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Abstract: Tungsten is the prime candidate material for the plasma-facing components of fusion
reactors. For the joining of tungsten armor to the cooling system or support structure, composites or
graded interlayers can be used to reduce the stress concentration at the interface. These interlayers can
be produced by several technologies. Among these, spark plasma sintering appears advantageous
because of its ability to fabricate fully dense parts at lower temperatures and in a shorter time than
traditional powder metallurgy techniques, thanks to the concurrent application of temperature,
pressure, and electrical current. In this work, spark plasma sintering of tungsten-steel composites
and functionally graded layers (FGMs) was investigated. As a first step, pure tungsten and steel
powders of different sizes were sintered at a range of temperatures to find a suitable temperature
window for fully dense compacts. Characterization of the sintered compacts included structure
(by SEM); porosity (by the Archimedean method and image analysis); thermal diffusivity (by the
flash method) and mechanical properties (microhardness and flexural strength). Compacts with
practically full density and fine grains were obtained; while the temperature needed to achieve full
sintering decreased with decreasing powder size (down to about 1500 °C for the 0.4 pm powder).
For fully sintered compacts, the hardness and thermal diffusivity increased with decreasing powder
size. Composites with selected tungsten/steel ratios were produced at several conditions and
characterized. At temperatures of 1100 °C or above, intermetallic formation was observed in the
composites; nevertheless, without a detrimental effect on the mechanical strength. Finally, the
formation of graded layers and tungsten-steel joints in various configurations was demonstrated.

Keywords: plasma facing components; tungsten; steel; spark plasma sintering; composites; FGMs

1. Introduction

Plasma-facing components in future fusion reactors will be subjected to extremely
harsh conditions, namely high particle and heat fluxes from the hot plasma [1]. Such a
demanding environment poses stringent requirements on the applied materials, which can
be fulfilled only by very few of them. Tungsten is the prime candidate for the plasma facing
armor, namely thanks to its refractory nature (high melting point and high strength at
elevated temperatures), high sputtering threshold, good thermal conductivity, low tritium
retention, etc. [2,3]. However, it has serious limitations due to its mechanical properties
(brittleness at low temperatures, propensity to recrystallization at higher temperatures,
poor machinability) [2]. Therefore, it can be used only as an armor, without a structural
function. The armor needs to be joined to a cooling or load-bearing construction system. For
ITER, the largest tokamak currently under construction, the cooling system of the divertor
will be made of copper-based material [4]. For DEMO, the future demonstration power
plant, reduced-activation ferritic-martensitic steel is foreseen as the main structural material,
primarily for the first wall /blanket system [5-7]. For both material combinations—W/Cu
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and W/steel—there is a large mismatch of thermal expansion coefficients (CTEs), which
leads to stress concentration upon thermal excursions. To alleviate the stress concentration
at the joint, replacement of a sharp interface by a gradual transition may be beneficial [5-7].
According to [6], at least 1 mm thickness of the graded layer is needed for proper redistri-
bution of the stresses. In this case, the role of the so-called functionally graded materials
(FGMs) is to provide a gradual transition of CTEs, whereas in other applications, such
as aerospace, metal-ceramic FGMs are often used, taking advantage of the mechanical
strength of metals and the thermal and corrosion resistance of ceramics [8,9]. For the FGM
formation in fusion applications, several techniques have been explored. These include, for
example, coating techniques (plasma spraying, laser cladding, physical vapor deposition,
electrodeposition) and powder metallurgy techniques (hot isostatic pressing, hot pressing,
spark plasma sintering, resistance sintering under ultra-high pressure). A preliminary
assessment of their advantages and drawbacks was provided, e.g., in [10,11]. From the
latter group, spark plasma sintering holds the advantage of achieving fully dense products
at lower temperatures and shorter times than conventional sintering techniques [12,13].
The limited thermal exposure induces only moderate grain growth and reduces the like-
lihood of intermetallic formation, etc., which could be beneficial for the properties and
performance of the consolidated materials [14].

For the most exposed components, several mm of tungsten are needed for the armor,
to ensure adequate thermal protection of the underlying materials, as well as a sufficient
lifetime of the armor itself, which will undergo erosion by the plasma particles [15]. Such
thickness can be achieved only by bulk fabrication techniques, while the coating techniques
are applicable only to less exposed components.

This study is dedicated to the processing of tungsten-steel composites and FGMs by
spark plasma sintering and their characterization. The aims of this work were as follows:

e Find optimal sintering conditions for the pure tungsten and steel materials and
their composites;
Perform basic characterization of the relevant properties;
Demonstrate the capability of the SPS technique to form FGMs in various configura-
tions as well as joints with bulk counterparts.

First, process optimization for pure tungsten and steel products are presented to-
gether with their key characteristics. The second part will focus on the formation and
characterization of composites, FGMs, and joints.

2. Materials and Methods

Pure commercial tungsten powders of several nominal sizes (as designated by the
manufacturers), —20 um (Osram Sylvania, Towanda, PA, USA), ~4 um, ~2 pm, ~0.7 um and
~0.4 pm (Global Tungsten and Powders, Bruntél, Czech Republic) and P91 steel powder
(—20 um, Karlsruhe Institute of Technology, Karlsruhe, Germany) were used. The sintering
was performed in an SPS 10-4 machine (Thermal Technology, Santa Rosa, CA, USA) at
60-80 MPa pressure for 2 min at the maximum temperature, using graphite die and punches
lined with a graphite foil and an inert atmosphere. Sintering temperatures were varied and
will be mentioned below in specific cases. The temperatures were measured by a pyrometer
pointing at a narrow hole in the die, about 5 mm from the sample surface (standard setup
of the device for high-temperature materials). Sintered compacts of ~19 mm diameter and
~3 mm thickness were prepared.

Structural observations were performed in an EVO MA-15 scanning electron micro-
scope (SEM; Carl Zeiss SMT, Oberkochen, Germany) on polished cross-sections. Porosity
was determined by the Archimedean method (AM) with water immersion and, alterna-
tively, by image analysis (LA) of the SEM images of polished cross-sections [16]. For the
latter, Image] software (v. 1.44, National Institutes of Health, Bethesda, MD, USA) was
used, applying the area fraction metric after suitable thresholding. Five images were taken
from each sample. Thermal diffusivity was determined by the flash method [17,18], us-
ing FL-3000 (Anter Corp., Pittsburgh, PA, USA) and LFA 1000 (Linseis, Selb, Germany)
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instruments. Microhardness measurements [19] were performed on polished cross-sections
using a Nexus 4504 (Innovatest, Maastricht, The Netherlands) instrument with a Vickers
indenter, 3 N load and 10 s loading time, taking an average of 12 indentations positioned in
the central region of the sample. The flexural strength of selected composites was deter-
mined by three-point bending on 19 x 4 x 3 mm samples using an Instron 1362 universal
testing machine with an 8800 electronic control system (Instron, High Wycombe, UK).
Fractographic analysis of the broken samples was carried out by SEM in the areas loaded
in tension mode.

3. Results
3.1. Pure Tungsten

To find suitable conditions for proper sintering, a range of temperatures was used
for each powder. Figure 1 shows the porosity dependence on sintering temperature.
Expectedly, the porosity decreases with increasing temperature. In addition, for finer
powders, the temperature needed to achieve nearly full density decreased from ~2100 °C
for the —20 pm powder to ~1500 °C for the 0.4 um powder. This agrees reasonably
with the study by Autissier et al., where densities above 95% were achieved at 1900 °C
for 5-10 um powder [20]. Cross-section observation of the non-fully sintered compacts
(Figure 2) revealed that the porosity is concentrated close to the sample surfaces, while
the central region is much denser. This was confirmed by image analysis in the central
regions of the respective samples (Figure 1b) showing significantly lower porosity values.
Nevertheless, sintering conditions leading to nearly full density are important, and the
corresponding temperature range was determined from the Archimedean porosity data.
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Figure 1. Effect of sintering temperature on porosity for tungsten of different powder sizes; (a) results
from Archimedean method (AM), entire sample; (b) image analysis (IA), dense central region.

Besides the sintering temperature, the applied pressure and dwell time are also impor-
tant parameters. For most of the experiments, a maximum pressure (limited by the nominal
strength of the graphite die) of 80 MPa was used. When a slightly lower pressure of 60 MPa
was used for the sake of longevity of the graphite die, similar porosities were observed
(Table 1). Therefore, in this range, the applied pressure is not the critical parameter. Regard-
ing the sintering time, the densification progress was monitored in real time during the
experiments (by displacement of the punches), and it was found that 2 min were sufficient
to achieve a steady state. Such short processing times present a significant advantage of the
SPS technique over traditional sintering techniques.

Figure 3 shows a representative microstructure of a nearly fully sintered —20 um W
powder, prepared at 2000 °C. Grains typically with several yum in size are observed, with a
slight orientational contrast apparent in back-scattered electron observation mode, which
is typical for polycrystalline tungsten. Minor residual porosity can be observed as well.
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Similar microstructures were observed for fully sintered compacts from other powder sizes
as well.

B 200.0 um
m—

Figure 2. Cross-section of tungsten compact sintered at 1900 °C from the —20 um powder.

Table 1. Effect of sintering pressure on porosity (at 1600 °C).

Powder Size Pressure Porosity (AM) Porosity (IA)
(um) (MPa) (%) (%)
2 80 12.21 0.69
4 80 17.32 4.22
2 60 12.31 0.14
4 60 14.75 7.22

AM = Archimedean method on the entire sample, IA = image analysis in the central region. Typical coefficient
of variation for the Archimedean method is about 4%; for the image analysis, it ranged from ~10% for porous
samples to ~30% for highly dense samples.

-
. —
Figure 3. Microstructure of tungsten compact sintered at 2000 °C from the —20 um powder.

To get a clearer picture of typical grain sizes, surfaces of intentionally fractured samples
were also observed. Figure 4 shows representative fracture surfaces of the ~0.4 um powder
sintered at 1400 and 1700 °C. Grain sizes between 0.5 and 1 um and between 2 and 3 um
are observed at 1400 and 1700 °C, respectively. A similarly moderate increase in grain size
with the sintering temperature was found for the other powders. This indicates that grain
growth is rather limited, thanks to the relatively short processing times. In the study by
Ren et al., nanometric W powder (~50 nm) was used as a starting material for pressureless
sintering, still reaching similar grain sizes at conditions leading to ~full sintering [21].
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Figure 4. Fracture surfaces of samples sintered from the 0.4 um powder; (a) at 1400 °C, (b) 1700 °C.

Figure 5 shows the dependence of thermal diffusivity on sintering temperature. A
trend of increasing diffusivity with increasing sintering temperature is observed, as could
be expected by an improved densification. In addition, the following observations can
be made. For a moderate variation in temperature—and therefore porosity—diffusivity
varies only a little. This is in contrast to plasma sprayed coatings, for example, where
even a relatively small volume of (largely anisotropic) porosity can reduce the diffusivity
significantly [22]. Therefore, from the heat transfer point of view—being important for
plasma facing components—a small departure from full sintering is not critical. However,
even a small amount of porosity can considerably affect the interaction with plasma, as
shown in [23]. A second observation from Figure 5 is that, at the same sintering temperature,
compacts from finer powders generally exhibit slightly higher diffusivity (due to lower
porosity). The results for well-sintered compacts agree with the literature values for
conventional bulk tungsten (0.612 cm?/s at 100 °C [24]).

SPS W - thermal diffusivity

038
g 0.7 =
D e —aum
zo0s
= 8
5 04 ——-20um
% 03 —o—4 um
© 2
£ 0.2 =
5 ©—0.7 um
£ 01
—e—0.4 um
0
1300 1500 1700 1900 2100 2300

Sintering temperature [°C]

Figure 5. Influence of sintering temperature and powder size on the thermal diffusivity of tungsten
compacts (measured at 100 °C). Typical coefficient of variation of the thermal diffusivity measure-
ments is about 5% [17].

Microhardness values of selected samples are presented in Table 2. For the —20 um
powder, an increase of hardness with sintering temperature is observed—an inverse correla-
tion with porosity. For the finer powders, however, the similar or even lower temperatures
correspond already to the regime of full sintering, and the sintering temperatures do not
seem to have a strong effect on hardness. Decreasing the powder size leads to a notable
increase in hardness, as already observed in [25]. Although yield strength was not directly
measured, its correlation with hardness was demonstrated on a range of metallic materials
(e.g., [26,27]). Therefore, the hardness trend can also serve as a qualitative indication of the
trend in yield strength.
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Table 2. Vickers microhardness of selected tungsten samples.

Powder Size Temperature HV0.3

(um) Q)

—20 1800 232 +6

—20 1900 252+ 12

—20 2000 284 £5

—20 2100 348 £9

2 1800 364 + 13

2 2000 373 £11

0.7 1600 419 £ 12

0.7 1800 409 + 15

3.2. Pure Steel

Figure 6 shows representative microstructures of the steel compacts sintered at 800-1100 °C.
Significant densification can be seen already at 800 °C, while the boundaries of the orig-
inal particles are discernible up to 1000 °C. At 1100 °C, steel is practically fully sintered,
with only a minute amount of residual porosity. Similarly as with tungsten, the porosity
monotonously decreases with the sintering temperature (Figure 7) and, correspondingly,
thermal diffusivity increases (Figure 8). It is worth noting that the thermal diffusivity of
steel is roughly one order of magnitude lower than that of tungsten. This bears important
consequences for the design and performance of plasma facing components made with
this material combination—in contrast to those made of tungsten and copper [28] whose
thermal conductivity is more than twice that of tungsten. Since the steel sinters fully
at much lower temperatures than tungsten, no extensive variation of the conditions, as
performed for tungsten, was deemed necessary.

(a) (b)

20 um , 20 um
— ‘ . —

(©) (d)

Figure 6. Microstructures of the steel compacts (central regions) sintered at (a) 800 °C, (b) 900 °C,
(c) 1000 °C, (d) 1100 °C.
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Figure 7. Influence of sintering temperature on the porosity of steel compacts.
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Figure 8. Influence of sintering temperature on the thermal diffusivity of steel compacts (at 100 °C).

3.3. Tungsten-Steel Composites

For the formation of tungsten-steel composites, a range of sintering conditions was
also explored, albeit in a narrower range. Figure 9 shows the representative microstructures
of 75/25,50/50, and 25/75 mixtures of tungsten and steel powders, both with —20 pm size,
sintered at 1100 °C.

Figure 9. Cont.
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Figure 9. Microstructures of tungsten-steel composites sintered at 1100 °C. (a) 75% W, (b) 50% W,
(c) 25% W, (d) 25% W, near the sample surface.

The formation of well-sintered, dense composites at this temperature can be seen.
In addition, a thin layer of intermetallic (medium-grey phase) was formed on the tung-
sten/steel boundaries, due to mutual interdiffusion at the elevated temperature. Strings of
fine intermetallic particles can occasionally be seen in the steel phase, likely at the former
steel particle boundaries. In the 25% W composite (Figure 9c¢), thick diffusion regions in the
steel phase, without sharp boundaries, can be seen, indicating W-enriched areas around the
W particles. In the 50% W and 75% W composites, such regions extend over the entire steel
phase, due to shorter distances between the W particles. Figure 9d shows a microstructure
of the same 25% W composite, closer to the sample surface. Here, the intermetallic layer is
significantly thicker, illustrating that the interdiffusion may be affected by local variations
in the current density and temperature during sintering.

To study the effect of the sintering temperature on the degree of mutual bonding
and the intermetallic formation, sintering temperatures in the range of 1000 °C to 1400 °C
were used, see Figure 10. One can see that the composites formed at 1100 °C or above
are dense, while the intermetallic content progressively increases with the temperature,
until at 1400 °C it represents the dominant phase. Cracks can be seen in the intermetallic
(Figure 10d,e), spanning the entire thickness between W particles, testifying to its brittle
nature. At 1000 °C, its formation can be avoided; however, such conditions lead to only
partial sintering with rather high porosity. In [29], the properties of the individual phases
in these composites were investigated. The intermetallic phase was identified by X-ray
diffraction as having a Fe;Wg structure. It was found to have significantly higher hardness
and yield strength than tungsten, and a thermal conductivity slightly lower than P91 steel.
Here, the effects on the overall mechanical properties will be presented. Figure 11 shows
the flexural strength of the composites from Figure 10, determined by 3-point bending. A
gradual increase of flexural strength with the sintering temperature can be seen. This can be
attributed to the improved bonding of the particles. The intermetallic content (expectedly)
increases with temperature; one can conclude that—despite its brittle nature—it does not
undermine the overall strength of the composite.

Figure 12 shows details of the fracture surfaces of the composites after the 3-point
bending tests. In all cases, fracture surfaces correspond to the brittle nature of the compos-
ites as seen during the bending test. Highly porous sample sintered at 1000 °C displayed
easy debonding of loosely interconnected grains (Figure 12a). On the contrary, for the sam-
ples sintered at 1300 °C and 1400 °C with saturated flexural strength, transgranular failure
was dominant (Figure 12d,e). For both the tungsten and the intermetallic phase, a cleavage
fracture was typical. Secondary cracks were also observed, most of which nevertheless
originated from cracks originally present within the intermetallic phase as observed on
the cross-sections (Figure 10d,e). However, the bonding of tungsten and the surrounding



Materials 2022, 15,9037

90f17

intermetallic phase was excellent. Samples with intermediate sintering temperatures of
1100 °C and 1200 °C (Figure 12c,d) showed a mixture of intergranular debonding and a
brittle intragranular fracture within the evolving intermetallic phase corresponding to their
intermediate flexural strength.

Similarly to flexural strength, an increase in elastic moduli with the sintering tempera-
ture was observed, as determined by resonant ultrasound spectroscopy [30].

Figure 10. Microstructures of 75% W—25% steel composites sintered at various temperatures:
(a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C.
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Figure 11. Influence of sintering temperature on the flexural strength of tungsten-steel composites.

3.4. FGMs and Joints

Since the composites would ultimately be used as interlayers between bulk tungsten
and bulk steel, the formation of FGMs and joints was also explored. Figure 13 shows
a direct joint of pre-sintered pellets of pure W and pure steel, joined in SPS at 1100 °C.
A rather intimate contact along the interface is observed, with a thin layer (<1 pum) of
intermetallic and some porosity on the steel side. As an alternative to direct joints with a
sharp interface, the introduction of a thin interlayer between the steel and tungsten was
also examined. Figure 14 shows such an interlayer with 50/50 composition, introduced
between the steel and tungsten pellets and sintered at 1100 °C. In the composite interlayer,
signs of interdiffusion are again visible, but the intermetallic appeared in much smaller
amounts than in previous cases at the same temperature and formed rather small spots
instead of contiguous layers. Visually good bonding (free of gaps or cracks) of the interlayer
to both the tungsten and steel pellets can be seen; only at the steel-composite interface,
small pores can be found.

Another example of a composite interlayer is displayed in Figure 15. It consists
of 60/40 ratio of tungsten and steel powders, lightly ball-milled, and also with a thin
layer of pure steel powder introduced at the interface with tungsten. By comparison of
Figures 14a and 15a, one can see that the moderate milling improved the homogeneity
of the distribution of the individual phases in the composite. However, the thin layer of
pure steel powder did not maintain a uniform thickness upon sintering. The composite
again exhibits good bonding with pure tungsten and minor intermetallic formation at
the interfaces.

Next, stepwise FGMs of several layers were produced. Figure 16 shows a tungsten
pellet with a 4-layer FGM, consisting of 60%, 40%, and 20% W and 100% steel layers
(from powders of —20 um size). This FGM was sintered at 1000 °C in an attempt to
avoid the intermetallic formation. While the intermetallic did not form, as expected
(Figure 16b—d), the W-rich layer sintered only partially and did not form a proper bond
with the pure tungsten.

Figure 17 shows the microstructures of mixed layers (joined again to a tungsten pellet)
composed of steel (—20 um) and tungsten (~4 um) powders, lightly milled, sintered at
1000 °C (Figure 17a,c) and 1100 °C (Figure 17b,d). Fine tungsten powder was used to see
whether the smaller powder size would improve the sintering at a lower temperature
in combination with steel. Details of the mixed layers show that the combination of
finer tungsten and coarser steel powders resulted in reduced homogeneity of the layer,
despite the milling step prior to sintering. Apparently, the finer tungsten particles tend
to agglomerate with each other. Localized regions with larger W clusters experienced
incomplete sintering (Figure 17d). At 1000 °C, the intermetallic formation was again
avoided (Figure 17a), but it formed in significant amounts at 1100 °C (Figure 17b). In both
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cases, good bonding to the tungsten pellet was achieved (again with a thin interlayer of
pure steel powder (Figure 17¢,d).

Figure 12. Fracture surfaces of 75% W—25% steel composites sintered at various temperatures:
(a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C.
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(d)

Figure 14. Tungsten-steel joint with a 50/50 mixed interlayer, joined at 1100 °C. (a) overview; (b) detail of
the interlayer; (c) detail of the tungsten-composite interface; (d) detail of the composite-steel interface.
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Figure 15. Tungsten-steel joint with a 60/40 mixed and lightly milled interlayer, joined at 1100 °C.
(a) overview; (b) detail of the tungsten-composite interface.

Figure 16. Tungsten pellet with a 4-layer FGM, sintered at 1000 °C. (a) overview; (b) detail of 20/80
layer; (c) detail of 40/60 layer; (d) detail of 60/40 layer.

Figure 18 shows tungsten pellets with 3-layer FGMs consisting of 60/40, 40/60, and
20/80 layers of tungsten (4 pm) and steel (—20 pm) powders. This time, the powders were
milled more intensely to improve their mixing. As can be seen, the homogeneity of the
mixtures is significantly improved compared to the previous case. The composites feature
high density, although in the tungsten regions—formed from numerous fine particles of
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the starting powder—traces of the original particle boundaries can be seen. As expected
from the previous samples, the intermetallic phase formed in small amounts at 1100 °C,
but did not form at 1000 °C. Good bonding to the tungsten pellet was again observed.

A few concluding remarks regarding the Fe; W intermetallic may be made here. Based
on the above results, the ‘boundary’ temperature for its formation appears to be between
1000 and 1100 °C, although local differences in its thickness may occur due to variations
in local temperature and current density. Based on the results shown in Figure 18, which
could be regarded as an ‘optimized’ case of FGM formation, it could be avoided by using
the lower temperature, which, on the other hand, results in incomplete sintering of the
tungsten grains. Whether this could be a viable compromise is to be determined by a
performance test, such as heat flux testing of complete joints with the FGM interlayers. It
might be also noted that although the intermetallic can be avoided at the production step,
it is likely to form during service if the composites experience thermal exposure at levels
above ~1000-1100 °C.

.

“i‘

(c) (d)

Figure 17. Tungsten pellet with a 60/40 mixed layer with finer tungsten powder. (a) Detail of the
composite layer, sintered at 1000 °C; (b) detail of the composite layer, sintered at 1100 °C; (c) detail of
the composite-tungsten interface, sintered at 1000 °C; (d) detail of the composite-tungsten interface,
sintered at 1100 °C.
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(e) ()

Figure 18. Tungsten pellet with a 3-layer FGM (60/40, 40/60 and 20/80 mixed layers with finer
tungsten powder and extended milling. (a) Overview, sintered at 1000 °C; (b) overview, sintered
at 1100 °C; (c) detail of the composite layer, sintered at 1000 °C; (d) detail of the composite layer,
sintered at 1100 °C; (e) detail of the composite-tungsten interface, sintered at 1000 °C; (f) detail of the
composite-tungsten interface, sintered at 1100 °C.

4. Conclusions

Tungsten, steel, and tungsten-steel composites powders were produced by SPS at a
variety of conditions and their basic properties were characterized. Processing windows for
pure tungsten and steel were first explored, focusing mainly on the sintering temperature
and powder size. For tungsten, fine-grained structures (of the order of pum) were obtained.
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With decreasing powder size, the temperature needed for full sintering decreases; down
to about 1500 °C for the finest W powder. For fully sintered compacts, the hardness
(and thus yield strength) and thermal diffusivity increase with decreasing powder size.
For steel, a similar influence of the sintering temperature was observed. Tungsten-steel
composites were also formed at several compositions and sintering temperatures. At
temperatures suitable for proper sintering, i.e., at 1100 °C and above, an intermetallic
phase forms due to mutual interdiffusion. Despite its brittle nature, it does not prevent the
strength of the composites from increasing with the sintering temperature. At intermediate
conditions leading to good sintering yet minimized intermetallic formation, the successful
production of FGMs of several layers with discrete compositions and joints with bulk
materials was demonstrated. The results can serve as a basis for the processing of tungsten-
steel composites and FGMs for plasma-facing components.

Author Contributions: Conceptualization, ].M.; methodology, ].M. and R.M.; investigation, ].M.,
RM.,, Z.D., VK. and L. K; resources, ].M.; writing—original draft preparation, ].M.; writing—review
and editing, ].M., RM. and V.K; project administration, ].M.; funding acquisition, ].M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Czech Science Foundation, grant numbers P108/12/1872
and GA17-23154S, and GB14-36566G, and the European Fusion Development Agreement, grant
number WP13-MAT-HHFM.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Matéjicek, J. Materials for Fusion Applications. Acta Polytech. 2013, 2, 197-212. [CrossRef] [PubMed]

2. Pintsuk, G. Tungsten as a Plasma-Facing Material. In Comprehensive Nuclear Materials; Konings, R.J.M., Ed.; Elsevier: Amsterdam,
The Netherlands, 2012; Volume 4, pp. 551-581.

3. Rieth, M,; Dudarev, S.L.; Gonzalez De Vicente, S.M.; Aktaa, J.; Ahlgren, T.; Antusch, S.; Armstrong, D.E.J.; Balden, M.; Baluc, N.;
Barthe, M.-F;; et al. Recent Progress in Research on Tungsten Materials for Nuclear Fusion Applications in Europe. J. Nucl. Mater.
2013, 432, 482-500. [CrossRef]

4. Pitts, R.A.; Carpentier, S.; Escourbiac, F; Hirai, T.; Komarov, V.; Kukushkin, A.S.; Lisgo, S.; Loarte, A.; Merola, M.; Mitteau, R.;
et al. Physics Basis and Design of the ITER Plasma-Facing Components. |. Nucl. Mater. 2011, 415, S957-5964. [CrossRef]

5. Weber, T; Stiiber, M.; Ulrich, S.; Vaflen, R.; Basuki, W.W.; Lohmiller, J.; Sittel, W.; Aktaa, J. Functionally Graded Vacuum Plasma
Sprayed and Magnetron Sputtered Tungsten/ EUROFER97 Interlayers for Joints in Helium-Cooled Divertor Components. J. Nucl.
Mater. 2013, 436, 29-39. [CrossRef]

6. Heuer, S.; Weber, T.; Pintsuk, G.; Coenen, ].W.; Matejicek, J.; Linsmeier, C. Aiming at Understanding Thermo-Mechanical Loads
in the First Wall of DEMO: Stress—Strain Evolution in a Eurofer-Tungsten Test Component Featuring a Functionally Graded
Interlayer. Fusion Eng. Des. 2018, 135, 141-153. [CrossRef]

7.  Heuer, S.; Coenen, ].W.; Pintsuk, G.; Matgjicek, J.; Vilémovad, M.; Linsmeier, C. Overview of Challenges and Developments in
Joining Tungsten and Steel for Future Fusion Reactors. Phys. Scr. 2020, T171, 014028. [CrossRef]

8.  Zhou, W,; Zhang, R.; Ai, S.; He, R;; Pei, Y.; Fang, D. Load Distribution in Threads of Porous Metal-Ceramic Functionally Graded
Composite Joints Subjected to Thermomechanical Loading. Compos. Struct. 2015, 134, 680-688. [CrossRef]

9. Miteva, A.; Bouzenkova-Penkova, A. Some Aerospace Applications Of Functionally Graded Materials. Aerosp. Res. Bulg. 2021, 33,
195-209. [CrossRef]

10. Weber, T.; Aktaa, J. Numerical Assessment of Functionally Graded Tungsten/Steel Joints for Divertor Applications. Fusion Eng.
Des. 2011, 86, 220-226. [CrossRef]

11. Matéjicek, J.; Nevrld, B.; Vilémova, M.; Boldyryeva, H. Overview of Processing Technologies for Tungsten-Steel Composites and
FGMs for Fusion Applications. Nukleonika 2015, 60, 267-273. [CrossRef]

12.  Saheb, N.; Igbal, Z.; Khalil, A.; Hakeem, A.S.; Al Aqgeeli, N.; Laoui, T.; Al-Qutub, A.; Kirchner, R. Spark Plasma Sintering of Metals
and Metal Matrix Nanocomposites: A Review. |. Nanomater. 2012, 2012, 983470. [CrossRef]

13.  Orru, R;; Licheri, R.; Locci, A.M.; Cincotti, A.; Cao, G. Consolidation/Synthesis of Materials by Electric Current Activated / Assisted

Sintering. Mater. Sci. Eng. R Rep. 2009, 63, 127-287. [CrossRef]


http://doi.org/10.14311/1761
http://www.ncbi.nlm.nih.gov/pubmed/36421210
http://doi.org/10.1016/j.jnucmat.2012.08.018
http://doi.org/10.1016/j.jnucmat.2011.01.114
http://doi.org/10.1016/j.jnucmat.2013.01.286
http://doi.org/10.1016/j.fusengdes.2018.07.011
http://doi.org/10.1088/1402-4896/ab47a4
http://doi.org/10.1016/j.compstruct.2015.08.113
http://doi.org/10.3897/arb.v33.e14
http://doi.org/10.1016/j.fusengdes.2010.12.084
http://doi.org/10.1515/nuka-2015-0049
http://doi.org/10.1155/2012/983470
http://doi.org/10.1016/j.mser.2008.09.003

Materials 2022, 15, 9037 17 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

Munir, Z.A.; Anselmi-Tamburini, U.; Ohyanagi, M. The Effect of Electric Field and Pressure on the Synthesis and Consolidation
of Materials: A Review of the Spark Plasma Sintering Method. ]. Mater. Sci. 2006, 41, 763-777. [CrossRef]

Davis, ].W.; Barabash, V.R.; Makhankov, A.; Plochl, L.; Slattery, K.T. Assessment of Tungsten for Use in the ITER Plasma Facing
Components. |. Nucl. Mater. 1998, 258-263, 308-312. [CrossRef]

Matéjicek, J.; Kolman, B.; Dubsky, J.; Neufuss, K.; Hopkins, N.; Zwick, J. Alternative Methods for Determination of Composition
and Porosity in Abradable Materials. Mater. Charact. 2006, 57, 17-29. [CrossRef]

ASTM Standard E1461—13; Standard Test Method for Thermal Diffusivity by the Flash Method. ASTM International: West
Conshohocken, PA, USA, 2013.

ASTM Standard E2585-09; Standard Practice for Thermal Diffusivity by the Flash Method. ASTM International: West Con-
shohocken, PA, USA, 2009.

ASTM Standard E384-17; Standard Test Method for Microindentation Hardness of Materials. ASTM International: West Con-
shohocken, PA, USA, 2017.

Autissier, E.; Richou, M.; Minier, L.; Naimi, F; Pintsuk, G.; Bernard, F. Spark Plasma Sintering of Pure and Doped Tungsten as
Plasma Facing Material. Phys. Scr. 2014, T159, 014034. [CrossRef]

Ren, C.; Fang, Z.Z.; Zhang, H.; Koopman, M. The Study on Low Temperature Sintering of Nano-Tungsten Powders. Int. J. Refract.
Met. Hard Mater. 2016, 61, 273-278. [CrossRef]

Vilémova, M.; Matéjicek, J.; Musalek, R.; Nohava, J. Application of Structure-Based Models of Mechanical and Thermal Properties
on Plasma Sprayed Coatings. J. Therm. Spray Technol. 2012, 21, 372-382. [CrossRef]

Vilémova, M.; Matéjicek, J.; Nevrla, B.; Chernyshova, M.; Gasior, P.; Kowalska-Strzeciwilk, E.; Jager, A. Heat Load and Deuterium
Plasma Effects on SPS and WSP Tungsten. Nukleonika 2015, 60, 275-283. [CrossRef]

Material Property Database (MPDB); ver. 6.79, rel.; JAHM Software: North Reading, MA, USA, 2013.

Nevrla, B.; Vilémova, M.; Matgji¢ek, ]. Thermal and Mechanical Properties of Tungsten Compacts Prepared by SPS. In Proceedings
of the 13th Youth Symposium on Experimental Solid Mechanics, Dé¢in, Czech Republic, 29 June-2 July 2014; pp. 80-83.

Gasko, M.; Rosenberg, G. Correlation Between Hardness and Tensile Properties in Ultra-High Strength Dual Phase Steels. Mater.
Eng. 2012, 18, 155-159.

Krishna, S.C.; Gangwar, N.K,; Jha, A.K,; Pant, B. On the Prediction of Strength from Hardness for Copper Alloys. |. Mater. 2013,
2013, 1-6. [CrossRef]

Pintsuk, G.; Briinings, S.E.; Doring, J.E.; Linke, J.; Smid, I.; Xue, L. Development of W /Cu-Functionally Graded Materials. Fusion
Eng. Des. 2003, 66—68, 237-240. [CrossRef]

Matgjicek, J.; Nevrla, B.; Cech, J.; Vilémova, M.; Klevarova, V.; Hausild, P. Mechanical and Thermal Properties of Individual
Phases Formed in Sintered Tungsten-Steel Composites. Acta Phys. Pol. A 2015, 128, 718-721. [CrossRef]

Koller, M.; Kruisova, A.; Musalek, R.; Matéjicek, ].; Seiner, H.; Landa, M. On the Relation between Microstructure and Elastic
Constants of Tungsten/Steel Composites Fabricated by Spark Plasma Sintering. Fusion Eng. Des. 2018, 133, 51-58. [CrossRef]


http://doi.org/10.1007/s10853-006-6555-2
http://doi.org/10.1016/S0022-3115(98)00285-2
http://doi.org/10.1016/j.matchar.2005.12.004
http://doi.org/10.1088/0031-8949/2014/T159/014034
http://doi.org/10.1016/j.ijrmhm.2016.10.003
http://doi.org/10.1007/s11666-012-9739-0
http://doi.org/10.1515/nuka-2015-0061
http://doi.org/10.1155/2013/352578
http://doi.org/10.1016/S0920-3796(03)00220-5
http://doi.org/10.12693/APhysPolA.128.718
http://doi.org/10.1016/j.fusengdes.2018.05.056

	Introduction 
	Materials and Methods 
	Results 
	Pure Tungsten 
	Pure Steel 
	Tungsten-Steel Composites 
	FGMs and Joints 

	Conclusions 
	References

