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Abstract: Tungsten-based materials are the prime candidate plasma-facing materials for future
fusion reactors, such as DEMO. Spark plasma sintering is a prospective fabrication technology with
several advantageous features. The concurrent application of electric current, temperature and
pressure enhances the sintering process, allowing for lower temperatures and shorter sintering times
than traditional powder metallurgy processes. This in turn helps to avoid excessive grain growth
and phase segregation in W-alloys. This study is focused on several factors that may influence the
homogeneity of the sintered compacts—namely the diffusion of carbon from the graphite die, purity of
the powder and sintering conditions. The following characteristics of spark plasma-sintered tungsten
compacts were studied: composition (especially carbon and oxygen content), porosity, mechanical
properties (hardness and fracture strength), and thermal diffusivity. The effects of the abovementioned
processing factors were quantified, and local variations of selected properties were assessed.

Keywords: tungsten; plasma-facing components; spark plasma sintering; homogeneity; carbon;
processing factors

1. Introduction

Tungsten is a well-known refractory material with superior qualities among metals. It possesses
the highest melting point, high density and modulus, high strength at elevated temperatures, and high
erosion resistance. Together with good thermal conductivity, low physical sputtering yield and low
reactivity with hydrogen, these make tungsten a favorable material in nuclear fusion applications [1,2].
Therefore, tungsten (or its modifications) are planned as a plasma-facing material for highly-loaded
plasma facing components, such as the divertor. However, due to high atomic number (Z), radiation
losses of tungsten are significant and therefore tungsten presence in fusion plasma is highly undesired
and is to be kept on as low a level as possible. Furthermore, tungsten also exhibits certain intrinsic
brittleness at low temperatures and reduction of mechanical properties due to recrystallization at high
temperatures, which may lead to poor thermal shock resistance during thermal cycling [1]. From this
point of view, small grain size, high purity, and good strength of the grain boundaries are generally
beneficial [3]. Fine grains are also helpful for irradiation resistance, as the grain boundaries act as
sinks to irradiation-induced defects [4]. These and other properties of tungsten can be to a large extent
influenced by processing conditions.
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Spark plasma sintering (SPS, also called Field Assisted Sintering Technology, FAST) is a progressive
technique to consolidate various materials, metals as well as ceramics, glass etc. Relatively low
temperatures, high heating rates and short processing times—compared to traditional sintering
techniques—are generally favorable for the retention of fine grains. In SPS, the sintered material
in the form of powder is introduced into a die and, subsequently, high-intensity (pulsed or steady)
electric currents up to several thousand A and uniaxial pressure up to hundreds MPa are applied.
The die and the powder are heated by Joule heating. Graphite foil is usually inserted between
the powder and the die in order to eliminate undesirable bonding of sintered material to the die.
Depending on the parameters and the sintered material, temperature can reach up to ~2400 °C and
with suitable parameters, fully dense samples can be obtained [5-7]. Sintering parameters have a
considerable effect on the resulting microstructure, homogeneity and other properties of the samples.
Basic variables characterizing the sintering process are: (i) sintering temperature, (ii) applied pressure,
and (iii) duration of the holding time at the sintering temperature. The results are also sensitive to the
heating rate, manner of pressure application, die dimensions, sintering atmosphere etc.

The effects of these and other parameters on SPS samples of conductive as well as insulating
materials were investigated in numerous studies [6-11]. Generally, by increasing the sintering
temperature, higher relative density was obtained. Fully dense alumina samples can be obtained at
1300 °C, almost fully densified tungsten samples at 1600-1800 °C, depending on the applied pressure,
holding time and initial powder grain size. The increase of the pressure and the holding time can
further increase the density, i.e., decrease the temperature required for full densification. Significant
grain growth can also occur; grain sizes up to 30 times the original powder size can be obtained [6,8,10].
Not only the temperature, but also the heating rate influenced the resulting microstructure—when
alumina was SPS-ed in Ref. [6], with increasing heating rate, a finer microstructure with smaller grains
was obtained; however, when exceeding 350 °C/min, porous structures were formed. Experiments
with different sizes of the alumina powder (40 nm, 20 um) confirmed that samples prepared from finer
powder exhibit higher relative density and nearly fully dense samples can be obtained at temperatures
lower by 200-300 °C compared to the coarser powder [11]. Parameters of the sintering environment
(e.g., dimensions of the graphite die, additives or sintering atmosphere) were examined as well.
Experiments on SPS nickel showed that samples prepared using graphite die with the same inner
diameter but larger outer diameter exhibited a finer microstructure and smaller grains, although the
effect on density was negligible [7].

In Ref. [8], tungsten samples with WC additive up to 10 vol% were prepared. By increasing the WC
percentage, higher relative density and hardness were obtained, compared to pure tungsten samples,
while the grain size was smaller. The grain size did not change with increasing WC percentage. In the
same work, attention was also paid to oxygen impurities in the W powder. Powder pre-treatment
by a reducing atmosphere (H;) within the SPS was applied. No effect on the density of the compacts
was observed, but significantly reduced oxygen content compared to the starting powder. Similar
reduction treatment on compacted powders prior to sintering was applied in Ref. [9]. It was found to
significantly improve the density of the sintered material, showing also a dependence on the reduction
temperature. The effect of the sintering atmosphere was also examined. Samples sintered in Ar reached
higher relative density and finer grain size than samples sintered in Hy. The densification in Ar was
faster and increased more slowly with the sintering temperature. Huang et al. [12] and Sestan et al. [13]
detected tungsten oxide in the form of WO, as a secondary phase in sintered W; this was attributed to
residual oxygen in the sintering chamber and/or impurity of the powder. While the oxidic particles
effectively inhibited grain growth by pinning the grain boundaries [12], they were also shown to have
potentially detrimental effects on thermal stability [13]. In Ref. [14], optimization of W sintering was
performed by introducing a holding step at intermediate temperature (1200 °C) before sintering at
1500-1800 °C. This resulted in particle rearrangement, suppression of pore boundary separation and
finer grains of the sintered products. Similar two-step sintering was applied by Choi et al. [15], and
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together with reducing powder treatment in H, atmosphere, enabled the fabrication of extremely
dense compacts (99.9% claimed).

During the sintering, a certain degree of inhomogeneity can occur, either due to spatial variation
of the temperature and pressure within the volume of the powder [16,17], or due to interdiffusion of
species between the powder and the surrounding materials. In Ref. [11], inhomogeneity in grain size
and microhardness were observed after the sintering of alumina micro- (~20 pm) and nano-powders
(40 nm). Grain size was decreasing from the sample centre to the edges, axially as well as radially.
Microhardness exhibited inhomogeneity as well; the central values were lower than the values close to
the surface in most measurements. The differences were more significant for the micropowder, while
nanopowder samples were considerably more homogenous. These inhomogeneities were assigned
to the pressure gradient—near the sample edges, the applied pressure could be lower than at the
centre [11]. Calculations in Ref. [17] indicated differences around 2% in temperature and up to 40% in
pressure, however, the latter applies to fully dense sample, while in powder, the pressure difference is
expected to be considerably smaller.

Several studies have also been devoted to the interaction of the sintered materials with different
foils in SPS. In Ref. [18], B¢O was sintered in graphite foil, with or without the addition of BN coating
and Ta foil. In both the latter cases, inward C diffusion was effectively suppressed, leading to a minor
improvement of density and hardness but a reduction in fracture toughness. When C foil was replaced
with Mo foil for SPS of CaF, transparent ceramics, carbon concentration in the compact was reduced
from 4.1 to 0.9 at%, resulting in higher transmittance and significantly larger grains [19]. Similarly;,
the use of Pt foil instead of C foil in SPS preparation of MgAl,O, transparent ceramics resulted in
the suppression of carbon contamination, absence of discoloration and slightly increased density [20].
In Ref. [21], spatial variation in grain size and density was studied for tungsten-heavy alloys sintered at
different conditions and dimensions; C foil was used to improve the temperature homogeneity during
the sintering. In Ref. [22], the effect of carbon on the reduction of intentionally oxidized Ni powders in
SPS was studied in different configurations of C and Cu foils. It was shown that a direct contact with a
source of carbon is critical for the elimination of the oxide, while the regions with reduced oxide films
showed more pronounced inter-particle necking. In those cases, the oxygen content was even lower
that in the non-oxidized starting powder. In Ref. [23], it was shown that carbon uptake can occur not
only by diffusion, but also by carbon evaporation at high heating rates and penetration into the sample
by open pores. Vilémova et al. [24] studied the effect of carbon diffusion on SPS-ed W-Cr alloy, using C
or W foil. In the former case, inward C diffusion led to the formation of (W,Cr),C, a decrease of the
melting point compared to W,C, formation of the liquid phase and its penetration through the sintered
material, associated with Cr depletion from the W+Cr solid solution. These effects were absent when
W foil was used. The formation of a WC surface layer on SPS-ed W due to carbon diffusion from the
graphite foil and die was observed in Ref. [13] and Ref. [10]. In the latter, additional application of BN
spray did not block the carbon uptake significantly, but slowed down its diffusion.

In Ref. [25], the effect on impurities at grain boundaries on the fracture behavior of polycrystalline
tungsten was studied. It was concluded that they do not have a significant influence on the fracture
resistance of the boundaries. Other factors, such as the grain shape, grain size distribution, texture,
dislocation density and temperature were found to have stronger effect.

In the present study, tungsten samples were prepared by SPS under various conditions.
The influence of the used foil (C or W); powder state (uncleaned or cleaned by annealing in reducing
atmosphere); and sintering conditions on the microstructure, porosity, mechanical and thermal
properties was studied. Spatial variation of the composition as well as some of the abovementioned
characteristics was also investigated.

2. Materials and Methods

The samples were prepared from tungsten powders (Global Tungsten & Powders, Bruntal, Czechia;
Figure 1) via spark plasma sintering, using an SPS 10-4 (Thermal Technology, Santa Rosa, CA, USA)
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equipment and a 20-mm inner diameter graphite die. A variety of preparation conditions were used;
these are summarized in Table 1. The parameters that were varied included the following:

- sintering environment (graphite or tungsten foil)
- sintering temperature (1700 or 2000 °C)

- sintering time (2 or 15 or 60 min)

- powder size (nominally 0.5 and 0.7 microns)

- powder state (uncleaned or cleaned)

(b)

Figure 1. SEM images of the 0.5 um (a) and 0.7 um (b) powders. The powders contain even finer

(a)

particles with various degrees of agglomeration, thus the nominal sizes are only approximate.

Table 1. Overview of the samples and preparation conditions. In the sample labels, the first letter
designates the powder state (C = cleaned, U = uncleaned), second letter the sintering temperature
(L = low, H = high), third letter the foil type (C = graphite, W = tungsten) and the number at the
end the sintering time in minutes. The powder size in this table is a nominal value provided by the
manufacturer; the sizes of individual grains varied, as shown in Figure 1.

Label Powder Powder Temperature  Pressure Time Foil Pellet Thickness
Size (um) State Q) (MPa) (min) (mm)

ULC2 0.7 1700 80 2 C 3
ULW2 0.7 1700 80 2 \4% 3
UHC60 0.7 2000 70 60 C 3
UHW60 0.7 2000 70 60 \4% 3
CLC2 0.7 cleaned 1700 80 2 C 2
CLW15 0.5 cleaned 1700 70 15 \4% 3
ULW15 0.5 1700 70 15 \4% 3
CLC15 0.5 cleaned 1700 70 15 C 3
ULC15 0.5 1700 70 15 C 3

As graphite foil is conventionally used during SPS, this often results in carbon diffusion into the
sample. Therefore, tungsten foil was also used with the prospect of limiting the carbon intake. Different
sintering temperatures and times were applied to see the effect on carbon diffusion. While a short
sintering time (typically 2-3 min) is usually needed during SPS, longer times were used on purpose in
some cases to boost the carbon diffusion. The temperature was measured by a pyrometer in a hole
going through the die up to 5 mm from the sample; the actual temperature in the sintered material
was likely somewhat higher. The sintering took place under He atmosphere at 60 Pa, to suppress
potential oxidation by the air remnants. Two powder states were also used to evaluate the effect of
oxygen contamination, as minor oxidation of tungsten powders takes place during storage even at
room temperature. The powder labeled as ‘cleaned” was annealed in an Ar+7%H; mixture at 900 °C
for 1 h to remove the oxide. Prior to characterization, remnants of the foils were removed from the
sintered compacts by grinding.
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The samples were subject to comprehensive characterization, as described below. However, not all
techniques were applied on all samples.

Microstructures of the sintered compacts—both on polished cross sections and fracture
surfaces—were observed by scanning electron microscopy (SEM), using EVO MA 15 (Carl Zeiss SMT,
Oberkochen, Germany) microscope. On the SEM images, porosity and grain size were determined by
image analysis using Image] software (National Institute of Health, Bethesda, MD, USA). Five images
in each region of interest were analyzed.

For determining the composition, several techniques were used. On a macroscopic scale, inert gas
fusion technique was applied to determine the oxygen and carbon content in powders and pieces of
the compacts, using LECO ONH836 and LECO CS844 instruments (LECO Corporation, St. Joseph, MI,
USA), respectively [26]. On a microscopic scale, energy-dispersive spectrometry (EDS; XFlash 5010,
Bruker, Berlin, Germany) in the SEM was used to obtain qualitative elemental maps of W, C and O
on polished cross-sections and fracture surfaces. On a semi-local scale, oxygen and carbon contents
were determined by glow discharge spectrometry (GDS, GD Profiler II, Horiba Jobin Yvon, Palaiseau,
France) [27]. To obtain through-thickness profiles, measurements were repeated after successive
grinding of layers of varying thickness (see Figure 2); at each point, GDS measurement was performed
for about 30 s, during which about 7 um of material were sputtered away in a circular area of 4 mm
diameter. To enable quantitative analysis, calibration of the GDS intensities was performed using a
pure W sample (Plansee, ITER-qualified grade, 99.97% purity, C < 30 ppm, O < 20 ppm) and W+WC
and W+WOj3; samples of known compositions prepared in-house by SPS. For these, W was mixed
with WC and WO3; powders in a ball mill at two compositions each, resulting in mixtures having
1 and 1.5 wt% C and 0.8 and 1.7 wt% O. These were subsequently sintered at 2000 °C (W+WC) or
1400 °C (W+WO3) at 60 MPa for 3 min. Six-millimetre-thick pellets were cut in half along the planar
surface and the innermost surface was used for the GDS measurement, to minimize the sintering
environment effects. Additionally, x-ray diffraction (XRD) measurements were performed on the
fracture surfaces using D8 Discover diffractometer (Bruker, Karlsruhe, Germany). Phase analysis with
full profile Rietveld refinement was performed to provide a semi-quantitative comparison of tungsten
oxide content.

Thermal diffusivity was determined by laser flash technique at several temperatures between 20
and 400 °C, using an LFA 1000 (Linseis, Selb, Germany) instrument. For this measurement, samples of
~2 % 10 X 10 mm dimensions were used.

Flexural strength was determined by 3-point bending using an Instron 1362 universal testing
machine with a 8800 control unit (Instron, High Wycombe, UK). Supports with 5 mm diameter,
support span of 14.55 mm and loading rate of 0.5 mm/min were used. Two-dimensional variation of
microhardness was determined on polished cross sections of the compacts, using Qness Q10 universal
micro-hardness tester (Qness, Golling an der Salzach, Austria), with Vickers indenter, 500 g load and a
matrix of 19 X 11 indents.
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Figure 2. Through thickness carbon content (a) and oxygen content (b) in the ULW2, ULC2, UHW60,
UHC60 and CLC2 samples, determined by GDS. Sample surface is on the left.

3. Results

3.1. Chemical (In)homogeneity

Elements other than tungsten come from two principal sources—oxygen as an impurity in the
powder, and carbon via diffusion from the graphite die and foil used during the sintering.

Initial IGF measurements on a 2 pm W powder after extended period of storage indicated
0.099 + 0.002 wt% of oxygen, while after annealing in Ar+H2 atmosphere, this was reduced to
0.052 + 0.001 wt%. The oxidation process is affected by the specific surface, depending on the
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characteristic powder size. Nominal oxygen content, as stated by the powder manufacturer, was <0.1%
for the 2 um W powder, <0.2% for the 0.7 um W powder and <0.3% for the 0.5 pm W powder.

IGF measurements on pieces of W compacts equivalent to the ULC2 and UHC60 samples from
Table 1 showed oxygen content in the 0.002 to 0.005 wt% range, i.e., smaller than found in the powder,
without a clear trend with respect to the processing conditions. Carbon content was found in the
0.002 to 0.186 wt% range. While the results from different pieces of the ULC2-type samples were
rather uniform, results from pieces of the UHC60-type sample were quite scattered, indicating an
inhomogeneous carbon distribution in the sample. This could be expected in light of the higher
sintering temperature and longer time, favoring inward C diffusion.

As the abovementioned initial results were only indicative, a more systematic study was carried
out on the samples listed in Table 1.

Figure 2 shows the content of carbon and oxygen, determined by GDS at various depths from
the surface to the center of the ULC2, ULW2, UHC60, UHW60 and CLC2 specimens. Concerning the
carbon content, a general trend of higher values at higher sintering temperatures can be observed.
Also, in most cases a slight gradient from the surface (close to the graphite foil and die) to the center can
be seen. The high value found at the innermost point of the ULW2 sample is rather unexpected; we do
not have any explanation for such a trend and tend to consider it an outlier (possibly caused by a local
impurity or an erroneous measurement). Still, it falls within the same range as the other data points.
The carbon content in the CLC2 sample is the lowest, without a distinct gradient. Overall, the carbon
content is very low (~0.02 wt%). Despite this, it can have pronounced effects on the microstructure and
properties, as will be shown in the following sections. Concerning the oxygen, the highest content was
found in the lower-temperature samples (ULW2 and ULC2), while for the UHW60, UHC60 and CLC2
it was consistently lower and similar in all three cases. The overall trend of lower oxygen content
with higher sintering temperature, as well as opposite trends of carbon and oxygen in the ULW2 and
ULC2 samples (which show a through-thickness gradient), indicate that the diffusing carbon has a
reducing effect. Such an effect was also reported for other materials in Refs. [28,29]. In the CLC2
sample, the lower oxygen content in the starting powder (cleaned) likely contributed to the lower final
values. It should be noted that the profiles shown in Figure 2 do not necessarily reflect purely diffusion
phenomena, but may also encompass carbon-oxygen reaction and their transport in the gaseous phase.

Figure 3 shows details of the fracture surfaces of the CLW15, ULW15, CLC15 and ULC15 samples
and corresponding oxygen maps. As can be seen from the maps and corresponding SEM images
with distinct morphologies, the oxygen impurity tends to concentrate at grain boundary junctions.
This is considered to result from oxygen segregation during grain growth. This phenomenon is most
pronounced for the ULW15 sample (uncleaned powder, W foil), while most homogeneous oxygen
distribution was observed for the CLC15 sample (cleaned, C foil), which further supports the conclusion
about the reducing effect of carbon. EDS results, despite being only semi-quantitative, also confirm
this trend, see Table 2. Higher oxygen content is found for the uncleaned powder than for the cleaned
powder, and for the samples sintered in W foil than for those sintered in the C foil. The same trend
is also shown by the XRD results. These numbers are higher than those from the GDS, as the oxides
concentrate on the grain boundaries and get exposed during the fracture (polished surface of the
ULW15 sample showed 0.56 wt% WO,; Figure 4). The WO, phase was also identified by electron
diffraction in SPS W in Refs. [12,13]. It may have formed as a result of incomplete reduction of the
more naturally occurring WO3 [30-32] or through segregation of oxygen dissolved in the W matrix
or adsorbed on the W powder grains [12,33]. Contrary to oxygen impurities, present in the form of
tungsten oxide, no tungsten carbide was detected in any of the XRD patterns.

Overall, the content of oxygen and carbon in the samples was very small and close to the detection
limits of the applied analytical methods. Therefore, no conclusions are made from the absolute
numbers, but rather the trends within and between the samples.



Metals 2019, 9, 879 8 of 18

Figure 3. SEM images of fracture surfaces and corresponding O elemental maps of the CLC15 (a),
CLW15 (b), ULC15 (c) and ULW15 (d) samples. Elemental maps of W and C were also acquired, but
did not show notable trends, and thus, are not presented.
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Table 2. Content of carbon, oxygen and tungsten, determined by EDS, and content of WO,, determined
by XRD, on the fracture surfaces (wt%).

EDS XRD
Sample C (o) W WO,
CLC15 8.5 1.0 90.5 0
CLW15 10.4 1.7 87.8 1.96
ULC15 9.2 1.6 89.3 1.97
ULW15 9.6 22 88.2 6.16

ULW15 - polished surface

400

w
350
300
250

200

sqrt (counts)

150

100
50 W02

15 25 35 45 55 65 75
2 theta

Figure 4. XRD pattern from a polished surface of the ULW15 sample. The most prominent peaks of the
W and WO, phases are labeled.

3.2. Microstructural Features

As the compositional analysis indicated a gradient from the surface towards the center of the
samples, microstructural features were also analyzed in different regions within the sample. A schematic
is shown in Figure 5, which represents a vertical section through half of the cylindrical SPS sample.

Samples 1t

Samples 2t /
0,5mm
— — — — — — — — 1,25 mm

Samples 1m Samples 2m

2,5mm

1mm 1 mm

8-9 mm

Figure 5. Schematic of regions within the specimens analyzed for porosity and grain size (t = near top,
m = middle).
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Representative microstructures (polished cross sections) for the top and middle regions of the
CLC15, CLW15, ULC15 and ULW15 samples are shown in Figure 6. A slight variation in structure is
observed near the top surface of the ULC15 and ULW15 samples, while for the CLC15 and CLW15,
the structures are more uniform. Remarkable differences can be seen between the samples sintered
in C and W foil and between those from standard and cleaned powder. Samples sintered in C foil
generally feature lower porosity and smaller pores. Lower porosity is also observed in the samples
from cleaned powder. Therefore, both C foil and powder cleaning in reducing atmosphere have a
beneficial effect on decreasing the porosity. This could be attributed to enhanced surface diffusion, an
important sintering mechanism, which is otherwise hindered by the surface oxidation [34,35].

(a) (b)

() —\" SEC =

Figure 6. Representative microstructures of the CLC15 (a), CLW15 (b), ULC15 (c) and ULW15 (d)
samples (top and middle regions).

Figure 7 shows representative pore size distributions for the CLC15 and CLW15 samples, obtained
in the two most distant regions (cf. Figure 5), 2m (middle/center) and 2t (top/edge). In general, there
were only small differences in pore size distribution between the central and near-surface region of the
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samples (with the exception of the ULC15 sample). A significant difference in pore size due to the
foil material can be seen—larger pores result from sintering in W foil, as already indicated in Figure 6.
The samples made from the uncleaned powder (not shown here) had only slightly larger pores than
those from the cleaned powder. Figure 8 summarizes the trends in porosity and grain size, determined
by image analysis. Overall, only a small variation in grain size was observed. The samples sintered in
C foil had generally lower porosity than those sintered in W foil. The lowest porosity was obtained in
samples sintered in C foil from the cleaned powder and was highest in samples sintered in W foil from
the uncleaned powder. The differences between top and middle regions were again relatively small,
without a distinct trend that would apply to all samples.

CLC15 2t CLW15 2t
1800 - 1800 -
1600 - 1600 -
1400 - 1400 -
1200 - 1200
21000 - 21000 .
2 800 2 800
600 - 600 -
400 - 400
= Ml
o MEANANRNRNN L ‘I‘l‘l‘l‘l‘l‘-‘-‘- ““““ 0 .
01 04 07 1 13 16 19 22 25 28 2 6 10 14 18 22 26 30 34 38 42 46
pore area [um?] pore area [um?]
CLC152m CLW15 2m
1800 - 1800 -
1600 - 1600 -
1400 - 1400 |
1200 - 1200 -
21000 q 21000 4
2 800 - 2 800 -
600 - 600 -
400 400 |
200 - 200
0 - ; - 0 -
01 04 07 1 13 16 19 22 25 28 2 6 10 14 18 22 26 30 34 38 42 46
pore area [pm?] pore area [um?]

Figure 7. Pore size distributions in the near-surface (2t) and central (2m) regions of the CLC15 and
CLW15 samples.

C vs W foil - porosity and grain size
14

0 ‘l || || ll l| II ‘I I|

ClW152m ClW152t ULWI1S2m ULW152t CLC152m CLC152t ULC1S2m  ULC152t

[+

(=)}

»

N

M porosity [%] ® grain size [um]

Figure 8. Summary of effects of sintering foil and powder treatment on the porosity volume and grain
size of the CLC15, CLW15, ULC15 and ULW15 samples.
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3.3. Mechanical Properties

As the chemical and structural analyses indicated a certain degree of spatial distribution of these
characteristics, spatial variation of mechanical properties was investigated as well. Figure 9 shows 2D
maps of microhardness of the CLC15, CLW15, ULC15 and ULW15 samples. By comparing the four
graphs, several features can be identified. The CLW15 sample is the most homogeneous, followed by
the ULW15 and CLC15 samples, while the ULC15 one shows the highest variation in microhardness.
Both the starting powder state and the used foil have a distinct influence on the microhardness and
its distribution. The samples sintered from the cleaned powder show higher uniformity, for both C
and W foil. The samples sintered in C foil show a) stronger variation (higher values near the surfaces)
and b) overall much higher microhardness values than those sintered in W foil. This shows that the C
diffusion affects the entire sample volume, not just the near-surface region with higher C concentration.
It should be noted that XRD did not indicate any presence of tungsten carbides in these samples.
Typical hardness values of tungsten are around 300 HV [36]; those of reference ITER-qualified tungsten
are around 400 HV [37,38]. The hardness determined in our samples sintered in the C foil is close to
these values, while those sintered in the W foil show considerably lower hardness. The impurities in
these samples are thought to be responsible for weaker interparticle bonding and increased porosity [9],
which decreases the hardness.

HV 0.5

06

CLW15

=)
)
-~
o
®

HVO0.5

ULW15

2 4 6 8
x (mm) x (mm)

Figure 9. 2D microhardness maps of the CLC15, CLW15, ULC15 and ULW15 samples, obtained on
polished cross sections through the center of the samples. The left edges of the maps correspond to the
sample circumference, right edges to the central axis.

Results of the three-point bending tests are summarized in Table 3. Remarkably higher bending
strength is found for the samples sintered in C foil. Corresponding fracture surfaces that may explain
this behavior are shown in Figure 10. The character of the fracture in W-foil samples indicates weaker
bonding between the particles, as the fracture proceeded mostly along grain boundaries. Additionally,
tungsten oxide particles were identified at the grain junctions (cf. Figure 3). On the other hand, fracture
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of the C-foil samples shows a higher share of transgranular fracture, witnessing a stronger bonding of
the particles, which results in higher bending strength. Second-phase particles are generally absent on
the fracture surfaces. A characteristic feature is the presence of spheroidal micropores (bubbles). These
are possibly a consequence of tungsten oxide reduction by carbon, resulting in carbon oxide formation.
Such a reaction should be accompanied by tungsten carbide formation [32], but its amount could be
below the XRD detection limit. The C-foil samples have generally lower grain size than the W-foil
ones. In both cases, the reducing powder treatment improved the strength by lowering the amount of
tungsten oxide.

As samples sintered in C foil had generally lower porosity than those sintered in W foil, this has
likely contributed to their higher hardness and bending strength. Quite a strong correlation between
porosity and bending strength can be seen in Figure 11.

@)

\& .

10 pm
—

(© (d)

Figure 10. Fracture surfaces of the CLC15 (a), CLW15 (b), ULC15 (c) and ULW15 (d) samples.
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Figure 11. Correlation of bending strength and porosity for the CLC15, ULC15, CLW15 and
ULW15 samples.
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Table 3. Bending strength of the CLC15, CLW15, ULC15 and ULW15 samples.

Sample Flexural Strength (MPa) Sample Flexural Strength (MPa)
CLC15 1550 + 93 CLW15 402 + 14
ULC15 1036 £ 70 ULW15 303 + 40

3.4. Thermal Properties

Thermal diffusivity values in the 20-400 °C range are shown in Figure 12 for the ULC2, ULW2,
UHC60, UHW60 and CLC2 samples (these samples represent a subset listed in the upper half of Table 1,
whose compositional analysis was shown in Figure 2, while the results from the subset listed in the
lower half of Table 2 are shown in Figures 3, 4 and 6-11). Here, the effects of the various processing
factors are not as dramatic as observed for the fracture strength. Higher diffusivity is achieved at
higher sintering temperatures and longer times (UHC60 and UHW60 vs. ULC2 and ULW2), as could
be expected from better bonding of the particles and reduced porosity. Although the porosity was
not directly measured on these samples, such a linkage was demonstrated in Refs. [39,40]. A similar
positive effect is achieved by powder treatment in the reducing atmosphere (CLC2 vs. ULC2). A rather
small effect of the sintering foil is observed—UHC60 and UHW60 are practically identical, while ULC2
has only slightly higher diffusivity than ULW2. A gradual decrease of diffusivity with temperature,
typical for tungsten, is seen for all samples. The highest values in this set represent ~93% (at RT) or
~88% (at 400 °C) of the values of ITER-qualified tungsten manufactured by Plansee [41].

Thermal diffusivity

0.65

—e—ULC2
uLw2
UHC60
UHW60

—e—CLC2

0.6

0.55

0.5

0.45

Thermal diffusivity [cm2/s]

0.4

0.35
0 50 100 150 200 250 300 350 400 450

Temperature [C]

Figure 12. Temperature dependence of thermal diffusivity of the ULC2, ULW2, UHC60, UHW60 and
CLC2 samples.

4. Discussion

In this section, some more remarks are presented in a summarizing fashion. This study was
focused on the issues of structural and chemical homogeneity and the role of oxygen and carbon
impurities. Despite their small content, they were demonstrated to influence the structure and
properties significantly. The presence of oxygen is attributed primarily to the surface oxidation of the
fine-grained powder, which can occur even at room temperature. Additionally, it may come from
air remnants adsorbed on the powder particles, which may not be completely removed during the
sintering chamber evacuation. Upon sintering, the oxygen impurities tend to form tungsten oxide
particles, which are found primarily at the grain boundaries and their junctions. While they may act
as grain-growth inhibitors through grain-boundary pinning (similarly to other dispersion particles
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introduced intentionally) [12], they may also reduce the material’s ductility [33] and/or undermine
high-temperature stability due to a lower melting point (~1700 °C [42]) [13]. Oxygen impurities also
affect the sintering efficiency, as indicated in Refs. [9,43] and in our results, showing higher porosity
in samples sintered in the W foil (Figure 13). Their amount can be effectively suppressed, although
not completely eliminated, by powder pre-treatment in a reducing atmosphere. Furthermore, the
interaction of oxygen impurities with carbon was observed. Based on our results and other works
presented in the introduction, a possible interaction mechanism can be proposed as follows. Carbon
diffuses from the graphite die and graphite foil and reduces the oxides (this is supported by the
opposite trends in oxygen and carbon content in the samples showing significant gradients, and by
higher carbon and lower oxygen content in samples sintered at higher temperatures, where diffusion
was promoted; in Figure 2). The presence of microbubbles in the samples sintered in C foil (Figure 3a,c,
Figure 10a,c) suggests the possible formation of carbon oxide (although they may have formed by
entrapped air remnants). Carbon intake from the graphite foil (and/or the die) can result in the
formation of a thin surface layer of tungsten carbide on the compacts at higher sintering temperatures,
which could be easily removed by grinding; however, carbon effects were found throughout the entire
volume of the samples (see e.g., Figure 9). Although carbon is often considered a contaminant, our
results show its effects can be beneficial as well—lower porosity (Figure 8), higher strength (Table 3)
and hardness (Figure 9). On the other hand, samples sintered in the C foil featured a higher degree of
spatial variation (Figures 6 and 9). The replacement of the C foil with a W one suppresses the inward C
diffusion to some extent, resulting in samples that are more spatially homogeneous, but with higher
porosity and lower strength. While the effects of the powder pre-treatment are clearly positive, those
of the sintering foil are more ambiguous. Clearly, more work on the sintering optimization is desirable.

Oxygen content vs. porosity
2:5

ULW15
2 R?=0.9101

A
15 ULHJ.S

1 CLC15

oxygen content (wt%)

0 2 4 6 8 10 12 14
porosity (%)

Figure 13. Correlation of porosity (Figure 8) with oxygen content (determined by EDS on the fracture
surfaces, Table 2).

5. Conclusions

In this study, the influence of sintering conditions (such as temperature and duration), sintering
environment (C or W foil) and purity of the powder on the structural and chemical homogeneity of W
materials prepared by SPS was analyzed. Porosity, hardness and fracture strength are significantly
affected, while thermal diffusivity rather moderately, and grain size only a little. During sintering
in carbon environment, the carbon diffusion (from the graphite foil and/or die) is a significant factor.
Despite spatial gradients from the surface to the inside, it affects the entire volume of the compacts.
While the usage of W foil instead of C foil suppresses the inward diffusion of carbon to some extent, its
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effects are not beneficial in all aspects. The samples sintered in C foil show more variation of structure
and properties near the surfaces; those sintered in W foil are very homogeneous. The combination
of powder cleaning (annealing in a reducing atmosphere) and C foil leads to the lowest porosity,
highest fracture strength and highest thermal diffusivity, which are all beneficial for the application as
plasma-facing material.

The information on the spatial variation of the material characteristics (structure, composition,
properties) is important for the selection of samples from the sintered compacts for specific analyses.
The information on the effects of specific processing factors is useful in further optimization of
the process.
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