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ABSTRACT

In future fusion reactors, tungsten (W) is a favored candidate material for
plasma-facing components (PFCs) due to an excellent combination of properties
such as high hardness and excellent abrasion resistance at high temperatures.
However, owing to the high ductile-brittle transition temperatures (DBTT), its
inherent brittleness and the subsequent lack of damage tolerance strongly restrict the
application in the extreme fusion environment. To overcome this drawback, the
demand for research on structural design and the development of new composite
and/or alloy material have been continuously increased. Despite such research efforts,
the severe brittleness of W is still being a problem. Recently, due to the relatively
low DBTT, studies for applying chromium (Cr), which shows a significant ductile
behavior even at low temperature regions, and have advantages such as excellent
corrosion resistance and low neutron activation, are attracting great attention as a
plasma facing material (PFM). However, its low strength at high temperature limits
the use of Cr in actual working environments. In this study, using above two
materials, a new concept of chromium-tungsten (Cr-W) dual-phase composites was
developed and proposed. In addition, the mechanical properties and deuterium
resistance were evaluated to confirm the applicability as a PFM. Moreover, an issue
that carbides generated inside the material due to the carbon (C) diffusion, which
deteriorates the mechanical and deuterium resistance properties of the material,
should be solved.

Firstly, the diffusion of C occurring during material production was suppressed.
In general, high melting point materials such as W (3422 °C) and Cr (1907 °C) are
fabricated using powder metallurgy to obtain a dense microstructure with desired
properties. Spark plasma sintering (SPS), an effective powder metallurgy technique
that can fabricate bulk samples with high density in a short time by directly applying
a pulsed current along mechanical pressure, is used as the main production process.
However, since a powder compact to be sintered is placed in a graphite mold (die
and punches), the C uptake cannot be avoided during the production. What is
noteworthy here is that W and Cr are strong carbide-forming elements. The
inevitable C absorption during the SPS induces carbide segregation at the grain
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boundaries of W and Cr, thereby reducing the ductility and leading to a brittle
intergranular fracture. In order to solve this problem, W, molybdenum (Mo), and
tantalum (Ta) foils were used as a C diffusion barrier of the sintered W. In particular,
it was confirmed that the Ta foil can effectively suppress the C diffusion into W,
while Mo foil is not an effective diffusion barrier. Thermodynamic-kinetic
simulations demonstrate that the suppressed C diffusion in Ta is attributed to high
solubility and low diffusivity. Furthermore, the thermodynamically stable Ta carbide
prevents further C diffusion at the Ta/W interface. For the opposite reason, C diffuses
faster not only in the Mo, but also at the Mo/W interface. The introduction of W foil
only acts as a physical barrier for C diffusion, confirming that the effect was
insufficient.

Secondly, the fabrication of Cr-W of dual-phase composites was performed. For
the fabrication of Cr-W of dual-phase composites, two different powders were mixed
using a high-energy mill and sintered. The developed composite material exhibits a
unique microstructure in which coarse Cr particles are surrounded by a three-
dimensional and continuously connected ultrafine-grained W network. In order to
optimize the sintering condition, the effect of sintering variables such as sintering
temperature, time, process, and powder conditions was explored. With that, it was
confirmed that the high density can be achievable sintered at 1300 °C in the
composition of Cr-10 vol.% W and Cr-20 vol.% W. Considering the sintering
temperature of W is over 1700 °C, we could deduce that the sinterability of the W
phase of the Cr-W dual-phase composites was significantly improved at a relatively
low temperature. In order to investigate the evolution of this unique microstructure
and the mechanism for improving sinterability, phase diagram and kinetic analysis
were performed together with the results of electron microscopy and x-ray
diffraction analysis. The accelerated sintering of Cr-W dual-phase composites is
found to be due to the Cr diffusion in W during sintering process.

Thirdly, the properties of Cr-W dual-phase composites were characterized. In
order to characterize the potential applicability of the Cr-W dual-phase composites
developed in this study, mechanical properties and deuterium (D) retention behaviors
were evaluated. In all experiments, pure Cr and W were compared together with the
Cr-W dual-phase composites. A three-point bending tester was used to evaluate the

mechanical properties, confirming that there is a possibility of improving mechanical
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properties according to the strengthening effect of the W phase and the deformation
dominated by the Cr phase near the DBTT of Cr (300 °C). In general, in order to be
used as a low-radiation material in a nuclear fusion environment, it should have
excellent D retention resistance. And since such retention behaviors can be further
accelerated due to nano-defects generated during neutron irradiation, they must be
evaluated before the use of the materials in actual working environments. In this
study, D ions were exposed using plasma and ion source devices, and the amount of
deuterium retention on the surface and the entire sample was quantified to
understand diffusion behavior of D in material. In the Cr-W dual-phase composites,
it was confirmed that the high thermodynamic stability of D with the Cr phase and
the slow diffusion of deuterium in the W phase could have a significant effect on
reducing the amount of D retention. In addition, this concept would also valid when
the defect density on the surface is increased by pre-irradiation with neutron-like
ions (W®" ions), where a lower amount of deuterium retention than pure Cr and W is
observed.

From this study, for the first time, Cr-W dual-phase composites, which can be
proposed as a plasma facing material for a next-generation fusion reactor, was
developed. The comprehensive research and microstructure design strategy for the
material are expected to provide guidelines for the development of new material
concepts along with securing potential properties. In addition, this study provides
strategies to minimize the C diffusion during SPS as well as an intuition into
developing structural materials for extreme carbonaceous environments. Finally, it
is believed that this research will provide breakthrough in the field of materials for

various extreme environments and to open up new field in the material development.
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Chapter 1. Introduction

1.1. Fusion reactor and divertor

While global energy consumption is growing up every year, the fossil fuel keeps
being depleted during the recent decades [1]. However, consistent energy supply is
one of the most important prerequisites for human life and development. To secure
sustainable energy that meets our today’s and future’s demand, several attempts have
been made to release energy through new energy sources. Among those, nuclear
fusion energy is one of the most attractive solution to solve energy shortage issue [2,
3]. As a promising new energy source, the potential advantages of nuclear fusion
energy are manifold, as it represents a long-term, sustainable, economical, and
safe energy source for electricity generation. What is more, fuels are inexpensive and
abundant in nature, and the amount of long-lived radioactive waste and greenhouse
gases produced through fusion are minimal.

Nuclear fusion is the fusing of atomic nuclei which have a positive electric
charge. In order to bond with other nuclei to form a new nucleus, the electric
repulsive must be overcome. This only happens if a large number of atomic nuclei
collide at high speed at very high temperatures. These conditions are found in the
interior of the sun. Among many combinations of fusing reaction, recent research
focuses on the fusing of deuterium (D = 2H) and tritium (T = 3H), which conditions
of the fusion reaction are easier to realize than those required for other reacting
agents [1, 3]. Deuterium is stable isotopes of hydrogen which can be extracted from
the sea water and tritium is radioactive isotope of hydrogen (a half-life of 12.33 year)
which should be artificially produced from the Li. The fusion of a deutron (the
nucleus of a deuterium atom) and a triton (the nucleus of a tritium atom) forms a
helium nucleus and a neutron. In a nuclear fusion reactor, the difference in mass has
been converted into the kinetic energy of final products (helium nuclei and neutrons)
in accordance with Einstein’s relationship (AE = Amc?), where m is the increased
relativistic mass, c is the speed of light, and E is the kinetic energy, generating

electrical energy. The fusion reaction is as follows:



2H + 3H - 3He(3.5 MeV) + {n(14.1 MeV)

In order for a fusion reaction to take place, the plasma must be heated to a
temperature of at least 100 million degrees.
A plasma at this high temperature would

- damage the walls of the plasma chamber, and

- too much energy would be lost through reactions with walls.

For this reason, the plasma is locked into a “magnetic cage”, and thus thermally
insulated from the surrounding materials [1]. Power output is generated by fast
neutrons and highly energetic particles impacting the walls. The heat produced and
transferred to the blanket structures by the reaction neutron is then removed by
coolant which, in turn, produce steam and the electrical energy by the way of turbines
and generators. There are several concepts that a magnetic field produced inside the
coil contain the plasma. Among these concepts, the tokamak (toroidal chamber with
magnetic coils) is one of the most studied candidates as a magnetic confinement
device for producing controlled thermonuclear fusion power [4]. The international
thermonuclear experimental reactor (ITER) is an experimental tokamak reactor that
is due to be built since 2008. The ITER project, the next step device, is currently
under construction in collaboration with the EU, China, India, South Korea, Russia,
Japan, and US, and aims to produce 10 times more output power than input power
consumed. At the same time, an International Fusion Material Irradiation Facility
(IFMIF) is being constructed and operated to qualify the structural materials required
for the DEMOnstration power plant (DEMO) which will be ITER’s successor [5].
DEMO, the first fusion device to export electricity from fusion, will confirm the
technological feasibility of fusion power and demonstrate its commercial viability to
enable the rapid realization of a nuclear fusion reactor [6, 7].

Although the magnetic confinement minimizes the interaction of hot plasmas
with the material surroundings, the plasma-material interactions cannot be
completely avoided. In addition, neutrons can escape magnetic confinement, and
then induce the damage and degradation of materials. The impurities in a burning
plasma including helium the so-called “fusion ash” should also be removed from the
plasma core [8]. All these missions can be solved by the device within a tokamak,

called a divertor. The divertor is a key main in-vessel component that protects the
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vessel from particles out of the plasma and, conversely, the plasma from impurities
out of the wall. A special magnetic field directs the outer boundary layer of the
plasma (particles and energy) towards specially equipped areas of the vessel wall,
namely the divertor plates. It is thus possible to remove the disturbing impurities
from the plasma. This secures good thermal insulation of the main plasma by
preventing damage and degradation of the vessel wall.

Ever since Axially Symmetric Divertor Experiment (ASDEX), the first divertor
tokamak, was first operated by the Max Planck Institute for Plasma Physics in
Garching, as early as 1980, steady effort have been devoted toward developing the
divertor [8]. Then, ITER divertor, next step device, has been successfully developed
in terms of the design and technology [9]. However, its applicability for a DEMO is
not necessarily assured yet because the materials performance from plasma expected
for the DEMO divertor will be by at least an order of magnitude higher than that of
the ITER divertor. Therefore, there still needs to break through many issues to realize
the fusion technology. [4, 10-15]. In addition to plasma physics related issues, one
of the topics that should be overcome is the material issues related to the first wall
and divertor surfaces caused by power and particle exhaust of a fusion.

The material that should directly withstand the hot plasma is called plasma-
facing materials (PFMs). PFMs require advanced capabilities such as mechanical

strength and thermal properties of materials in extreme environments.

The main requirements that divertor should meet are:

(a) the ability to withstand a peak thermal load of at least 10 MW/m?;

(b) the thermal stresses limitation due to modular design;

(c) the realization of a heat conduction path between the plasma-facing surface and
the cooling surface as short as possible;

(d) a heat transfer coefficient between the cooling side and plasma side structure
greater than 30 kW/(m?-K);

(e) a high lifetime due to erosion [7, 16].

As higher radiation doses and longer loading scenarios are expected, the

requirements for a DEMO will be even greater [17]. In addition to higher radiation
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doses, commercial reactor has more stringent requirements compared to DEMO as
they require a longer run time and the longest possible maintenance intervals.
Selecting a suitable material for the divertor is a special challenge due to the high
heat load, which is why intensive work is being done on new and further

development of existing material concepts [18-24].
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Figure 1 (a) ITER Tokamak cutaway (The dashed brown line indicates divertor area and is

enlarged next to it) [25], (b) a typical mock-up type divertor component in ITER Tokamak
fusion reactor.



1.2. Issues in tungsten materials

Tungsten (W) and W-based materials have been the main subject of interests
and focus of research programs for fusion applications because of their good
thermomechanical and thermophysical properties. They satisfy several requirements
for PFMs, such as a high melting point, high creep-resistance, high thermal stress
resistance, good thermal conductivity, low vapor pressure, good sputtering properties,
and good erosion resistance [26]. However, they should also have faced the great
challenge to solve inherent drawbacks such as low fracture toughness and a high
ductile-to-brittle transition temperature (DBTT), as well as recrystallization
embrittlement [27, 28]. For these reasons, W will behave in a brittle manner when
the application temperature is lower than the DBTT, showing less resistance to pre-
cracking or surface damage [28, 29]. The brittle behavior can be a limiting factor
when operating any tungsten-based PFMs in a tokamak [30]. To prevent crack
propagation, a relatively high ductility/toughness is a critical requirement.

For a DEMO reactor, it has been predicted that neutron damage levels in a PFC
material in the divertor region could reach the values up to 67 dpa/fpy [6, 31] or
0.7-1.6 dpa/fpy based on [32]. These doses may probably be high enough to cause a
significant degradation of material properties. Therefore, the prime requirements for
the materials of highly loaded PFCs are a high thermal conductivity (174W/(m-K),
between copper 401 W/(m-K) and steel ~43 W/(m-K)), a low sputtering yield, and
sufficient mechanical properties even under neutron irradiation.

According to the literature [33], the DBTT of tungsten shifts to nearly 650 K at
a moderate neutron fluence of 1. When further recrystallization occurs, the tungsten
components hardly withstand structural load at temperatures of several hundred
degrees. For a typical mono-block [34, 35], only the top part of an exposed mono-
block is within the allowable temperature range due to the actively cooling system.
[36]. This means that tungsten in the cooling solution temperature range is normally
brittle. With that, once the crack initiates, it can easily propagate through the entire
armor block from surface to cooling pipe. Failures of component usually occur
suddenly and catastrophically without significant damage or warning, and has little

residual load-bearing capacity. Hence, structures that satisfy a visual inspection may



fail suddenly at loads much lower than expected.
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1.3. Chromium-based materials for fusion application

Chromium (Cr), listed in same group VI with W, has also the body centered
cubic-(BCC) lattice structure. Cr and Cr-based alloys have been studied for decades
as candidates for high-temperature applications in jet engines [37, 38] and in plasma
facing components of the fusion reactor vessel [39, 40]. Cr exhibits a number of good
properties such as high strength-to-density ratio, high melting point (being 1907 °C
[41]), as well as an excellent corrosion resistance [42, 43], which makes it potential
candidate for the application in the plasma facing components. Due to the protective
Cr,03 layer which remains stable up to 1400 °C, the material is extremely resistant
to environmental corrosion. According to the neutronic calculations, an application
of Cr is also favorable from the viewpoint of the neutron irradiation activation, and
plasma-facing components for fusion reactor made of Cr can already be classified as
low-level waste after 50 years of cooling [40, 44].

Despite the above attractive features, an application of Cr has several challenges
that need to be overcome before it can be considered as the material for divertor
application. First, the low hardness and the low strength at high temperatures should
be strengthened for the thermal stress resistance. Second, the tritium retention
behaviors need to be explored which has never been studied yet, e.g., the reasonable
amount of hydrogen isotope should be retained. This can also be very important since
the tritium retention is more accelerated after the impact of 14 MeV neutrons on the
materials, which is caused by a lot of hydrogen trapping sites due to the defect
generation [45]. Third, there needs the solution of harsh erosion by intense plasma.
The erosion under an intense particle flux of hydrogen isotopes in a fusion reactor,
the wall surface undergoes severe microstructural modification by causing material
loss, but also changes its composition. This can simply be solved by using a Cr-based
material in the mid-heat flux region rather than the direct heat flux region (e.g.,
coating on the top of the materials). However, the first 2 issues which is related to
the intrinsic properties for the mechanical and hydrogen related resistances should
have satisfied the minimum requirements. Otherwise, the special challenges such as
the further development of existing material concepts are required to satisfy the

diverse requirement for the PFM application.



1.4. Spark plasma sintering

The bulk W and Cr are generally produced through a classical powder
metallurgy in which the desired properties with dense microstructure is difficult to
obtain. The bulk samples with high sintered density is achievable via SPS process, a
novel powder metallurgy technique utilizing a pulsed electric current along with
mechanical pressure. With the electric current directly passing through a powder
compact placed in graphite die and punches, a sintered W with a near-theoretical
density can be achieved in only a few minutes. This can be enhanced by the current
flow through the specimen might enhances the diffusion process (electromigration)
[46-50]. The schematic diagram of the SPS device is shown in Figure 2. For the SPS,
the graphite mold is very widely used due to the excellent performance
characteristics. The combination of exceptional thermal and electrical conductivities
and a low coefficient of thermal expansion at a wide range of temperatures is an
essential element to ensure the dimensional stability of sintering molds. In addition,
the graphite mold used to manufacture a sintering mold is selected based on the
process temperature and pressure requirements. With the good machinability with a
cheap cost, graphite mold can commercially be available in the SPS process. What
is noteworthy here is that W and Cr are a strong carbide-forming element [51, 52].
The inevitable carbon (C) absorption of W and Cr during the SPS induces W and/or
Cr carbide segregation at the grain boundary, thereby reducing the ductility and
leading to a brittle intergranular fracture [24, 53, 54, 55]. Furthermore, the high
content of C in the materials adversely affects deuterium exposure [56]. Therefore,
it is very important to suppress the C diffusion into the materials during the SPS

process.



(@)

Current‘

Measurement
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Figure 2 (a) Schematic diagram of SPS system [49]; (b) The image for consolidation of
powder in graphite mold during SPS
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1.5. Research objectives and structure of thesis

In this work, for the first time, we proposed and developed a new composite
material based on the microstructural design concept, which achieves both strength
and elongation by reinforcing Cr with W. In order to achieve both properties, we
fabricated a two-phase material in which Cr and W exist, separately. Here, the
materials developed in this thesis will be called to as “Cr-W dual-phase composites”.
Since the microstructural features are complicated and it is challenge to fabricate
these microstructures by casting technology, a powder metallurgical process using
SPS was used as a fabrication method. The aims of this thesis are to develop a new
Cr-W dual-phase composite based on the characterization of microstructures and
properties. Before the development of Cr-W dual-phase composites, the issues of C
diffusion in the SPS process will firstly be explored by introducing C diffusion
barriers, and this concept will be applied to the following chapters. In addition, the
pure W and Cr were fabricated together with developed materials for the comparison.
This thesis is comprised of three main parts.

In chapter 2. The metallic foils as a C diffusion barrier were introduced in SPSed
W to minimize the C diffusion. In the beginning, the several metallic foils were
applied to the different sintering temperature to observe the effect of each metallic
foil. Then the secondary phases formed in the different systems will be identified.
Based on this information, thermodynamic and kinetic analysis are discussed based
on kinetic simulation and literature data. Finally, the applicability to Cr is explored.

In chapter 3. Cr-W dual-phase composites are fabricated through a high-energy
mill and SPS. For the fabrication, all process parameters such as optimal powder size,
milling time, and sintering temperatures were controlled. The milled powders and
sintered products are physically and chemically characterized through electron
microscopy and X-ray diffraction. In addition, the basic properties such as hardness
and density were measured. Compacts of the as-milled powders are SPSed with
several heating rate and their length change is measured to estimate the sintering
kinetics. The sinterability of W in Cr-W dual-phase composites is accelerated by the
Cr diffusion.

In chapter 4. Cr-W dual-phase composites are characterized to observe their

11 A &1}



potential applicability as PFMs. First, the mechanical properties by the 3-point
bending test were estimated at RT (under DBTT) and 300 °C (near DBTT). Second,
the deuterium retention behaviors were understood based on plasma exposures,
nuclear reaction analysis, and thermal desorption spectroscopy. With that, we can
obtain the deuterium amounts for near the surface and deep in the bulk, which can

help us understand the deuterium diffusion behaviors of the fabricated materials.
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Chapter 2. Metallic foils as a C diffusion barrier

2.1. Introduction

Already mentioned above chapter 1, tungsten (W) and chromium (Cr) have
become a significant material in nuclear fusion energy industries, with extreme
environmental applications [ 1-5]. Because of their high melting temperature of over
3400 and 1900 °C, bulk W and Cr are generally obtained by a classical powder
metallurgy, which cannot provide the desired properties and dense microstructure
[2]. Bulk W and Cr with high density can be achieved only in a few minutes using
spark plasma sintering (SPS). However, for the SPS, a powder compact should be
placed in a graphite mold (die and punches) [6—11]. What is noteworthy here is that
W and Cr are strong carbide-forming elements [13]. The carbon (C) absorption of W
and Cr during the SPS cannot be avoided. Coenen et al. [13] and Mao et al. [14]
showed that the W foil effectively reduced the C uptake in sintered W during the
SPS. However, it was a simple physical barrier introduced for C diffusion. In this
study, we introduce tantalum (Ta) and molybdenum (Mo) protective foils in addition
to W protective foils, which can suppress the C diffusion physically and
thermodynamically. W, Ta, and Mo are well-known carbide-forming elements that
can inhibit C diffusion at the foil/W interface. We thoroughly investigated the C
distribution at the foil/W interface by keeping the foil and W subsurface adhered to
the sample, unlike previous studies that did not focus on the W subsurface. Cross-
sectional elemental mapping and thermodynamic-kinetic analysis identify the
underlying requirements for suppressing the C diffusion. With this background, we
finally proceed to apply this concept to the Cr system whether it can be generalized
or not. We believe this study provides a critical insight to select the appropriate
protective foil for spark plasma sintered (SPSed) W and Cr with a highly controlled
impurity content, and also set a fundamental guideline to design the carburization
resistant structural materials for extreme environmental applications such as

petrochemistry, organic chemistry, and nuclear fusion fields.
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2.2. Experimental procedures

2.2.1 Materials and methods

For the protective foil materials, we chose Ta, and Mo by considering their
thermodynamic stability, implying Ta and Mo are stable carbide-forming elements
(Figure 3). In addition, the W protective foil, which was effective in the spark plasma
sintered W [13], was also studied for the comparison. To investigate the effect of
protective foils as a C diffusion barrier, we prepared 4 samples: a conventional W-C
system and foil-protected W-W-C, W-Mo-C, and W-Ta-C systems. In every sample,
the W powder (Taegu Tec) with an average particle size of <0.5 um and a high purity
0f>99.9% was used. To minimize C diffusion into W during the SPS, two processes
were utilized. For the conventional W-C system, a W powder compact covered by a
C foil is placed in a graphite mold (die and punches) (Figure 4 (a)). For the foil-
protected system, we placed commercial-grade Ta, Mo foils (Alfa Aesar), and W foil
(Goodfellow) with 25 pum thickness between the C foil and W powder compact (W-
W-C, W-Ta-C, and W-Mo-C systems, respectively). (Figure 4 (b)). Before inserting
the foils, they were gently polished to the same level to minimize the surface effect.

The SPS was conducted in the temperature range of 1700-1900 °C with a
heating rate of 100 °C/min, under an applied stress of 65 MPa for 10 min. We set
these process parameters based on our previous research work in which a highly
densified SPSed W with relative density of >99% was obtained [6]. The SPSed W
had a cylindrical shape, as shown in Figure 4 (c).

To observe the applicability to Cr powder with the use of this concept,
commercially available Cr powder (Goodfellow) with an average particle size of
45~150 pum and a purity of 99% was used. The Ta protective foil, which will be
confirmed as the most effective C diffusion barrier, was applied to the Cr powder.
The SPS was conducted in the temperature range of 1300 °C with a heating rate of
100 °C/min, under an applied stress of 65 MPa for 10 min.



2.2.2 Characterization

The microstructure was observed in view of the axial direction (AD) of the
cylindrical surface, keeping the foil and/or the subsurface adhered to the sample to
trace C diffusion, as shown in Figure 4 (c). We analyzed the microstructural changes
and C diffusion along the radial direction (RD) of the cylindrical SPSed W and Cr.
To prepare samples on which this analysis could be conducted, we polished the top
surfaces of the all samples with colloidal silica and observed the outer surface
including the foils and W subsurface in the AD using a field-emission scanning
electron microscope (FE-SEM, MERLIN Compact, ZEISS, Germany) and an
electron probe microanalyzer (FE-EPMA, JXA-8530F, JEOL Ltd, Japan).

For W system, thermodynamic-kinetic simulations were performed using the
Thermo-Calc linked with a diffusion module (DICTRA) that employed the TCFE9
thermodynamic and MOBFE4 mobility databases. We constructed a diffusion model
with a 75 um thick W matrix in contact with a 25 pm thick protective foil as a C
diffusion barrier and assumed an infinite C source on the opposite side of the foil.
The carbide formation by C diffusion over time was set as the output, and
substitutional diffusion was neglected. The dwell time and temperature were 600 s

and 1700 °C, respectively.
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2.3. Results and discussion

2.3.1 The effect of protective foils in W powders

SPSed W protected by a Ta foil showed a distinctively different microstructure
compared to that of the W-C, W-W-C, and W-Mo-C systems. This could be seen
clearly from a subsurface in the SPSed W. Figure 5 shows cross-sectional SEM
images of W-C, W-C, W-Mo-C, and W-Ta-C systems sintered at 1700, 1800, and
1900 °C. The C foil is located at the right edge of each SEM image (surfaces in
contact with the C foil and protective foils are marked by green and yellow dashed
lines, respectively). The W-C system sintered at 1700 °C has a 50 um thick
subsurface in contact with the C foil (Figure 5 (a), boundary between the W matrix
and subsurface is indicated by the white dashed line). This subsurface became thicker
as the sintering temperature increased. The thicknesses of the subsurface were 70
and 150 pm for sintering temperatures of 1800 and 1900 °C, respectively (Figure 5
(b) and (c)). These results are similar to the previously identified subsurfaces in
different alloy systems possessing carbide-forming elements [15-19]. The
thickening of the subsurface in the W-C system can be attributed to the increasing C
uptake of W with the sintering temperature. In W-W-C system, the subsurfaces are
similar to the W-C system, but it observed to be thinner at all temperatures (Figure 5
(d-f)). Even in the W-Mo-C system, we observed a similar subsurface in the SPSed
W. In this case, the subsurface is in contact with the Mo foil, and the thicknesses are
75, 100, and 140 um for sintering temperatures of 1700, 1800, and 1900 °C,
respectively (Figure 5 (g-1)). However, for the W-Ta-C system, there is no subsurface
in SPSed W, but various second phases are present in the Ta foil. The SEM image of
the W-Ta-C system sintered at 1700 °C in Figure 5 (j) shows second phases
distributed near Ta/C and Ta/W interfaces (indicated by yellow, blue, and white
arrows in red squares (A) and (B)). These second phases still exist with sintering
temperatures of 1800 and 1900 °C (Figures 5 (k) and (1)). Distinctive differences in
the microstructure of each SPSed W are attributed to the C diffusion during the SPS,
which can be confirmed by the cross-sectional elemental mapping.

The Ta foil successfully suppressed the C diffusion to W during the SPS. Figure
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6 shows the cross-sectional SEM images and corresponding EPMA elemental
mapping images of W-C, W-W-C, W-Mo-C, and W-Ta-C systems sintered at 1700 °C.
In each SEM image (Figure 6 (a-d)), the region of interest for EPMA analysis is
outlined by red squares. As expected, the subsurface originated from direct carbide
formation in W (WC or W>C). The elemental mapping image in Figure 6 (e) shows
that the subsurface of SPSed W for W-C system has a high C content. The local
chemical composition in Table 1 suggests that the phases of W (Point 1) and W
subsurface (Point 2) (denoted by orange circles in Figure 6 (a)) are W and W,C,
respectively, which means that W is converted to W carbide. This is consistent with
previous studies where severe carbide formation in W occurred during the SPS [17].
In Figure 6 (f), the subsurface of SPSed W for W-W-C system has high C content
even beyond W protective foil. The local chemical composition indicates that the
phase of Point 3 is W, and that of W subsurface (Point 4) and W foil (Point 5) are
W-C, which means the conversion to W carbide was proceeded from W foil to SPSed
W, sequentially. The use of W foil can help suppress the C diffusion compared to W-
C system, but its role in SPSed W might only act as a physical barrier because
sintered material is the same. Therefore, the sluggish diffusion C into W was
contributed only by the physical dedication of W foil, not by another important
function. Interestingly, this carbide formation also occurred in the W-Mo-C system.
Figure 6 (g) shows that the Mo protective foil and the subsurface have a high C
content. The local chemical composition of W (Point 6), W subsurface (Points 7 and
8), and Mo protective foil (Point 9) are identical to those of W, W,C, WC, and Mo,C,
respectively (Table 1). Thermodynamically, Mo can be converted into n-MoC and/or
Mo,C (Figure 7 (a)). Considering the local chemical composition and C
concentration gradient in the Mo foil, the outermost surface of the Mo foil in contact
with the graphite mold appears to be converted into MoC. This suggests that the high
flux of C carburizes not only the Mo protective foil but also the W during the SPS.
Note that there are monocarbides (WC) at the W subsurface in direct contact with
the Mo,C phase. The WC formation before W>C is due to the well-known
carburization step of W [20, 21]. Unlike the Mo foil, which is not effective as a C
diffusion barrier, the Ta foil suppresses the C diffusion and the W carbide formation
during the SPS. Figure 6 (h) shows the highly concentrated C content in the Ta

protective foil. The chemical composition of W (Point 10) shows the lowest C
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content compared to that of the W-C, W-W-C, and W-Mo-C systems (Table 1).
However, the Ta surface in contact with C foil is enriched with C, and there are C
concentrated islands within the Ta foil (denoted by green dashed line and pink dashed
ellipses in Figure 6 (h)). The chemical composition of the C-concentrated island
(Point 11) and C-enriched surface (Point 14) within the foil are identical to Ta,C and
TaC (Table 1), which can be formed thermodynamically by the C uptake (Figure 7
(b)). A similar microstructure can be obtained by the thermal carburization of Ta [22].
During the carburization, a bilayer of TaC on the surface and Ta,C below is formed
by the direct C flux. During further annealing and cooling, owing to the C solubility
of Ta, the dissolution of Ta,C layer and re-precipitation of Ta>C within the Ta matrix
occur. Accordingly, the discontinuous Ta,C islands in this study can be attributed to
the thermal history of SPS. Furthermore, as the Ta is also a strong oxide-forming
element, it protects the SPSed W from O diffusion as well. In the W-Ta-C system, O
content of SPSed W is remarkably lower than that in the W-C, W-W-C, and W-Mo-
C systems. Also, there are O-enriched regions in Ta foil where the chemical
composition is identical to Ta>Os (Point 13). It should be noted that the C and O
contents of Ta foil are still low except the regions with secondary phases (Point 12
in Figure 6 (c)), suggesting that the Ta foil is capable of taking C and/or O even after
the SPS. Since the Ta protective foil did not allow C diffusion into W, no WC and/or
W2C was found in the W-Ta-C system after the SPS. Both Mo and Ta are carbide-
forming elements, but the carbide growth in W-Mo-C and W-Ta-C systems was

vastly different from one another.
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Figure 5 Cross-sectional SEM images of SPSed W samples with the view of the AD of
cylindrical surface. The diffusion of C begins with the cylindrical surface and extends inside
the samples, its direction is indicated by the black arrows, and the green dashed lines denote
the region of direct contact with C: (a—c) W-C, (d—f) W-W-C, (g-i) W-Mo-C, and (j—1) W-Ta-
C systems. Sintering temperatures of (a), (d), (g), (j) = 1700 °C ; (b), (e), (h), (k) = 1800 °C;
(c), (), (1), (1) = 1900 °C, and the dwell time = 10 min for all. The subsurfaces of the SPSed
W affected by C flux are lined by white and green dashed lines for (a—c) and white and yellow
dashed lines for (d—i), respectively. The original metallic foil regions are covered by yellow
and green dashed lines for (d-1). The red squares of A and B in (g) show microstructural
development in Ta foil during sintering (indicated by yellow, blue, and white arrows).
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Figure 6 SEM images (up) and EPMA elemental mappings (down) of the W samples sintered
at 1700 °C for 10 min. with the view in the AD of cylindrical surface: (a), (¢) W-C, (b), ()
W-W-C, (¢), (g) W-Mo-C, and (d), (h) W-Ta-C systems. Black arrows indicate the direction
of C diffusion. In (a—d), the red squares denote EPMA map zones and various points (1 to 14)
marked by orange circles indicate local regions distinguished by different phases. Local
chemical compositions at various points are shown in Table 1.
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Table 1 Local chemical compositions (at.%) of W system at various points (1 to 14) indicated
in Figure 6 (a—d) to identify the different phases after sintering at 1700 °C for 10 min.

System Point w Ta Mo C 0] Phase
W 1 96.2 0 0 2.65 1.15 w
2 72.8 0 0 26.4 0.8 W-,C
3 99.6 0 0 0.3 0.1 w
W-W-C 4 25.9 0 0 73.9 0.2 W-,C
5 24.5 0 0 75.1 0.4 W-C
6 96.4 0 0.1 3.5 0 w
W-Mo.C 7 71.2 0 0.1 28.1 0.6 W-C
8 489 0 5.6 45.5 wC
9 0.1 0 65.2 34.7 Mo2C
10 98.7 0.5 0 0 0.8 w
11 2.4 69.6 0 26.9 1.1 Ta,C
W-Ta-C 12 3.3 92.2 0 0 4.5 Ta
13 1.1 31.9 0 1.1 65.9 Ta20s
14 1.7 46.2 0 50.6 15 TaC
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Figure 7 Calculated ternary phase diagram using Thermo-Calc® (TCFE9 database):
isothermal section of (a) W-Mo-C and (b) W-Ta-C system at 1700 °C.
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2.3.2 Understanding of C diffusion in W through

thermodynamic and Kinetic data

The carbide growth is highly dependent on the C diffusivity in the metal
protective foil. We can approximate the carbide growth rate from the C flux balance
at the carbide-metal interface. In terms of C flux in carbide (Jcarbide) and metal (Jmetar),

one-dimensional carbide growth can be expressed as follows:

_ _ accarbide aCmetal
AC-v= ]carbide - ]metal - _Dcarbide ax + Dmetal 9% (1)

where AC is the concentration difference between the metal and carbide at the
interface, v is the growth rate of carbide, Dmeial and Dearidge are the C diffusivities in
the metal and carbide, respectively. Cuetal and Ceanige are the concentrations of C in
the metal and carbide at the interface, respectively, and x is the diffusion distance of
C. The second term is negligible as the C solubilities of Mo and Ta are low (Figure

S5). Then, the total growth reaction can be approximated as follows:

aCcarbide
ox (2)

AC-v ~ —Dcarbide
suggesting that the carbide growth rate is proportional to the C diffusivity in the
metal carbides. Figure 8 shows the C diffusivity in the metal and carbide as a function
of temperature [23—-38]. The C diffusivity is approximately 5 times lower in Ta than
that in Mo (semi-transparent green and red areas in Figure 8 (a)). The values differ
by 1000 times in carbide forms (semi-transparent green and red areas in Figure 8
(b)), implying a slow carbide formation in Ta protective foil according to Equation
(2). This is consistent with the shallow TaC layer near the Ta/C interface (Figure 8
(c)). TaxC islands located deeper in Ta foil possibly originate from fast C diffusion
at the grain boundary. Therefore, the delayed carbide growth in Ta foil leads to
suppressed carbon diffusion to the W matrix during the SPS. In addition, the
solubility of C refers to the ability for C to dissolve in the elements. Figure 9 shows
how the temperature influences solubility of C in the system. The solubility of C in

the elements increases with an increase in temperature. However, the amount of
K, LI ol |
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increment here is different from each elemental system. Ta is showing a sudden
increase with temperature, allowing a C concentration about 0.6 at.% at sintering
temperature. While, C is soluble in Mo only half amount of Ta (about 0.3 at.%).

These differences with diffusivity and thermodynamic stability of C (Figures 8 and
3) would make large difference of the evolution of microstructure, as shown in
Figures 5 and 6. In addition, it may also be explained that the reason for the present

of discontinuous Ta,C as mentioned in the chapter 2.3.1.
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Figure 8 Diffusivity of C in metal (a) and carbide (b) in the system as a function of

Temperature (°C)
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temperature. All data are from previous reports. The semi-transparent green, red, and blue
areas represent C diffusivity in Mo and its carbides, Ta and its carbides, and W and its
carbides, respectively. The corresponding area highlighted by semi-transparent grey indicate

C diffusivity in WC.
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Figure 9 The C solubility curves of elements (Mo, Ta, and W) in the system as a function of
temperature with the use of Thermo-Calc software (TCFE9 database).
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2.3.3 The prediction of C diffusion by DICTRA simulation

Finally, we computationally demonstrate the C diffusion in W-Mo-C and W-Ta-
C systems using thermodynamic-kinetic simulations (DICTRA). Although it is
difficult to completely model the SPS, the simulation provides a simple
approximation of the C diffusion at elevated temperatures. As expected, the C
diffusion and resulting carbide growth are slow in the Ta foil. Figure 10 shows the
changes in C diffusion and resultant microstructure depending on the protective foils
at 1700 °C. In the W-Mo-C system, C diffuses rapidly to induce carbide formation
in the W as well as in the Mo foil. The concentration profile at the Mo foil and W
after 1 s (Figure 10 (a)) shows that C diffuses to a depth of 10 um into the Mo foil.
The stoichiometric ratio at the surface is identical to that of the Mo,C. After 50 s, the
W in contact with the Mo foil begins to convert into carbide (W>C) by the incoming
C flux from the Mo,C (Figure 10 (b)). The W carbide grows with increasing time at
100 s (Figure 10 (c)), and it covers the entire system after 600 s (Figure 10 (d)).
However, for the W-Ta-C system, the C diffusion in Ta foil is slow and in W matrix
is suppressed. The C diffusion depth in Ta foil after 1 s is approximately 8 um, similar
to that in the Mo foil (Figure 10 (e)). The stoichiometric ratio at the surface is the
same as that of the TaC. With increasing time of up to 50 s, the growth rate of TaC
was slow compared to that of the Mo,C, as predicted in Figure 10 (f). After 100 s,
most of the Ta foil was converted into Ta carbide (Figure 10 (g)). Interestingly, even
after 600 s, the W matrix was intact and free from carbide (Figure 10 (h)), suggesting
that further C diffusion from the Ta foil to the W matrix was strongly suppressed.
This could be attributed to the high thermodynamic stability of Ta carbide (Figure
3), which suggests that the C diffusion to W matrix at the W/foil interface will be
suppressed until the entire Ta foil is converted into Ta carbide. Conversely, in the W-
Mo-C system, the C diffusion from the Mo foil to W matrix at the interface is
relatively easy because of the similar thermodynamic stability of carbides (Figure 3).
Therefore, the slow C diffusion and high thermodynamic stability of the Ta carbide
provide a potential advantage, that is, the Ta foil can protect the W matrix during the

SPS at higher temperatures and longer times.
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Figure 10 DICTRA prediction of concentration profiles of depth by C diffusion: (a—d) W-
Mo-C, and (e—h) W-Ta-C systems. The profiles are representative snapshots of specific times
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2.3.4 The application to the Cr powder

Based on the results above, we understood required thermodynamic and kinetic
properties for the application of protective foil. The relation of Cr with C is same as
that of W, as shown in Figures 3 and 8, which means it is worth to use the Ta
protective foil as a C diffusion barrier. Figure 11 shows the cross-sectional SEM
images and corresponding EPMA elemental mapping images of Cr-C and Cr-Ta-C
systems sintered at 1300 °C. In each SEM image (Figure 11 (a, b)), the region of
interest for EPMA analysis is outlined by red squares. The elemental mapping image
in Figure 11 (c) shows that the subsurface of SPSed Cr for Cr-C system has a high C
content. The local chemical composition in Table 2 suggests that the phases of Cr
(Point 1) and Cr subsurface (Point 2) (denoted by orange circles in Figure 11 (a)) are
Cr and Cr;Cs, respectively, which means that Cr is converted to Cr carbide by the
direct C diffusion. For Ta foil-protected system, as expected, the Ta suppresses the
C diffusion and the Cr carbide formation during the SPS. The elemental mapping
image in Figure 11 (d) shows the highly concentrated C content in the Ta protective
foil as similar as W-Ta-C system. The chemical composition of Cr (Point 3) shows
the lowest C content compared to that of the Cr-C system (Table 2). However, the Ta
surface in contact with C foil is enriched with C, and there are C concentrated islands
within the Ta foil. The chemical composition of the C-concentrated island (Point 4)
and C-enriched surface (Point 6) within the foil are identical to (Cr, Ta) and TaC
(Table 2). The formation of C concentrated islands in Cr/foil interface suggests that
further C diffusion from the Ta foil to the Cr matrix was strongly suppressed. This
could be attributed to the high thermodynamic stability of Ta carbide (Figure 3), as
similarly observed in W-Ta-C system. Considering the Ta foil has relatively high C
content (Point 5), the suppression of C diffusion can be valid until the entire Ta foil
is converted into Ta carbide, suggesting that the Ta foil is capable of taking C even
after the SPS. Accordingly, the Ta protective foils can effectively suppress the C
diffusion for SPSed Cr as well as W.
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Figure 11 SEM images (a, b) and EPMA elemental mappings (c, d) of the Cr samples sintered
at 1300 °C for 10 min. with the view in the AD of cylindrical surface: (a), (¢) Cr-C, (b), (d)
Cr-Ta-C systems. Black arrows indicate the direction of C diffusion. In (a, b), the red squares
denote EPMA map zones and various points (1 to 6) marked by orange circles indicate local
regions distinguished by different phases. Local chemical compositions at various points are

shown in Table 2.
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Table 2 Local chemical compositions (at.%) of Cr systems at various points (1 to 6) indicated
in Figure 11 (a—b) to identify the different phases after sintering at 1300 °C for 10 min.

System Point Cr Ta C o] Phase
1 96.8 0 3.2 0 Cr
Cr-C
2 69.5 0 30.5 0 Cr:Cs
3 97.5 0 25 0 Cr
4 61.5 29.2 9.3 0 (Cr,Ta)
Cr-Ta-C
5 0.3 84.6 10.9 4.2 Ta
6 0.3 43.2 56.5 0 TaC

39 A =TH



2.4. Conclusions

We conducted a comparative study of three different protective foils to suppress
carbide formation in SPSed W. By introducing W, Mo, and Ta foils as a protective
layer, we investigated the microstructural change of W after the SPS process. The
W-W-C system can suppress the C diffusion compared to W-C system, but the
complete suppression is not possible because it is attributed by only physical
suppression. Notably, the carbide formation in W-Ta-C system is strongly suppressed,
in contrast to that in W-Mo-C system. It can be attributed to the slow C diffusion in
Ta and Ta carbide. Furthermore, the suppression of C diffusion at the Ta/foil interface
suggests that the Ta foil can protect W matrix during SPS process due to the high
thermodynamic stability of Ta carbide compared to that of W carbide. Conversely, C
diffused faster not only in the Mo, but also at the Mo/W interface. For this reason,
unlike Ta foil, Mo foil is not effective as a C diffusion barrier. Due to the same
thermodynamic and kinetic relation of W and C, the Ta foil can be applicable in the

Cr system.
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Chapter 3. Fabrication of Cr-W dual-phase

Composites

3.1. Introduction

For the next-generation fusion reactor, developing an appropriate structural
material for the divertor heat sink is one of the major engineering challenges. To
realize the development of advanced materials that can cover the complex
interactions between plasma and the materials, following properties should be

satisfied as much as possible [1]:

e  High thermal conductivity

e High strength and toughness at elevated temperatures
e  Ductility

o Sufficient fatigue life

e  Corrosion resistance

e  Moderate activation level acceptable for recycling

e  Moderate swelling

e  Low helium transmutation rate

e  Moderate irradiation effect and ability of damage recovery
e  Low tritium solubility

e Sufficiently high melting point

e Availability and reasonable cost

Surely, a long list of these various requirements can hardly be met with a single
material. Therefore, the engineering strategy to develop the materials that satisfy the
requirements as much as possible and utilizes them for an appropriate application as
a PFM may be of the first importance. As explained above introduction, one of the
most important issues for the PFM that should be solved is the brittleness caused by
high DBTT. For the brittle W material, once the crack initiates, it can easily

propagate through the whole armor block. Failure is usually sudden and catastrophic,
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with no significant damage or warning and little residual load-bearing capacity.
Structures that satisfy a visual inspection may fail suddenly at loads much lower than
expected. Therefore, the materials should have both adequate strength and
elongation for the suppression of both crack opening and propagation.

With respect to such limitations, the dual-phase composites so-called tungsten
heavy alloys consisting of W powder particles in a matrix of a Ni/Fe alloy [2-5],
which is produced by liquid phase sintering have been employed as an alternative
divertor target material. However, it is very undesirable from the viewpoint of the
neutron irradiation, which Ni becomes long-term neutron activation product. Hence,
another element should be considered for the substitution of Ni. Cr can replace this
restriction due to the low neutron activation [6, 7]. In addition to that, Cr has been
satisfied diverse requirements such as ductility at low temperature, moderate
activation, and high corrosion resistance. However, the Cr is known to have low
strength at high temperatures. Therefore, the new materials should be developed to
satisfy diverse requirements as many as possible. Therefore, in this work, for the first
time, we produced Cr-W dual-phase composites which potentially possess both

strength of the W and elongation of the Cr.
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3.2. Experimental procedures

3.2.1 Materials and methods

Commerecially available Cr powder (99% purity, average particle size of 45~150
pum, gas atomized, Goodfellow, UK) and W powder (>99.9% purity, average particle
size of <0.5 pm, TaeguTec, Korea) were used as a starting material. For the selection
of optimal W powder size, the different W powder (>99.9% purity, average particle
size of 2.4 and 8 um, TaeguTec, Korea) was additionally used. A high-energy mill
(SPEX 8000D, USA) was used to prepare the Cr-W powder mixtures. To avoid the
oxidation of powder mixtures, milling was conducted under an ultra-high-purity
argon (Ar) atmosphere (99.9999%) in stainless steel vial without ball. The milling
time was carried out for 10 hours based on the point where there is no specific surface
changes in microstructure. For pure Cr and W, we used as-received powders without
milling.

Subsequently, the Cr-xW (x=10 and 20 vol.%) composites and Pure Cr and W
were consolidated by SPS. The compositions of Cr-W composites were selected by
the Cr diffusion distance in W and average size of Cr powder. The Cr diffusion
distance was estimated by measuring the average length based on the microstructure
images sintered at different temperatures and at least 500 positions were considered
to obtain a reliable value. The average size of Cr powder was measured using a laser
diffraction particle size analyzer (Mastersizer 3000E, Malvern Panalytical, UK). All
these optimizations were proceeded with the Cr-to-W ratio of 5 to 5. Based on above
reasons, the SPS was performed at an optimized temperature of 1300 °C for Cr and
Cr-W composites and 1900 °C for W with a heating rate of 200 °C/m, under an
applied stress of 65 MPa for 5 min. The size of samples was consolidated with the
diameter of 12 mm for material development and plasma exposure and of 20 mm for
mechanical testing. The thickness is all the same of 3 mm. Moreover, the ductility of
W and Cr are very sensitive to the C content, we introduced Ta foil in the inner part
of the graphite mold as a C diffusion barrier described in [8]. To counter the
possibility of oxide formation, all process of SPS was conducted in a reducing

atmosphere (Ar+3H,).
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3.2.2 Characterization

For microstructure observation, the surface of all specimens was carefully
polished with colloidal silica. The specimens were observed by using several
different types of field-emission scanning electron microscopy (FE-SEM). An SU70
FE-SEM from Hitachi equipped with an EDAX/TSL electron backscatter diffraction
(EBSD) system (Hikari, Japan) and Helios Nanolab 600 from FEI equipped with a
Ga" focused ion beam (FIB) were used for imaging of the microstructures. In
addition, the surface morphology was examined using a LEXT OLS 4000 confocal
laser scanning microscope (CLSM) from Olympus. High-angle annular dark-field
(HAADF) images and diffraction patterns for each phase were acquired using a JEM-
2100F scanning transmission electron microscope (STEM) from JEOL Ltd. Energy
dispersive spectroscopy (EDS) was performed to obtain local elemental maps and
line scans of W and Cr. The STEM specimens were prepared using a Helios G4 FIB
(Thermo Fisher Scientific, USA). X-ray diffraction (XRD) patterns were obtained
using a D8-Advance diffractometer (Bruker, USA) with Cu-Ka radiation at 40 kV
and 40 mA. The specimens were scanned from 30 to 90 ° using a step size of 0.02 °
and time per step of 60 s.

The master sintering curve method was used to estimate the apparent sintering
activation energy. For the evaluation, several density profiles as a function of
temperature were obtained at different heating rate of 50, 100, and 200 °C/m. The
mass density was measured by the Archimedes principle, which describes that the
buoyancy force of a body immersed into a liquid medium (Gy) equals to the weight

of the liquid medium that the body displaces:
Go=Vbprg (1)

In which the Vy is the volume of the body, pris the density of the liquid medium and
g is the gravity constant. In principle, closed porosity is required to realize the
measurement.

During the sample density measurement, the buoyancy force of the sample can
be calculated by measuring the weight variation when the sample placed in the liquid

medium. Together with equation (14) the sample density (ps) can be calculated:



ps =m/Vy 2)

where m is the mass of the sample. The density measurement is carried out with the
help of a precision balance with the density measurement package. The fluid medium

is pure Ethanol (99.5%). The relative sample density can be then calculated:

p =ps/pi 3)

in which p is the relative sample density, p; is the ideal density. Ideal density of pure
tungsten and pure chromium was used as 19.25 and 7.14 g/cm?, respectively. the
theoretical density of Cr-10W and Cr-20W is roughly estimated by the mixture rule
and the estimated value is 8.351 and 9.562 g/cm?, respectively.

During the measurement, it has been observed the measured weight starts to
change slowly and continuously after immersing the sample in the Ethanol. This is
because the open pores are filled with the ethanol. To obtain the valid measurement,
the measured weight is recorded after the samples is immersed in the ethanol for 120
s. In this way, only limited open pores are filled by the ethanol, but the surface is also

well wetted.
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3.3. Results and discussion

3.3.1 The powder size and milling times

To observe the effect of the Cr diffusion on the densification of different size of
W powder, we observe the diffusion distances sintered at 1300 °C for 5 min using W
powder of 0.5, 2.4, and 8 pum sizes. The use of W powder with 0.5 um showed a
distinctively different microstructure compared to that of 2.4 and 8 pm. This could
be seen clearly from a diffusion enhanced zone in the W region. Figure 12 (a—) show
SEM images of W powder with 0.5, 2.4, and 8 pm sintered at 1300 °C for 5 min and
the corresponding enlarged areas marked by green lines are shown in Figure 12 (d—
e). The densification enhanced zones in W are located at the interface of Cr particles
of each SEM image (The densification enhanced zones are marked by yellow dashed
lines, respectively). The W powder with 0.5 pm has an approximately 5 um thick
diffusion enhanced zone (Figure 12 (d), boundary between the W matrix and Cr
particles is indicated by the yellow arrow). This densification enhanced zone became
thinner as the size of W powder was larger with 2.4 um. Here, the thickness of the
densification enhanced zone becomes approximately 1.5 pum (Figure 12 (e)).
However, for the case of W powder with 8 um, there is no densification enhanced
zone observed in W region. From these results, the use of W powder having large
particle size is not effective to enhance the sinterability of W. In this regard, the grain
boundaries in the initial powder agglomerates considered as a fast diffusion path
during sintering, and a smaller powder that has a large surface area can accelerate
this. With that, we used the W powder with 0.5 um to maximize the densification
during sintering cycle. Furthermore, the use of the W powder with 0.5 um can
effectively maximize the hardness compared to the other sizes of W powder because
it would correspond to the small grain size when the composites are consolidated.

Cr and W powders were mechanically milled through a high-energy milling
equipment. To determine proper milling time, we used the content of Cr at 50 vol.%,
which the content of W is quite enough to cover the Cr powder. Figure 13 shows the
SEM images of as-received Cr and W powders and Cr-50W powder mixtures as a

function of milling time (Figures 13 (a) and (b) are as-received Cr and W powders,
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respectively). With 1 h milling time, the W appears to be smoothly coated on the Cr
surface (Figure 13 (c)), and the coated layers are gradually thickened. After 5 h
milling, the thickened layers are rough and uneven, as shown in Figure 13 (d).
However, once the milling time was reached at 10 h, the thickened layers become
rough and even (Figure 13 (e)) and it is shown that further milling up to 20 h was no
longer effective (Figure 13 (f)). Therefore, a baseline was set with the same milling

time for 10 h based on the microstructure with no changes in the thickened layers.
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Figure 12 The densification enhanced zones depending on the W powder size. (a) with 0.5
pum, (b) with 2.4 um, and (c) with 8 um. Yellow areas indicated diffusion enhanced zones in
W.
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Figure 13 Powder morphology evolution during mechanical milling. As-received (a) Cr
powder and (b) W powder and mechanically milled at (c) 1 h, (d) 5 h, (e) 10 h, and (f) 20 h.
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3.3.2 The optimization of sintering temperature and W

addition level

Since this thesis is concerned with development of Cr-W dual-phase composites,
the SPS temperature should be determined, which can maximize the independent
properties of W and Cr. We therefore are interested specifically in the temperature at
which the sinterability of W can be enhanced while the diffusion of W into Cr is
minimized. Again, the composition used here was the same as the content of Cr at
50 vol.%. To optimize the SPS temperature, we SPSed the Cr-W powder mixtures at
the temperatures ranging from 1100 to 1500 °C. The soaking time was all set as 5
min. Figure 14 shows the SEM images of Cr-50W composites SPSed at 1100, 1200,
and 1300 °C. Here, the densification enhanced zone in W were estimated over 500
positions based on the microstructures. It is shown that the thickness of densification
enhanced zone increases with increasing SPS temperatures. The densification
enhanced zone SPSed at 1100 °C was shown with a high porosity, and the thickness
was estimated as 2.2 £+ 1.6 um (Figure 14 (a, d)). At the temperature SPSed at 1200 °C,
the thickness was similarly estimated as 2.3 + 1.5 pm with the temperature SPSed at
1100 °C, but the dense microstructure is shown in the diffusion enhanced zone
(Figure 14 (b, e)). The SPS temperature with 1300 °C increased the thickness of this
zone up to 5.9 £ 1.6 um (Figure 14 (c, f)), confirming the possibility to promote the
densification of Cr-W dual-phase composites at the specific composition of interest.
Following results in Figures 15 and 16 show the XRD and SEM-EDS results SPSed
at 1300 to 1500 °C. In SPSed at 1300 °C, the peak shift in Cr was almost not visible,
which is also consistent with the EDS mapping. However, it was found that the peak
shift in Cr toward W start to be detected from the SPS temperature at 1400 °C. This
peak shift is more noticeably detected SPSed at 1500 °C. The peak shift of Cr in Cr-
W composites is mainly due to the W diffusion into Cr, which is also confirmed by
the EDS mapping. In Figure 16 (b), the W element is detected even deep in the center
of Cr particles, unlike the results SPSed at 1300 °C. In this regard, the SPSed
temperature should carefully be considered for the sake of not having undesired
behavior in Cr particles, and therefore the SPS temperature here is set to 1300 °C

which is desirable to accelerate consolidation of W without losing the Cr properties.
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Apart from the varying the sintering parameters, the selection of composition
to have higher densities for Cr-W dual-phase composites is also important in order
to achieve the desired properties. The initial Cr powder has a wide size distribution,
as shown in Figure 17. Here, the D19, Dso, and Dy are percentile values which are
statistical parameters that can be read directly from the cumulative particle size
distribution. They represent the size below which 10, 50, and 90% of all particles are
found — Ds is known as the median powder size by volume. Based on the median
size 0of 92.1 pm and the diffusion distances of Cr in W, we considered a Cr-to-W ratio
of approximately up to 8:2. The ratio of Cr-W composites at the given system was

estimated based on the following assumption as

gm‘3 : gn(R3 -1 > +x)3-13 4)
where r is the radius of Cr, R is the radius of Cr and densification enhanced zone in

W, and x is the diffusion distance of Cr in W. Equation (4) becomes shortened as

follow:

r3 . (r+x)3-r3
(r+x)3 ° (r+x)3

Cr:W = Q)

With the use of the densification enhanced zone sintered at 1300 °C and the mean
powder size of Cr, the estimated values for Cr : W ratio using this calculations is
7.68 : 2.32, which means the Cr particles can cover the max 23.2 volume % W for
the densification. Therefore, the selected composition of Cr-W dual-phase
composites in this study was Cr-10 vol.% W and Cr-20 vol.% W, which can cover
all the W present in Cr-W dual-phase composites.
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Figure 14 The Cr diffusion distances in W depending on different sintering temperatures. (a),
(d) 1100 °C, (b), () 1200 °C, and (c), (f) 1300 °C
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Figure 15 XRD patterns of Cr-W composite with different sintering temperature.
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Figure 16 SEM-EDS mapping results. Sintered at (a) 1300 °C, (b) 1500 °C.
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3.3.3 Initial microstructures and basic properties

As explained in the aforementioned results, the Cr-10W and Cr-20W were
fabricated at the sintering temperature of 1300 °C for 5 min, together with pure Cr
and W for the comparison. Since it is difficult to obtain dense microstructure for pure
W at the 1300 °C, the SPS of pure W was employed at the 1900 °C for 5 min.

The microstructures of bulk samples are displayed in Figure 18. SEM images
and EBSD inverse pole figure (IPF) maps consolidated using different powders are
presented in Figures 18 (a—d) and Figure 18 (e—h), respectively. The pure Cr sample
showed a coarse-grained (CG) and uniform microstructures with an average grain
size of 32.1 pum, and it has a wide distribution of grain (Figure 18 (a, e)). In addition,
some micron-sized pores are observed in the microstructures, as marked by orange
arrows. In contrast, the Cr-10W exhibits a unique microstructure in which dark grey
particle are surrounded by bright grey network that is continuously connected in a
three-dimension (Figure 18 (b)). In the Cr-20W, the volume fraction of bright grey
network was increased, maintaining the unique three-dimensional network structure,
as shown in Figure 18 (c). Here, the bright grey network represents W region, while
the dark grey particles indicate Cr region. The EBSD IPF maps in Cr-W composites
provides a grain size information of each phase. The W region in Cr-W composites
is mainly comprised of equiaxed ultra-fine grained (UFG) with a mean grain size of
<0.8 pum. Similar to the pure Cr, the Cr regions in Cr-10W and Cr-20W have a CG
and homogeneous microstructures with a wide grain size distribution, and their mean
grain size was relatively about 28.6 and 27.7 um, respectively. The Cr/W interface
region in Cr-20W composite was further observed at much higher magnification, as
shown in Figure 18 (i). Here, we can observe this unique microstructure more in
detail, which CG Cr is surrounded by the UFG W. For pure W as shown in Figure 18
(h), it has a grain size of approximately 14.7 um and a homogeneous microstructure
with a narrow grain size distribution is observed. The differences of W grain size
with Cr-W is attributed by the SPS temperature consolidated at 1900 °C. Figure 18
(j) summarized all the grain size of each phase and its corresponding hardness
(HVo.1). The trends of grain size are observed same as aforementioned results, and

the hardness profiles show the differences among the samples, significantly. The W
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phase in Cr-W composites exhibit over 700 HV,;, while the hardness of W in pure
W shows about 465.7 HV,.1, which was directly contributed by their grain size
differences. The hardness of Cr is all shown to be approximately 180 HV,; for all
samples, which is affected by their grain size that is within a similar range.

Apart from the basic properties of each phase, the bulk hardness and density of
all samples prepared from various powders were provided, as shown in Figure 19.
The average density of Cr, Cr-10W, Cr-20W, and W is 99.1, 99.9, 99.5, and 99.1%,
respectively (Figure 19 (a)). All system can be achieved to nearly full densification
after consolidation. The small differences of density among the samples seem to be
contributed by the packing of the initial powder compacts. Because W in Cr-W
powder mixtures can fill the open spaces between the Cr particles. From this, the
rapid diffusion can easily be achieved and the sinterability for Cr-W composites can
be accelerated. The bulk hardness of all samples is dependent on the W content, as
shown in Figure 19 (b). However, it was confirmed that the increase in hardness of
Cr-W composite was significantly observed as the W content increased, which was
attributed by the UFG W. Therefore, benefiting from the unique microstructures
comprised of UFG W and CG Cr, the Cr-W composites has a good advantage in

terms of achieving high hardness as well as high densification.
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Figure 18 SEM+EBSD IPF maps and corresponding grain size and hardness maps of each
phase for the bulk samples: (a, e) Cr; (b, f) Cr-10W; (c, g) Cr-20W and (d, h) W. (i) EBSD
IPF map of the Cr/W interface region in the Cr-20W sample. (j) Grain sizes and hardness

(HVo.1) of W and Cr each phase with respect to composition. Orange arrows in (a) indicates
micron-sized pores.
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3.3.4 Cr/W interface characterization

To understand how the densification of W are enhanced at the Cr/W interfaces,
we performed the microstructural characterization by STEM-HAADF analysis with
thermodynamic characteristics aligning with those of the equilibrium W-Cr phase
diagram. Figure 20 (a) shows the STEM-HAADF images of Cr/W interface in Cr-
20W composite and the corresponding diffraction patterns of selected areas 1 and 2
are shown in Figure 20 (b, c). The selected area 1 exhibits diffraction rings from a
W BCC solid solution while Cr’s is not visible, suggesting that Cr atoms are
dissolved into W. This can be confirmed by the STEM-EDS results obtained by the
composition line scan and mapping. The elemental maps show the distribution of Cr
in W and the concentration of Cr diffused in W is approximately 20 at.% by line scan.
The Cr diffusion profile in W is uniform along the line scan of the specimen. This
composition is also in the reliable ranges with the composition in solubility maps
from W-Cr phase diagram (Figure 21). Here, the solubility of Cr in W is
approximately 18.6 at.% at 1300 °C, and the slightly higher W content in Cr would
be attributed by the effect of electric current. M. Park et al [9]. revealed the sintering
mechanism that densification in the W-Cr system can be achieved at a low sintering
temperature with the rapid rate. This is because the Cr phase separation at the W
interface generates fast diffusion path for W atoms. Therefore, once the Cr-rich phase
has been poised at the W inter-particle neck, the solubility of W in the neck increases
as temperatures increases, suggesting that it is capable of dissolving W atoms and
providing a transport pathway [10]. Here, the enhanced sinterability of W in the
Cr/W composites would be the effect of Cr atoms that poised at the W inter-particle
neck, which enables to sinter the Cr-W composites at such a low temperature. In the
selected area 2, the diffraction pattern is shown with a Cr BCC solid solution while
W’s is not visible. Unlike the W and Cr did not show the high W content but gradient
concentration profiles were observed from the Cr/W interface, as shown in the results
of composition line scan and mapping. Although the diffusion of W was made at the
Cr/W interface, the W did not diffuse deep in the Cr. Therefore, we believe the Cr

particles still have the potential to behave its function properly.
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Figure 20 STEM-HAADF Images of Cr-20W interface are shown in (a) and corresponding
diffraction patterns of different area 1 and 2 are shown in (b) and (c). EDS Line scan and
mapping marked by yellow line and red box in (a) are shown in (d) and (e), respectively.
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3.3.5 Sintering Kinetics

To assess the sintering kinetics, the determination of shrinkage curves is priority
work that needs to be performed. For the development of time-dependent relative
density curves, actual shrinkage data of the given powder compact was required. In
SPS, the axial displacement data of the bottom punch during sintering of the powder
can be recorded. However, in order to obtain a reliable result, the thermal expansion
of graphite mold (die and punches) and samples should be taken into account. For
this, the entire graphite mold was cooled down to room temperature and reheated to
the target temperature with same sintering cycle, keeping the sintered compact inside
the mold. Therefore, the displacement recorded in this second cycle corresponds only
to the thermal expansion of the graphite mold and samples. The length of the sintered
sample was measured after the first and second run and found to be nearly the same,
indicating that no further densification of the sintered sample occurred during the
second run. Finally, the powder shrinkage data were obtained by subtracting the
thermal expansion of the graphite mold and samples during the second run from the
original displacement data in the first run. The schematic raw data for sintered
compact and the graphite mold are shown in Figure 22 (a). In terms of the die
displacement, positive values indicate shrinkage while negative values indicate
expansion. The powder shrinkage curve (black line) was obtained by subtracting the
graphite expansion curve (blue line) from the original total specimen plus graphite
shrinkage curve (red line).

With regard to the actual shrinkage evolution, the final height of sintered
compact was measured. Then, the time-dependent relative density data was

calculated based on the following equations:
1
pi = 200 (©)

where p; is the instantaneous relative density, pris the final density which is measured
by the Archimedes method, Ir is the final length of the sintered pellet, 1i is the
instantaneous length, and h; is the displacement difference between final state and

instantaneous state, i.e., actual shrinkage curve can be read from Figure 22 (a). These

-
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data will be used in the following master sintering curve (MSC) construction.

We identify the characteristic atomic processes which form the rate-limiting
step during sintering by determining the sintering activation energy, and corroborate
the proposed sintering mechanism. To determine the sintering activation energy, the
master sintering curve method [11, 12] was employed. The master sintering curve is
developed based on the combined-stage sintering model [13] and the atomic flux
contributing to filling the pores is related to instantaneous shrinkage rate of a

compact.

dL.  yQ (SDbe DVFV>
Ldt ~ KT\ G* G3

(7
where v is the surface energy, Q is the atomic volume, k is the Boltzmann
constant, T is the temperature, G is the average particle or grain size, p is the relative
density, t is time, 0 is the grain boundary thickness, D, and Dy, are the coefficients for
volume and grain boundary diffusion, I" is a parameter which relates the driving force,
mean diffusion distance, and other geometric features of the microstructures.
Assuming isotropic shrinkage, Eq. (7) can be related to the integral form of the

instantaneous densification rate as follows:

_ kPG
*(p) ~ ¥QDo J,, 3pT'(p) ®)
t1 Q
ot T = | = ——]d 9
(L T®) JOTeXp( o) dt ©

where Q is the sintering activation energy, R is the gas constant, p is the relative
density, (Dy)o and n = 3 for volume diffusion, and Dy = (8Dy)o and n = 4 for grain
boundary diffusion. Eq. (8) can be rearranged into an equivalence of two terms: one
including all microstructural and materials properties (Eq. (8)) and the other which
depends only on Q and the heating time- temperature profile, T(t) (Eq. (9)). If a single
sintering activation energy exists, then is the correct value of Q will collapse all the
heating profiles of Eq. (8) onto a single curve. To assess the sintering activation

energy in the SPSed Samples, the mean residual squares of the fitting process as a
| L = 11
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function of Q were employed [14], as shown in Figure 22 (c). Figure 22 (d) illustrates
normalized heating profiles at sintering activation energies denoted in Figure 22 (c).
The best convergence of heating profiles to a single curve occurs for a sintering
activation energy of Cr, Cr-10W, Cr-20W, and W is 449, 451, 455, and 556 kJ/mol
(Table 3). The activation energies obtained for pure Cr is close to that for Cr self-
diffusion [15], 442 kJ kJ/mol. The effect of electric current is known to reduce the
activation energy because the mobility of atoms is kinetically enhanced. This
phenomenon is more accelerated if the defects in the material are highly saturated
[16, 17]. In powder metallurgy process, the most of the defects that exist in the
system corresponds to the grain boundary where the effect of electric current can be
maximize. However, the Cr powders used here is spherical powder with relatively
large size, and the defect density will not be the as many as the conventional powder
that has a high surface area. Therefore, the effect of electric current in the Cr powder
compact can be minimal and this could be one of the reasons that cannot reduce the
activation energy much in pure Cr system. Unlike this, the activation energy assessed
for pure W is minimum value compared to the W self-diffusion, 550-670 kJ/mol [ 18].
This could be attributed by a small W powder size of <0.5um that has a high surface
area, which the effect of electric current can be significant. In Cr-10W and Cr-20W
composites, three activation energies will contribute the total activation energy in
Cr-W because Cr is all isolated by the W network in this composite. The activation
energies are higher than W diffusion in Cr, 386 + 33 kJ/mol [19] which is lower than
Cr diffusion in W, 547 kJ/mol [20] and even farther from that for W self-diffusion.
The W self-diffusion would not be effective since the sintering was employed only
at 1300 °C which temperature is difficult to densify the pure W. Therefore, the total
kinetics may mainly be affected by the W diffusion in Cr and Cr diffusion in W,
which assessed activation energies are in-between value as 451 and 455 kJ/mol for
Cr-10W and Cr-20W, respectively. Although the dominant diffusion for densification
in this study is difficult to conclude, the diffusion of Cr phases in W neck is a
fundamental factor controlling sintering, providing a fast diffusion pathway for Cr
to W and vice versa. Therefore, Cr-W composites exhibit a good sinterability at low

temperature to the level of pure Cr, unlike pure W sintering itself.

1 _-' '-..':_1'
69 H 21l



(a) 4 Actual shrinkage curve of sintered compact (h)
Eh 9
S
E =
= 2 &
g g
£ o
< =
=3 1 T @
= =t Shrinkage curve-from 1st ran z
E‘ 0 (sintered compact densification&expansion E
a ¥ graphite expansion) : é o o 50°C/min
ss o a o o 100 °C/min
14 22 4 a4 & 200°C/mi
Graphite&sintered compact expansion curve-from 2nd mn 50 _—
5 T T T T T T T T T T
800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1500 1900
Temperature (°C) Temperature [°C]
1.4 100
(c) . Cr © o o 50°C/min
1ad] o erow 959 = = = = 100°C/min
g - © Craw 90 ] & a4 200 °C/min
= 854 i
=
g 80
—
= 5
% 75
- 704
g
= 65
= -
g 556 kJ/mol 60
- 24
= 0.2 554
0.0 T T T T b b R, s Rt R it R bt e o e o i, L
200 400 600 800 1000 107 107 107 107 107 107 10" 107 10" 10"

Activation Energy (kJ/mol) j'lexp(— g)n‘,[q;’Qf)
o7 RT

Figure 22 (a) Shrinkage curves of sintered compact and graphite during SPS. The actual
shrinkage curve is obtained by subtracting graphite expansion from total shrinkage curve. (b)
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(c) The mean residual squares as function of sintering activation energy. (d) normalized
heating profiles at the best convergence activation energy denoted in (c).
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Table 3 Activation energies obtained by MSC curves (up) and references (down)

Cr Cr-10W Cr-20W W
Activation energy
449 451 455 556
(kJ/mol)
W in Crl!! W in WU Cr in Wi Crin Crl¥]
Activation energy
386+33 550-670 547 442

(kJ/mol)
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3.4. Conclusion

A new Cr-W dual-phase composites were fabricated via mechanical milling and
subsequent spark plasma sintering. By introducing W into Cr as a sintering additive,
the sinterability of W was accelerated by the Cr diffusion, while the W diffusion in
Cr is minimized. The sintering parameters are systematically optimized. The
enhancement of sinterability can be maximized with the smallest powder of <0.5um,
which cannot be achieved with large powders. With the experimental results for the
diffusion distances and the mean powder size of Cr, the optimum composition was
decided as Cr-10W and Cr-20W in vol.%. From the microstructural analysis and
thermodynamic understanding aligning with phase diagram, we understood the
sinterability of W in Cr is enhanced due to the Cr diffusion into W. To assess the
sintering kinetics by using master sintering curve, the densification curves as a
function of temperature at the different heating rates are obtained from the shrinkage
curves. The apparent activation energies are assessed to understand the sintering
behavior of Cr-W composites. Although it is difficult to conclude the dominant
diffusion for densification in this study, the Cr diffusion in W neck is a fundamental
factor controlling sintering and provides a fast diffusion pathway for Cr to W and
vice versa. Finally, Cr-W composites exhibit good sinterability at low temperature to

the level of pure Cr, unlike pure W sintering itself.
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Chapter 4. Chracterizaion of Cr-W dual-phase

Composites

4.1. Introduction

In order to be able to use as key components in magnetic fusion reactors, such
as the divertor or the plasma-facing materials (PFMs), the aforementioned properties
including low activation, high melting point, good thermomechanical properties, low
sputter erosion, and low tritium retention are very important. In addition to those
properties, the moderate fracture toughness with strength at high temperatures are
stringently necessary to be usable in operating temperature window. W is the leading
PFM candidate because of its various advantages such as high melting point, low
erosion rates, and small tritium retention, but its brittleness, activation, and corrosion
issues severely restrict application as PFM. Therefore, for DEMO divertor, Cr and
Cr-based alloys have attracted considerable attention as promising candidate to
substitute W-based materials, as they possessed the desired properties such as
ductility at low temperature, moderate activation level, and excellent corrosion
resistance, which W didn’t have. However, the relatively low melting point and
erosion behavior by intense plasma restrict the use of Cr as a direct heat flux region.
Therefore, the concept that a Cr is utilized as a mid-heat flux region with the W
coating on the top. The concept of mock-up for PFM is shown in Figure 23. To
securely use Cr as a PFM, there needs also a certain degree of hardness that can resist
to stress generated by high heat load. In this chapter, Cr-W dual-phase composites
were assessed to confirm their potential use in fusion applications, together with pure
Cr and W for comparison. The materials were prepared via mechanical milling and
subsequent spark plasma sintering, as described in previous Chapter 3. The
characterization was investigated for the mechanical strength and ductility and

deuterium retention behaviors.
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Figure 23 The concept of applying Cr-based materials to the middle heat flux region of mock-
up
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4.2. Experimental procedures

4.2.1 Materials and methods

4.2.1.1 Mechanical test (3-point bending test)

After the fabrication process, mechanical testing is performed for the as-
fabricated samples. A 3-point (3PB) bending test is chosen to investigate the flexural
strength and strain. Sample dimensions are 16 x 1.5 x 1 mm® (length x width x
thickness, manufactured by electro discharge machining). The 3-point bending tests
are performed by using an Instron 5584 universal testing machine together with a
miniaturized 3-point bending pin system specially designed according to ASTM
D790. The tests were performed in air in the temperature at RT and 300 °C (near
DBTT). The temperature was measured with the thermocouple by drilling a gouge
into the support. The pin-roller diameter is 0.5 mm. The strain rate is set to 107 s,
During the tests, the sample is set on two support pins with a distance of 10 mm. A
pressing load from 1 load pin is applied in the middle of the sample. The
configuration of 3PB bending tester are shown in Figure 24. The load pins move

with a constant speed during the test. The load-displacement data of the test is record.



(@) (b)

Figure 24 (a) Three-point bending test configuration with the specimen on it; (b) Schematics
of the bending configuration and geometry with size.
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4.2.1.2 Deuterium retention behaviors

The study of D retention in the SPSed samples (Cr, Cr-20W, and W) has been
carried out in three series, following the same experimental procedure. The samples
are finely polished with colloidal silica and annealed in vacuum for 2 h at 923 °C to
outgas unnecessary gas, i.e., H, O, and etc. To understand deuterium (D) retention
behavior of all specimens, we used plasma source device ‘PlaQQ’ and ion source
device ‘SIESTA’ described in [1, 2]. The ‘PlaQ’ device is a remote electron cyclotron
resonance (ECR) discharge with a biased sample holder and allows for high particle
flux densities to the target samples in the desired particle energy. However, the
presence of impurities, multiple ion species and a not easily determinable flux of
energetic neutrals along with the intrinsic energy spread of the particles can make
the quantitative analysis of results difficult. In contrast, ‘SIESTA’ device has a
number of distinct advantages over plasma devices, producing a mono-energetic
beam which can be mass-filtered with magnetic sector fields, allowing for well-
defined experiments. These differences allow ‘PlaQ’ device to use particle energies
in the low energy region, while the ‘SIESTA’ device can be used in the high energy
region. In this study, we used ‘PlaQQ’ and ‘SIESTA’ devices for the energy of 10 and
200 eV/D, respectively. The energies were selected based on the SDTrimSP
simulations [3], considering the sputtering threshold of Cr and W. The sputtering
threshold for Cr and W is 40 and 230 eV/D, respectively, based on the simulation
results, as shown in Figure 25. With these energies, the energy with 10 eV/D would
not sputter the Cr atoms during exposures, while the energy with 200 eV/D would
severely sputter the Cr atoms, but not W atoms. Based on the ITER specification, the
fluence for D retention should satisfy the ~10%* D/m? as much as possible. Therefore,
the fluences were selected over 10%* D/m?. Since the presence of impurities has an
adverse effect on the D exposures in low energy [4], the comparable fluences were
selected in terms of D retention for energies of 10 and 200 eV with 4 x 10**and 4 x
10% D/m?, respectively. D loading was performed at a sample temperature of 200 °C,
which temperature is in the range of actively-cooling environment in divertor. In
addition to undamaged samples, the damaging was performed by W self-

implantation with 20MeV W®" ions in the TOF beamline of the 3 MV tandem
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accelerator. W ions were created with a cesium sputter source from a W carbide target
[5]. The damaging was performed up to 0.23 dpa (displacement per atoms), which
corresponds to the level that D can be saturated in W. The schematic experimental

strategy is shown in Figure 26.
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Figure 25 Sputtering yields of W and Cr for D calculated by the SDTrimSP simulations
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Figure 26 Experimental strategy for deuterium exposures.
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4.2.2 Characterization

4.2.2.1 Mechanical test (3-point bending test)

Based on these tests the flexural strength and strain can be calculated as

Flexural Stress (o) = % €))

Flexural Strain (¢) = ebd )

L2
in which D is the maximum deflection of the 3PB specimen; d is the
thickness of the specimen, L is the supporting span of the test stage (10mm), P is the
load, and b is the width of the sample.
For the microstructural observation, one of side areas is finely polished and

bending tested, and then observed crack propagation and fracture surfaces with SEM.
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4.2.2.2 Deuterium retention behavior

The D concentration in the near surface of all samples is probed with a *He ion
beam at the 3 MV tandem accelerator available at Max Planck Institute for Plasma
Physics (IPP) Garching [5]. To quantify the D concentration of surface for all
samples, the nuclear reaction analysis (NRA) using the D(*He, p)a reaction and
detecting the high energy protons is performed. The energies of the *He beam were
chosen to 690, 800, 1200, 2400, 3200, 3800, and 4500 KeV. Depending on the
different energy, it can provide a maximum depth of D concentration of
approximately 7.5 um. The measured spot was square shape with roughly 2 x 2 mm
in the center of each sample and the resulting proton spectra for each energy are
recorded by two proton detectors at a scattering angle of 135 © and analyzed using
the reaction cross section, as shown in [6]. Finally, the depth profiles are constructed
and D quantity in the surface are estimated by employing the NRADC [7] in
combination with the SIMNRA software [8]. Following NRA analysis and
microstructural characterization, the thermal desorption spectroscopy (TDS)
measurement of all samples was conducted to quantify total D concentration for all
samples with the use of the TESS device described in [9] For TDS measurement, the
samples are placed inside a quartz glass tube under a high vacuum atmosphere (~10
6 Pa) and heated in an external tubular oven with a linear ramp rate of 3 °C/min to a
maximum temperature of 727 °C without soaking time. Total D retained in samples
are expected to be released and desorbed gaseous species are detected by a
quadrupole mass spectrometer (Balzers DMM422). To gain the D desorption flux,
the individual D fluxes from the signals of the molecules HD, D,, HDO, and D0,
which are the main contributors to the total D count, are estimated. Under the
assumption that the mass spectrometer sensitivity relation from H, and H,O is similar
to D; and D;O as well as HD and HDO, the sensitivity factors are taken from
literature [10]

Using scanning electron microscopy (SEM) imaging, the microstructure with
interest region for all samples in 200 eV/D was characterized to observe the
modifications. For 10 eV/D, the microstructures were observed only after D loading.

Since it is difficult to distinguish the microstructural differences in the resolution of
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SEM scale for the W self-ion damaging and D loading, the microstructure was only
observed for the undamaged samples. The microscope (Helios NanoLab600, FEI)
allows secondary electron (SE) and backscattered electron (BSE) imaging and is
equipped with a Ga* focused ion beam (FIB). In addition, the surface morphology
was examined using a confocal laser scanning microscope (CLSM). The used CLSM
(LEXT OLS4000, Olympus) also allows differential interference contrast
microscopy (DIC). All microstructures were observed before TDS measurements,

where the samples could be destroyed by heat.
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4.3. Results and discussion
4.3.1 Mechanical test (3-point bending test)

The flexural strength and strain obtained in the bending test are shown in Figure
27. Figure 27 (a) gives the information tested at RT, and all samples show pure linear
elastic deformation behavior with no plastic deformation until failure. These
behaviors would be attributed by the brittle fractures since their DBTT is generally
known for the higher temperatures [11]. Pure W exhibits very low stress with strain,
which the DBTT is very far from the tested temperatures. In this temperature regions,
the intergranular fracture stress of W is too low to have failure without reaching its
intrinsic properties. The microstructures for crack propagation and fracture surfaces
support this logic. Figure 28 (a, b) show the crack propagation of W, which has only
intergranular fracture along grain boundaries. Also, a clear brittle intergranular
fracture surface is observed, as shown in Figure 28 (c, d). In fracture surface of W,
the nano to micron-sized pores are observed (dashed green lines), which again
confirm the difficulties in densification of W without thermo-mechanical treatment
[12]. These pores more easily enable to dominantly propagate crack along the
boundaries in addition to the weak intergranular fracture stress. Note that the average
density of pure W was 99.1%. For these reasons, as-sintered W is observed to be
failed in a very brittle manner with low strength and strain. Pure Cr shows more
strength and elongation than W at room temperature because its DBTT is lower than
that of W. Therefore, the moderate strength with elongation were observed in the
testing at RT. For Cr-10W and Cr-20W, both mechanical strength and elongation are
even increased compared to the pure Cr. With high W content, the high strength can
be obtained, without losing its elongation. It should be noted that the W fraction and
the grain size of W are the two key parameters in determining the strength of Cr-W
dual-phase composites. However, the low elongation compared to Cr-10W and Cr-
20W cannot easily be understood by relation between strength and elongation, i.e.,
elongation is inversely proportional to hardness, strength, and modulus. The
propagation of cracks in pure Cr is shown in the brittle manner (Figure 29 (a, b)),

without any deflection. In Figure 29 (c, d), the fracture surface corresponds to the
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pure cleavage and some micron-sized pores are also observed in fracture surfaces.
The average density of Cr was measured as 99.1% in the chapter 3. Therefore, the
probable reason for the low elongation is that the micron-sized pores in the initial
microstructure (Figure 18 (a)). The Cr-10W and Cr-20W also show the propagation
of cracks in the brittle manner, which is attributed by the DBTT temperatures,
without any deflection, as shown in Figures 30 and 31 (a, b). Similarly as pure Cr
and W, the fracture surfaces show the pure cleavage in Cr region and the
intergranular fracture in W region, as shown in Figures 30 and 31 (c, d). Nevertheless,
due to the benefit to highly densify the Cr-W composites, they show better
mechanical properties than pure systems.

The mechanical testing at 300 °C rather show a different behavior from RT, as
shown in Figure 27 (b). Pure W is nearly the same properties with the results that is
tested at RT, implying that the testing temperature is still below the DBTT. However,
pure Cr start to show plastic deformation, which this region might be in the range of
above DBTT. As explained in the results at RT, the ductility reduction for the pure
Cr would be attributed by the micron-sized pores which cannot be fully closed during
sintering cycle. Unlike the pure systems, the mechanical properties of Cr-10W and
Cr-20W were enhanced for both strength and elongation. These two samples are
well-densified during SPS, therefore, the trends of strength and elongation were
clearly shown at the 300 °C, which strength is dependent on the W content in Cr-W
composites, while elongation is not. Nevertheless, it has shown potential abilities for
withstanding both crack opening and propagation, since the flexural stress increases
dramatically compared to pure Cr and moderate flexural strain is observed. We
believe that if the testing temperature is well above the DBTT range, it will have
more potential to have good elongation even in the higher temperature. Figures 32
and 33 (a, b) support these results, as Cr is now deflecting the crack propagation by
making themselves deformed. The crack surface after this test is shown in Figure 32
and 33 (c, d). The fracture surfaces clearly show the differences from the results
tested at RT. Here, the most of fractures are cleavage but river pattern is observed in
Cr-10W. Furthermore, fracture surface shown in Cr-20W show the micro-cleavage
rather than pure cleavage, implying that the testing temperature was in the range of
DBTT. Even with this temperature, Cr-W composites show potentially applicable to

PFM application in relatively low temperature compared to pure W. In addition,
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depending on the desired properties in terms of stress and strain combination, the
selection of Cr to W ratio is possible. Figure 34 shows the schematic diagram for the
Cr-W dual-phase composites, indicating that strength and elongation can be achieved

simultaneously and controllable according to the properties we desired.
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each condition, at least more than three samples were tested.

s L e



Figure 28 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are pure Cr and tested at RT. Green dotted lines indicate nano to micron-sized pores.
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Figure 29 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are pure W and tested at RT. Green arrows indicate micron-sized pores.
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Figure 30 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are Cr-10W and tested at RT.
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Figure 31 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are Cr-20W and tested at RT.
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Figure 32 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are Cr-10W and tested at 300 °C. Green arrow indicates the deformed region in Cr
and Red dotted line indicates river pattern.
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Figure 33 SEM images of crack propagation for (a, b) and of fracture surfaces for (c, d). All
samples are Cr-20W and tested at 300 °C. Green arrows indicate the deformed region in Cr.
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Figure 34 Strategy for the microstructures and corresponding mechanical properties
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4.3.2 Deuterium retention behaviors

Microscopy

Figure 35 shows the microstructural changes before and after D plasma
exposures with SEM and CLSM images (all CLSM images are displayed bottom left
inset). In the case of exposure energy with 200 eV, the microstructures were all
observed same region for all samples before and directly after D plasma exposures.
The microstructure of the W sample shows no severely changing and some blisters
are observed in the microstructures (orange circles), as shown in Figure 35 (a, b).
Here, the formation of gas-filled cavities near the surface (so-called “blisters™). It is
also observed from CLSM images that the changes in height are not dramatic.
However, the microstructure of the Cr and Cr-20W samples are significantly changed
for both SEM and CLSM images. These differences of the surface changes are
contributed by the exposed energy that is far exceeding D threshold of Cr and not
exceeding the D threshold of W. Therefore, the most of Cr atoms could physically
be sputtered out by the intense D ions, as shown in Figure 35 (d, e, g, h). The surface
of pure Cr that has been changed in the characteristic grain with grain boundary
seems to be etched out. As explained, this is attributed by the physical erosion of Cr
atoms exposed by the intense D ions. Therefore, the surface of grains is more
observed in a way of flat and the surface of grain boundaries is more concretely
shown in both SEM and CLSM images (Figure 35 (d, ¢)). Similarly, the Cr-20W
shows the microstructural changes in Cr region, but the different microscopic aspects
are shown in each W and Cr region. The Cr is physically eroded by the D ions, which
the morphologies of surface are changed to flatter and deeper along the grain
boundaries in SEM images (Figure 35 (g, h)). This change is also observed in CLSM
images displayed in a small inset, showing the most of areas become blue areas with
a lower height in Cr particles. However, the W appears as a green level rather than a
blue level, meaning no severe physical erosion has occurred. In addition, a uniform
and periodic white ash-like structures are observed on the Cr particles near the Cr/W
interfaces. This white ash-like microstructural changes can be seen including some
grain boundaries. In order to observe the white ash-like microstructural changes

more in detail, high resolution SEM-EDS analysis, together with cross sectional
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analysis by SEM-FIB were performed as presented in Figure 36 (a—e). The white
ash-like structures are located on the Cr particles near the Cr/W interfaces, where
these structures seem to be initiated from W to Cr, including grain boundaries. The
white ash-like structures correspond to the W elements, as shown in EDS mapping
images. However, it is not observed in the cross-sectional microstructure, as shown
in Figure 36 (b, c), implying that the formation of white ash-like structures has only
occurred after plasma exposures. With that, we can conclude that the formation of
white ash-like structures is due to the physical erosion of Cr atoms. Since the Cr and
W have very different D threshold at 200 eV, it is rather reasonable to be seen such
a structure after D exposures. The existence of W atoms in Cr particle is probably
due to the inter-diffusion during the fabrication via SPS. The elemental distribution
of W in Cr is already observed in the previous chapter that W diffused into the Cr,
gradually (Figure 20). We therefore believe the diffused W atoms during the
production would be the one of the main reasons to make this white ash-like
structures.

On the other hand, the energy with 10 eV didn’t show any specific
microstructural changes for all system, as shown in Figure 35 (c, f, 1). In addition, it
is observed that no blistering and no specific physical erosion were observed by SEM
and CLSM, which is due to the exposed energy being far below the sputtering
threshold.
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Figure 35 SEM images for before and after D exposures. (a, d, g) initial microstructures of
W, Cr, and Cr-20W. (b, e, h) after D exposures with 200eV/D energy. (c, f, i) after D exposures
with 10 eV/D energy. All bottom left images displaced in the inset is CLSM images.
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Figure 36 SEM images (a) and EDS elemental mapping (bottom of (a)) of the Cr-20W
interface after D exposures. Yellow inset indicates enlarged area of white ash-like area. Cross-
sectional SEM images are shown in (b, ¢)
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D retention from NRA and TDS analysis

The D concentration depth profiles from NRA measurements and the D
desorption spectra from TDS of selected condition is shown in Figure 37. In general,
there should have large differences in concentration profile and TDS spectra between
the different samples themselves, depending on the composition, grain size, defect
densities, and diffusivities. The D concentration profile of the undamaged W (black)
is located top-most region containing a high D concentration. At the surface and in
larger depths, the concentration levels are relatively low while the D concentration
is the highest at the depth of 1 to 3 um (Figure 37 (a, b)). This trend is also similarly
observed in damaged W, as shown in Figure 37 (c), implying that the as-sintered W
has already many defects as D trapping sites. This is attributed by the low density
and pores in fracture surfaces in previous Chapter. The damaged level calculated by
SRIM for W and Cr is 2.3 and 3.2 pum, respectively. The differences of damage level
are simply due to the atomic weight differences between W and Cr. The undamaged
Cr samples (red) in Figure 37 (a, b) generally have higher D concentrations at the
near-surface area than inside area. However, the D concentration level at the surfaces
is very small that trapping of D is not severely observed. Unlike the W, the D
concentration is almost more than a hundred times increased when D is exposed into
damaged Cr (Figure 37 (c)), implying that the as-sintered Cr initially didn’t have
many defects as D trapping sites. This could be attributed by the use of well-densified
as-received Cr powder, or the annealing effect during the outgassing process
(annealed at 923 °C for 2 h ). Nevertheless, D concentration in near surface of Cr is
still minimum for all damaged samples (Figure 37 (c)). Cr-20W shows rather
different trends that the most of D near-surface is in the similar ranges for both
undamaged and damaged system.

Figure 37 (d—f) shows the TDS spectra that represents total released amount of
D. TDS spectra indicate total D retained in the whole samples, unlike the NRA data
indicates near-surface D content. For pure W, all corresponding the desorption
spectra show higher desorption fluxes than Cr and Cr-20W for every condition, just
like NRA results. Again, in Cr samples, the trend of retained D is similar with NRA
analysis, showing small deuterium retention for undamaged samples and significant

increment of D retention for damaged samples. Interestingly, Cr-20W _lshows no
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severe changes for all conditions where a similar amount of D is maintained both for
undamaged and damaged samples.

From the NRA and TDS results we obtained, we finally can calculate D areal
density by integrating under the areas, which is the number of D divided by the
exposed area. The results are summarized in Figure 38. The surface here indicates
the areal density of D for the depth of ~8 um. Whereas, the bulk indicates the area
density of D for the depth larger than 8 um. It can simply be calculated by subtracting
the surface areal density from the total areal density. At 200 eV with undamaged
samples, the amount of D retained in Cr is very small. In addition, the deuterium
inventory for surface is nearly not showing, the suspicion was made that physical
erosion observed by microstructures could have a strong effect. In any case, the very
small D uptake at the low ion energy at 10 eV with undamaged Cr sample shows a
single trend, so that the microstructural changes caused by physical erosion can only
have a negligible effect on the D retention in Cr. The D in undamaged Cr samples is
mainly retained in the bulk of the specimen (>8 um), not in the surface. For
undamaged W at the 200 and 10 eV energies, the significant amount of D is retained,
especially, the large amount of D inventory is contained in the surface of specimen
rather than the bulk. This could be attributed by the defect density that has initially
exist in the surface. This actually slowing down the diffusion of D in the bulk. For
undamaged Cr-20W at the 200 and 10 eV energies, the opposite trends of D
inventory are observed. At 200 eV, the large amount of D is contained in the bulk of
specimen, whereas at 10 eV, it is contained more in the surface of the specimen. Here,
we can point out two points. First, although pure Cr didn’t have a strong effect on
the physical erosion, the physical sputtering affects the D inventory in the surface of
specimen. Second, the diffusion of D starts deeper at higher energy so that the
diffused amount of D become more dominant for total D inventory. Rather
surprisingly, for the damaged samples with 10 eV energy, three distinct features are
visible: First, Cr has shown retained D in the surface, which make an unexpected
enhanced D retention at the bulk of the specimen. Second, once the damage layer is
generated by the W self-ion, an unexpected enhanced D retention at the bulk of the
W (>8 um) in addition to the surface is also revealed. Third, although Cr-20W
increased D retention on the surface, it did not show an increase in D inventory in

the bulk as much as the pure system, and the total D becomes the smallest of all
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damaged samples. The enhanced D retention at the bulk of pure system is probably
due to the introduction of a large number of defects, especially for the high fluence
case, as described in [13-23].

Diffusion of hydrogen in metals is a complex problem that is still in the focus
of numerous research groups, and cannot be explained by the solubility alone. Here,
one fact is that the solubility of hydrogen in Cr is higher than that of W but diffusion
of hydrogen in Cr is surprisingly fast more than 5 times than W, as described in Table
4. Although Cr has a large solubility than W, the unexpectedly fast diffusivity of D
makes the Cr with low D inventory of surface as well as total for the undamaged
samples. However, once the Cr is pre-damaged by W self-ion, the enhanced inward
diffusion is observed in addition to the surface D retention. This probably attributed
by the introduction of a large number of defects on the surface. The damaging Cr
with W self-ion would be rather severe because the atomic radius for W is much

larger than Cr, so that the damaging level by the W self-ion would easily achieve the

highly saturated defect density. Due to this defect generation, Cr uptake D in the bulk.

This is also observed in pure W system. The moderate defect at the surface retained
D as much as possible, as shown in undamaged results. However, once the defects
are highly saturated by the W self-ion damage, the unexpectedly enhanced D
diffusion can be observed in the bulk. Even though the solubility is smaller, the
presence of high D inventory in pure W is ascribed to the initial density and defect
which cannot achieved desired properties without thermomechanical processing.
The Cr-20W composites, which consists of 2 materials, should have competition for
the D diffusion based on their thermodynamic, diffusivity, and solubility. From the
view of heat of solution, thermodynamically, Cr is more stable than W to have D.
However, as explained, the diffusivity is approximately 5 times faster in Cr than in
W. The solubility of D in W is a half of the Cr. Therefore, when D enters the Cr-W
dual-phase composites, the D diffusion from the Cr to W at the interface is strongly
suppressed, which could be attributed to the higher thermodynamic stability of H
with Cr than W. This will be suppressed until the entire Cr is filled as much D as
possible. Conversely, the D diffusion from the W to Cr at the interface is relatively
easy because of thermodynamic stability of D with Cr is higher than W. However,
the delivery of D in W to Cr would relatively slow because diffusivity of D is 5 times

slower. Therefore, the combination of tendency for Cr to retained D as much as
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possible and the slow diffusion of D in the W minimize the bulk diffusion. This
concept can be applied to the damaged samples, so that a relatively low D inventory
can be obtained although the samples are pre-damaged. Therefore, the total D
retained in damaged Cr-20W would be minimized. This suggests the irradiation
damage of as-sintered pure system would contribute to the deterioration of the fuel
cycle, and this effect will become more severe by extending operation duration. In
contrast, the suppression of enhanced inward D diffusion after pre-damaged of Cr-
20W would be beneficial to longer operation duration. Other than the material
properties, the effect of the type of the defect on a given system could be main

reasons, which is a direction for future research.

104 M 2}



_
=
-

D concentration [at. %]

R

5

Depth [um]

6 7

s g 32

10 [10®
w er_—‘—'_fz o’
10° B E10°
s —_—W
10 [ F10°
Cr-20W
10" by SRIM caleulation 307
- 203 MeVWaon'W
s } - 203 MeVWonCr
10 - ! 10
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
Depth [pm] Depth [pum]

r— /%

D effusion flux density [10' D/m’s]

Time [s]

2000 4000 6000 3000 10000 12000 L4000

2000 4000 6000 000 10000 12000 14000
Time [s]

2000

4000 6000 8000 10000 12000 14000
Time [s]

primary damage [dpa,]
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Table 4 The activation energies for heat of solution, diffusion, and solubility of hydrogen in
W and Cr.

_ Activation energy Activation energy
Heat of solution (eV) o
4] for diffusion (eV) for solubility (eV)
[25] [26]
w 1.1 0.393 1.049
Cr 0.6 0.077 0.591
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4.4 Conclusions

In this contribution, we have assessed the potential abilities of Cr-W dual-phase
composites, together with pure Cr and W. The materials are all fabricated by the SPS,
as described in previous Chapter 3. In the 3-point bending test, the Cr-W dual-phase
composites behave in a brittle manner at room temperature, while high strength with
moderate elongation were observed at 300 °C. The scanning electron microscopy
was utilized to characterize the crack propagation and the fracture surface of the
materials tested at RT and 300 °C. As a result, below the DBTT (RT), Cr did not
deflect crack propagation, and pure cleavage fractures are observed. Whereas near
the DBTT (300 °C), Cr deflects the crack propagation by making plastic deformation,
and the micro-cleavage fractures and river patterns are observed, which is why Cr-
W composite can possess high strength with moderate elongation.

In the deuterium retention, deuterium retention for the undamaged and heavy
ion pre-damaged samples at low- and high energies has been studied with a high
fluence of 4 x 10%* and 4 x 10* D/m?, respectively. Undamaged Cr samples have a
small amount of D inventory in the bulk, which is attributed by the high diffusivity
of D. In addition, undamaged W samples have a large amount of D inventory in the
surface, implying that the initial defect density was already high. Undamaged Cr-
20W show the different D inventory at the different energy. At 200 eV, the D
inventory in the bulk is higher than in the surface, which is caused by the physical
sputtering of Cr or D energy depth. However, the opposite trend was observed at 100
eV, which the combination of tendency for Cr to retain D as much as possible and
the slow diffusion of D in the W minimize the bulk diffusion. Due to the highly
saturated defect density, the damaged Cr and W enhance the D inward diffusion,
which corresponds to the large amount of D inventory in the bulk. However, the
damaged Cr-20W did not enhance the D inward diffusion due to the high
thermodynamic stability with Cr with kinetic delay in the W phase.
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Chapter 5. Conclusions and Outlook

A new Cr-W dual-phase composite produced by powder metallurgy was
developed. The control of the powder size, milling time, and sintering time of a
sintered compact are permitted to optimize the sintering condition. The fast sintering
kinetics was attributed by the Cr diffusion in W, providing a fast diffusion path for
Cr to W and vice versa. After fabrication, the significantly increased mechanical
properties has also been realized. Deuterium retention behaviors were assessed to
confirm the potential applicability as a plasma facing material. Spark plasma
sintering (SPS) is the main production process used here. The problem caused by
carbon diffusion during SPS is the first important issue that must be solved.
Otherwise, the degradation of materials may be observed after the fabrication. Here,
we start to discuss the fundamental solution related to the C issue from the Chapter
2. The significant conclusions elicited from this thesis are discussed below.

In Chapter 2, the several metallic foils as a C diffusion barrier were introduced
in spark plasma sintered tungsten to minimize the C diffusion. We show that the Ta-
foil protected system effectively suppress the C diffusion into the W, while Mo and
W did not. The W foil is only a physical barrier that suppress the C diffusion by the
dedication of itself. The Ta foil overcome this disadvantage by suppressing C
diffusion both physically and thermodynamically. The effect of Ta foil is attributed
to low diffusivity of C. Furthermore, the thermodynamically stable Ta carbide
prevents further C diffusion at the Ta/W interface. For the opposite reason, C diffused
faster not only in the Mo, but also at the Mo/W interface. Finally, the Ta foil can be
applicable in the Cr system due to the same thermodynamic and kinetic relation with
W.

In Chapter 3, Cr-W dual-phase composites are fabricated through a high-energy
mill and SPS and the sintering at low temperature and the rapid rate of densification
is confirmed. The role of the Cr diffusion in W during consolidation is analyzed.
Furthermore, the optimization of process parameter for high densification without
losing Cr properties is crucial to realize the desired properties. The process
parameters such as optimal powder size, milling time, and sintering temperatures is

controlled based on electron microscopy and X-ray diffraction. The newly developed
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Cr-W dual-phase composites consist of a morphology with isolated coarse-grained
Cr particles surrounded by a continuous network of ultra-fined grained W.

In Chapter 4, Cr-W dual-phase composites are characterized to observe their
potential applicability as PFMs. The mechanical properties assessed by the 3-point
bending test at RT and 300 °C (near DBTT). In the test at RT (below DBTT), they
show a brittle behavior, with no suppression of the crack propagation. While, at
300 °C, Cr particles suppress the crack propagation and a ductile behavior is
observed. In addition, Cr-20W would be beneficial to the suppression of enhanced
inward D diffusion after pre-damaged owing to the high thermodynamic stability
with Cr, and kinetic delay in the W phase.

For the future fusion reactor, when using W as the armor block, a critical
concern is the high heat flux fatigue load. For normal W material, once the crack
initiates, it can easily propagate through the whole armor block because of the
intrinsic low toughness of tungsten. This stress distribution and crack initiation
mechanism make the crack resistance and a higher toughness the most urgent criteria
for plasma facing materials. In this study, according to the initial purpose of
development, the Cr-W dual-phase composite produced by powder metallurgy
processes can fulfill this requirement. In addition, to assess the potential applicability
as a plasma facing material, the deuterium retention behaviors were studied using
different combination of ion energies.

As the PMCs, after the bulk material production, the Cr-W dual-phase
composite can be machined into the required geometry or joined with other materials
depending on the physical requirements. Here, we suggested these PFCs can be used
in the mid-heat flux region, avoiding direct heat flux. On the other hand, with some
special tool systems, SPS can also produce near net shape materials with complex
geometries. This gives us another potential option of Cr-20W dual-phase armor
production. With the above results, this novel composite shows great application

potential in a future fusion reactor.
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