly 40 years ago
[30]. He found a complete miscibility of several transition metal car-
bide combinations for temperatures in the range between 2000 °C and
3000 °C. Sintering temperatures, which also need to be applied to PIM
samples, often lie within or near that range and, hence, we expect to
observe mixed carbides. From a thermodynamic point of view, it can be
explained by examining the Gibbs free energies of formation and the
ionic radii. For example, in case of the W-TiC system Song et al. [29]
explained the existence of a mixed carbide by (i) the similar ionic radii
of Ti and W (74 pm and 66 pm [31]) facilitating solid state interdiffu-
sion of Ti and W atoms and (ii) the lower free energy of formation of
TiC compared to WC or W-C, which suggests that free carbon gets
bound in the Ti/W mixed carbide instead of forming separate WC or
W,C precipitates.

The oxide containing material, i.e. W-3Re-2Y,03; behaves quite
different compared to the carbide materials. The EDX mappings pre-
sented in Fig. 4 (rightmost column) show that the yttrium oxide pre-
cipitates are smaller compared to the carbide samples (see also Table 2)
and that there is no significant diffusion of matrix elements into the
precipitate being observed. This might be explained by (i) the greater
ionic radius difference of Y and W (90 pm and 60 pm) hampering solid
state diffusion and (ii) the large difference in free energy of formation
between Y,03 and WO, or WO3; (which is roughly about 700 kJ/mol up
to 1500 K [32]). In addition, Lassner and Schubert neither mention any
intermetallic compound of rare-earth and tungsten nor anything about
a reaction of tungsten with Y,03 [33]. So far, only tungsten oxide seems
to react above 1000 °C with Y03 forming yttrium tungstate as reported
by Borchardt [34]. For Re ions a similar argumentation should be valid.
However, due to the larger initial concentration of Y»,O3 in the raw
material, the number density of Y,O3; precipitates is high. This still
needs to be optimized with respect to material properties vs. materials
costs.

3.4. Secondary phase analysis by TEM

The STEM-EDX measurements presented in Fig. 5 show that the
matrix in sample W-1TiC consists of W, whereas as the precipitate
consists of Ti and C. However, the W intensity inside the precipitate is
not zero. Furthermore, one can see the limitations of the PIM technique:
on the right side above the TiC particle a small La oxide particle is
located, which presumably is a residue from an earlier processed
sample batch. We tried a quantitative evaluation of the STEM-EDX data
(see Table 3) for all observed phases, However, due to the sample
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Fig. 3. EBSD mappings revealing the texture of the W matrix for all analyzed materials. The large-scale mappings were used to determine the grain size distribution
and an average grain size for the matrix. The insets show magnified regions to illustrate that the indexing fails (black or noisy regions) for secondary phase regions.
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Fig. 4. Backscatter electron images (BSE) and EDX elemental mappings of four samples. Sample W-1TiC-1La,0O3 was excluded because it looked similar to W-1TiC
and W-3Re-1TiC. The white triangles within the Ti map indicate some grains, where W infiltration was observed.

Table 2
Average grain size of precipitates determined by EDX in the SEM. The statistics
includes more than 100 precipitates per sample.

Sample Volume percent carbide or Average precipitate grain size
oxide [um]

W-1TiC 3.80 3.51 = 2.20

W-1La,03-TiC ~ 3.73 1.69 + 1.12

W-1HfC 1.57 3.30 + 3.46

W-3Re-1TiC 4.08 2.27 + 1.86

W-3Re-2Y,03 7.31 213 +1.24

consisting of a heavy element matrix with lighter element inclusions, X-
ray absorption is severe problem hampering the exact composition
determination of nanometer-sized precipitates. Another obstruction in

o

the EDX analysis of this particular sample was the strong stray radiation
from the Mo sample grid as well as from close sample holder parts.
Since the carbon distribution in the EDX map is quite noisy, we tried
STEM-EELS mapping for a better signal-to-noise ratio as can be seen in
the lower part of Fig. 5. W was not be mapped by STEM-EELS, because
it is already evident from STEM-EDX that W is contained in the carbide
precipitate. In order to further characterize the carbide precipitate
STEM-EELS measurements as well as diffraction data was acquired. A
quantitative evaluation of a wide-range EELS spectrum taken inside the
carbide phase, which is not presented here, results in a C content of
about 60 at%. This value 10 at% too high compared to the nominal
value, which is most likely due to surface contamination. The Ti and W
contents were determined both to be about 20 at%, respectively.
However, as shown in Fig. 4 the local Ti and W content might vary from
precipitate to precipitate, since Ti and W mix easily at temperatures
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Fig. 5. STEM-EDX elemental mapping (top two rows), STEM-EELS elemental mapping (third row), convergent beam diffraction pattern (acquired from the indicated
position in the HAADF image) and measured C-K ELNES compared to a reference [35] (down most row) of sample W-1TiC.

larger than 2000 °C as already discussed above. In Table 3 the oxygen everywhere on the sample corresponding to about 8 at% of O, which is
content of the precipitate is overestimated due to a poor fitting in the attributed to surface oxidation. Since only a very limited number of
low energy range during the quantification procedure and is therefore small precipitates can be analyzed in TEM, further analysis is required
considered at least partially as artifact. Nonetheless, a manual cross- to confirm the data presented in Table 3. Additionally, a STEM dif-
check of the raw EDX spectra showed that a small O peak was present fraction pattern was acquired from the carbide precipitate. A careful
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Quantification results of EDX data using the k-factor method of STEM-EDX data (including 1-2 precipitates per sample) applying principal component analysis (PCA)

and subsequent model fitting implemented in the Hyperspy program package [37].

Sample Phase C [at%] O [at%] Ti [at%]
k-factor 1.0000 0.7015 0.3254
W-1TiC W matrix 5.64 9.15 0.80
(Ti,W) carbide 21.42 27.07 43.53
La oxide 17.98 50.57 0.00
W-1La,03-TiC W matrix 1.64 11.74 0.34
(Ti,W) carbide 54.58 0.00 39.45
La oxide 24.38 19.35 0.00
W-1HfC W matrix 7.00 - -
Hf carbide 37.82 - -
W-3Re-1TiC W matrix 6.72 - 1.77
(Ti,W) carbide 21.65 - 59.06
W-3Re-2Y,03 W matrix - 6.35 -
Y oxide - 63.24 -

La [at%] Y [at%] Hf [at%] W [at%] Re [at%]
1.0161 4.3946 1.2211 1.2776 1.3083
1.49 - - 82.92 -

- - - 7.02 -
27.76 - - 3.69 -

3.43 - - 82.84 -

0.22 - - 5.75 -
39.50 - - 16.77 -

- - 2.00 91.00 -

- - 55.72 6.46 -

- - - 85.81 5.70

- - - 19.29 0.00

- 1.36 - 86.88 5.41

- 36.05 - 0.47 0.24

evaluation yielded that it corresponds to the [112] zone-axis of TiC
(ICSD No. 1546). However, replacing half of the Ti by W only changes
the lattice parameter by about 0.008 A (TiC: ICSD No. 1546,
(Ti0.5W0.5)C: ICSD No. 77553), i.e. one cannot distinguish between
TiC and (Ti, W)C by electron diffraction. This is also reflected in the C-K
ELNES as shown in Fig. 5. Our measurement fits quite well to the re-
ference from Craven and Garvie [35] if the peak positions of both
spectra are compared. However, there are differences in their height:
peak 1 is the most intense for pure TiC, whereas in (Ti, W)C peak 1 and
3 are equal in height. Peak 2 can be well separated from peak 1 in pure
TiC, whereas peak 2 is a shoulder of peak 1 in (Ti, W)C. For peaks 3 and
4 the situation is reversed. Peak 5 in (Ti, W)C is a single peak, whereas
in pure TiC it separates into 2 individual peaks. The differences between
both spectra we believe to originate from three sources: (i) our energy
resolution of 1 eV is about 3 larger that of Craven and Garvie, (ii) the
sample thickness of our sample is about 4 times larger than that used by
Craven and Garvie due to FIB sample preparation, and (iii) the in-
corporation of W in the TiC might alter the peak heights present in the
C-K ELNES.

Fig. 6a show a dark-field image of a HfC grain. The selected area
diffraction pattern shown in Fig. 6b confirms that the grain is still
crystalline and fits to the [013] zone-axis of HfC (ICSD No. 159873).
The STEM-EDX mapping shown in Fig. 6¢ and Table 3 confirm that the
metal part of the precipitate is Hf with only a small fraction of W. This is
in contrast to the TiC containing samples and in agreement with the
SEM observations. Despite the higher melting point of HfC compared to
TiC (3890 °C vs. 3140 °C), HfC seems to dissolve in the presence of W
faster than TiC - only the most stable HfC remain after our sintering
procedure.

Fig. 7 shows a combined STEM-EDX/STEM-EELS analysis of a pre-
cipitate located at a triple junction in sample W-1TiC-La,03. As already
shown in Fig. 5 part of the Ti is replaced by W and a similar argu-
mentation should as above should hold. In addition to that a small
(about 100 nm in width) lanthanum oxide particle was found at the
lower left edge of the (Ti, W)C particle. By evaluating the STEM-EELS
elemental mapping it was possible to quantify the elemental contents of
C, O, Ti, and La in units of atoms per nm®. W was not included, but from
the C content an equal concentration to the Ti concentration is derived.
In case of the lanthanum oxide the oxygen concentration is too low for
Lay0s. Part of the oxygen in lanthanum oxide might be replaced by
carbon.

Fig. 8 combines chemical with structural data of Y,O3 precipitates
in sample W-3Re-2Y,03. The first row contains STEM-EDX data, i.e. a
HAADF image and the elemental mappings of O, Y, W, and Re. Almost
no intermixing of matrix elements (W, Re) with the Y,O3 precipitates is
observed, which is confirmed by the quantitative evaluation presented
in Table 3. The residual tungsten concentration in Y,03 might also -at
least partly- be due to stray radiation. The Y,O3 precipitates are in most
cases located at W grain boundaries or triple junctions. However, also

Y,05 precipitates inside single W grains were observed, which is be-
lieved to be the result of tungsten grain growth during sintering. In
order to check the crystallinity of the sample, selected area diffraction
pattern as well as atomic resolution STEM images were acquired (left
side of second row in Fig. 8). The Y,O3 (ICSD No. 23811) precipitate
was oriented in [110] zone-axis. In the magnified region of the STEM
image located above the diffraction pattern an atomic model of Y503 in
[110] orientation was overlaid to assign the atomic columns. Yttrium
atoms are depicted in blue and oxygen ones in red. In addition, the
ELNES of the O-K edge acquired inside a Y,O3 precipitate was mon-
itored and compared to a reference one measured by Zhang et al. [36].
Energy-loss values of the single ELNES peaks in our measurement are
comparable to those of the reference; only for peaks 4 to 6 slight dif-
ferences are observed, which might be due to different acquisition
conditions (e.g. sample orientation, energy resolution etc.).

4. Conclusions & outlook

Five tungsten-based composite materials were analyzed by electron
microscopy with respect to their microstructure. Preliminary mechan-
ical data, i.e. flexural strength measured by 4-point bending tests, were
also recorded. To establish reliable structure—property relationships in
these materials, more tests are required, which will be performed later.
The tungsten matrix grain size derived from SEM-EBSD measurements
follows a log-normal distribution for all samples. The smallest grain size
was measured with an average grain size of 5 * 2 pm in sample W-
3Re-2Y,03, whereas the largest matrix grain size was measured with
14 = 8 pum in sample W-1HfC, i.e. Y,O3 precipitates are the best per-
forming grain stabilizers (tungsten grain growth suppression) within
this study for the sintering process. For sample W-3Re-TiC a bimodal
matrix grain size distribution was observed, which was most probably
due to a problem during the powder mixing procedure. SEM-EDX re-
vealed that the tungsten matrix and TiC easily mix at temperatures of
2000 °C and beyond, and that the process seems to be faster for HfC.
TEM measurements revealed the formation of a (Ti, W) mixed carbide,
in Hf containing samples the effect was negligible. The crystal structure
of the (Ti, W) mixed carbide precipitates was still fcc like in pure ti-
tanium carbide and did not change into a hexagonal one as expected
from pure tungsten carbides. The least interaction with the tungsten
matrix was observed for Y,O3 precipitates, which were not noticeably
modified in structure or composition under the used sintering condi-
tions as proven by selected area diffraction, atomic resolution STEM
imaging and ELNES measurements. La,O3 was only observed in TEM
attached to (Ti, W)C particles in the form of about 100 nm sized pre-
cipitates. All by TEM measured precipitates were still crystalline and
were preferentially located at grain boundaries or triple junctions. In
summary, the Y,03 and TiC containing samples are promising for fur-
ther mechanical and microstructural investigations.

The future course of action for the further analysis of tungsten-based
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Fig. 6. (a) Dark-field image of a HfC grain and (b) corresponding selected area diffraction pattern in [013] zone-axis orientation. (c) HAADF image and STEM-EDX
mapping of a smaller, spherical shaped HfC grain. The additional intensity in the C map is due to surface contamination during the measurement.
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Fig. 7. STEM-EDX and STEM-EELS elemental mapping of a (Ti, W)C precipitate in sample W-1TiC-La;O3. The STEM-EELS maps show a magnified area located at the
lower left corner of the precipitate in which remains of La,O3 are located.
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Fig. 8. The first row of images shows the results of a STEM-EDX elemental mapping. The second row shows an atomic resolution STEM-HAADF image of a Y,03
particle oriented in [110] zone-axis and the measured ELNES of the O-K edge compared to a reference [36]. The upper small image in the center shows an enlarged
region of the HRSTEM image overlaid by an atomic model (blue: Y, red: O) and the lower image shows a SAED pattern.

composite materials will include more and different material tests,
improved sample preparation (minimized surface topography) by the
use of an ion cross section mill, a variation of the Y,O5 content to find
an optimum, and finally a comparison with the irradiated samples to
assess their potential use as an plasma facing material in DEMO under
operating conditions.
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