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ABSTRACT

Tungsten is considered a highly promising candidate for plasma-facing
components in fusion reactors due to its unique combination of properties, including
a high melting point, high thermal conductivity, and low erosion rate. Nevertheless,
the practical application of tungsten in fusion environments is restricted by its low
recrystallization temperature and high ductile-to-brittle transition temperature
(DBTT). Extensive researches have been conducted to improves the properties of
tungsten through the addition of various alloying elements. However, the amounts
of alloying elements should be limited to a certain extent in order to avoid the
potential plasma instability that arises from the elements. Therefore, this study
focuses on fabricating a tungsten material in which minimal amounts of alloying
elements, namely yttrium and potassium, were uniformly dispersed throughout the
matrix using powder metallurgy techniques. Subsequently, the plasma-facing
properties and mechanical properties of the tungsten material were evaluated.
Furthermore, experiments and calculations were performed to investigate the
relationship between the alloying elements and the resulting properties.

Firstly, the investigation focused on the effect of a small amount of yttrium on
the properties of tungsten. Mechanical alloying was employed to disperse less than
0.05 wt.% of yttrium within the tungsten powder and the dispersed yttrium reacted
with residual oxygen, resulting in the formation of uniformly distributed yttrium
oxide within the matrix during the spark plasma sintering process. The yttrium oxide
was identified to be yttria (Y.0s3) with an average particle size of approximately 20
nm. The presence of nano-sized Y.Os particles played a crucial role in pinning grain
boundaries, leading to the formation of a fine-grained microstructure and inhibiting
grain growth at elevated temperatures. Furthermore, the high fraction of grain
boundaries in the material facilitated the grain boundary diffusion of tungsten atoms
during the sintering process, enhancing the overall sinterability. To assess the
viability of the Y,0s-dispersed tungsten in a nuclear fusion reactor, resistance to
deuterium and helium ion irradiation was evaluated. The results confirmed that the
Y.0s-dispersed specimen exhibited superior irradiation resistance compared to the
pure tungsten specimen. Additionally, nanoindentation tests were conducted to
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analyze the influence of Y03 particles on the microscopic mechanical properties of
tungsten. The distribution of maximum shear stress in the Y,Os-dispersed tungsten
showed a combination of two lognormal distributions with different mean values. It
is due to the introduction of mobile dislocations by the Y.Os; particles during
sintering, which effectively reduces the microscopic yield stress of the material.

Secondly, the investigation focused on the effect of adding a small amount of
potassium on the properties of tungsten. Sintering was performed using tungsten
powder doped with approximately 33 wt ppm of potassium under conditions where
abnormal grains did not form. The evaporation of potassium during the sintering
resulted in the formation of fine bubbles with an average size of approximately 30
nm in tungsten matrix. Uniaxial tensile tests demonstrated that potassium-doped
tungsten specimens exhibited lower DBTT compared to pure tungsten specimens
despite similar dislocation densities. Through a comparative analysis of dislocation
density and maximum shear stress between potassium-doped tungsten and pure
tungsten specimens, it was found out that dislocation nucleation played a dominant
role in the plastic deformation of potassium-doped tungsten. Molecular dynamics
and dislocation dynamics simulations demonstrated that the nano-sized bubbles
concentrated stress in the surrounding matrix, facilitating the nucleation of
dislocation at lower external stresses. It provided a comprehensive understanding of
the mechanism behind the reduction in DBTT in potassium-doped tungsten.
Furthermore, an evaluation of the plasma-facing characteristics of potassium-doped
tungsten confirmed its excellent thermal stability and resistance to deuterium ion
irradiation.

Through this study, it has been confirmed that the properties of tungsten can be
significantly enhanced by adding minimal amounts of alloying elements. The
production technology that achieves uniform dispersion of minimal elements within
a matrix, coupled with a comprehensive understanding of the mechanisms
underlying property enhancement, is anticipated to serve as a cornerstone for the
future development of manufacturing technologies for high-purity tungsten as a
plasma-facing material. Finally, it is believed that this research will provide
breakthrough in the field of materials for various extreme environments and pave the

way for new avenues in materials development.
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Chapter 1. Introduction

1.1. Nuclear fusion reactor

As the global demand for energy continues to increase annually, there has been
a significant rise in the emission of greenhouse gases, particularly carbon dioxide
(COy), resulting from the combustion of fossil fuels (Figure 1). Given the dominant
contribution of CO; to global warming and subsequent climatic changes, extensive
efforts have been dedicated to exploring alternative energy sources that can generate
a sufficient amount of energy without emitting CO». In this context, nuclear fusion
energy has emerged as a compelling solution to address the issue of CO, emissions.
This promising energy source offers numerous potential advantages, including long-
term sustainability, economic viability, and enhanced safety for electricity generation.
Furthermore, fusion fuels are abundant and inexpensive, while the production of
long-lived radioactive waste is minimized.

The fusion reactor generates energy through the nuclear fusion reaction
between deuterium (D = 2H) and tritium (T = 3H), commonly referred to as the D-

T reaction. The fusion reaction can be expressed as follows:
2H + 3H - 3He(3.5 MeV) + in(14.1 MeV)

This nuclear fusion involves the atomic nuclei that possess positive electric
charges. In order to facilitate the bonding of these nuclei and form a new nucleus,
the repulsive electric forces must be overcome. It can occur when a significant
number of atomic nuclei collide with high velocities under extremely high
temperatures. In order for a fusion reaction to take place, it is necessary to elevate
the temperature of the plasma to a minimum of 100 million degrees.

Due to this reason, the plasma is confined within a magnetic cage, effectively
isolating it thermally from the surrounding materials [1]. The power output is
generated through the impact of fast neutrons and highly energetic particles on the
reactor walls. The resulting heat, transferred to the blanket structures by the reaction
neutrons, is subsequently extracted using a coolant system, which then generates

1 !



steam and electrical energy through the use of turbines and generators. Among the
various concepts for containing the plasma within a magnetic field generated by coils,
the tokamak stands out as one of the most extensively studied and promising
approaches for achieving controlled thermonuclear fusion power [2]. The
International Thermonuclear Experimental Reactor (ITER) is an experimental
tokamak reactor that has been planned for construction since 2008.

While magnetic confinement serves to minimize the interaction between hot
plasmas and the surrounding materials, complete avoidance of plasma-material
interactions is not feasible. In the operational environment, the plasma-facing
material (PFM) must be capable of withstanding extreme conditions, including high
temperatures, high heat flux, and high ion flux. Therefore, the selection of an

appropriate PFM is crucial to ensure the long-term stability of a fusion reactor.
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1.2. Tungsten as a plasma-facing material

Tungsten is a promising candidate for the plasma-facing components used in
extreme environments involving high temperatures and high plasma-ion fluxes,
because it exhibits unique properties such as a high melting point, high thermal
conductivity, and low erosion rate [5-7]. However, there are several challenging
issues that hinder the widespread application of tungsten as a plasma-facing material,
such as its low recrystallization temperature and high ductile-to-brittle transition
temperature (DBTT).

Tungsten is commonly acknowledged as a hard-to-sinter material. Therefore,
the production of commercial pure tungsten typically involves sintering followed by
thermomechanical processes. The latter step aims to eliminate any remaining pores
from the initial sintering process, resulting in fully dense sintered tungsten [8].
However, tungsten produced through this method often contains numerous
dislocations, which adversely affect its mechanical properties due to recrystallization
or grain growth at high temperatures [9, 10]. Additionally, the recrystallization of
tungsten can lead to embrittlement, making the enhancement of its thermal stability
a crucial concern. to overcome this issue, attempts should be made to achieve full
densification of tungsten only via sintering.

Spark plasma sintering (SPS) is an effective alternative sintering method in
which electric current and pressure are applied simultaneously to powder. Kim et al.
[11] suggested that when electric current flows through a polycrystalline metallic
material, the charge imbalance formed near a defect weakens atomic bonds and
improves atomic mobility. By exploiting these features of SPS, Choi et al. [8]
produced pure tungsten with a relative density of 99.9% without any post-processing.
However, the hardness of this SPS-produced pure tungsten was lower than that of
the commercially obtained pure tungsten produced using sintering and subsequent
thermomechanical processes. Therefore, in order to achieve both high thermal
stability and excellent mechanical properties simultaneously, alternative strategies
such as alloying design are implemented.

The high DBTT of tungsten also significantly restricts its temperature range of

applicability [12-14]. In the operational environment of a fusion reactor, where



plasma-facing components are exposed to a wide temperature range of 150-2400 °C
[15], and undergo intense thermal shock caused by transient events such as edge
localized modes [16], the occurrence of such thermal shock can lead to component
cracking or failure, and result in accidents such as coolant leakage [17]. Therefore,
reducing the DBTT of tungsten is a critical issue for the long-term and reliable
utilization of tungsten material in plasma-facing environments.

According to the ITER committee, adherence to specified standards is required
for the utilization of tungsten in the divertor, which functions as one of the plasma-

facing components in a fusion reactor [18].

Grain size number: 3 or finer; ASTM E112
Density: =19.0 g/cm*; ASTM B311

Purity: = 99.94%

Vickers hardness: =410 HV30; ASTM E92

Due to the purity specifications for tungsten, the quantity of dopant elements in

tungsten should be restricted.



1.3. Research objectives and structure of thesis

In this study, we aimed to enhance the properties of tungsten by adding minute
quantities (< 500 wt ppm) of alloying elements, specifically yttrium and potassium.
The doped tungsten samples were fabricated using a powder metallurgical process
including SPS. The resulting microstructures and properties of the doped tungsten
specimens were meticulously characterized and analyzed, with a particular emphasis
on elucidating the correlation between the doped element and the improvement of
properties. This thesis is comprised of two main parts.

In Chapter 2. yttrium-doped tungsten powder was prepared through high energy
ball-milling and subsequently sintered using the SPS process. Yttrium-rich oxide
particles evolve through the reaction between yttrium and residual oxygen atoms
during the sintering process. The phase, shape, size, and quantity of these yttrium-
rich oxide particles were thoroughly investigated. Additionally, the influence of the
oxide dispersion on the sintering behavior, plasma-facing properties, and
microscopic mechanical properties of tungsten was explored.

In Chapter 3. potassium-doped tungsten was fabricated using the SPS technique.
Potassium-doped tungsten exhibited a lower DBTT when compared to pure tungsten,
despite having similar dislocation densities. To gain a comprehensive understanding
of the underlying mechanism responsible for this low DBTT, a series of experimental
and computational investigations were conducted. The defects present within the
specimen were characterized using X-ray diffraction and transmission electron
microscopy, while the microscopic plastic behavior of the sintered product was
examined through nanoindentation. The relationship between defects and
mechanical behavior was further analyzed through molecular dynamics and
dislocation dynamics simulations. In addition, the plasma-facing properties of

potassium doped tungsten were evaluated.
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Chapter 2. Effect of yttrium-doping on tungsten

2.1. Introduction

The dispersion of oxides or carbides is a popular technique for improving
hardness and refining the grain size of materials [1-7]. Among these dispersoids, rare
earth oxides, such as ThO,, CeO,, and Y,0Os3, could be considered suitable for plasma-
facing materials exhibiting high strength at high temperatures owing to their high
melting point and thermal stability [4, 8, 9]. For example, the dispersion of ThO can
contribute to excellent high-temperature mechanical strength. However, their
radioactivity poses a significant impediment to their practical application for nuclear
reactor [ 10]. In terms of CeO»-strengthened W, it has been observed to lower ductile-
to-brittle transition temperature (DBTT) while maintaining its thermal conductivity.
However, the relative density of the CeO,-strengthened W did not reach its full
density [1]. Unlike ThO, and CeO,, Y»O; exhibits a favorable radiation performance
characterized by low activation [11], and contributes to enhancement of sintered
density [8], making it a highly attractive option as a dispersoid for tungsten
strengthening. In addition, the pinning effect of Y.O; particles helps suppress the
mechanical property degradation at high temperatures [12, 13], and the fine-grained
microstructure obtained using dispersed Y,Os particles can improve the plasma
resistance of materials, because many grain boundaries act as sinks for the defects
formed by ion irradiation [14].

Hu et al. [15] found semi-coherent or incoherent interfaces exhibiting low
bonding strength at the tungsten— Y»Os interface. Because brittle fracture of tungsten
is mainly caused by intergranular cracking, excessive Y>O;3 addition may lead to a
high DBTT. Therefore, the amount of Y>O3; must be curbed to suppress the increase
in brittleness. However, previous studies have mostly focused on dispersion-
strengthened tungsten containing 0.5-5 wt.% Y»03; [16-21]. Consequently, the
effects of adding minimal amounts of Y>03 (<0.05 wt.%) on the sinterability and
properties of tungsten have hardly been reported.

Oxygen reduces the bonding strength of grain boundaries in tungsten and causes

embrittlement [22]. This residual oxygen can be effectively removed during milling
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or sintering by reacting with yttrium (Y) atoms to form fine Y»Os particles [23].
Therefore, in the present study, a small amount of Y (<0.05 wt.%) was added to
tungsten and the resulting effects were analyzed. The composition of Y was
determined based on the purity standard (>99.94 wt.% W) of divertor target at the
International Thermonuclear Experimental Reactor (ITER) project [24]. The phase,
morphology, and size of Y-rich precipitates in the Y-doped tungsten were
characterized by transmission electron microscopy (TEM) and small-angle neutron
scattering (SANS) analyses. Initially, we identified the influence of mechanical
alloying and internal oxidation on the sintering of tungsten by conducting a
comparative analysis of the physical properties and microstructure of spark-plasma
sintered (SPSed) specimens, prepared by the addition of Y and Y,Os, respectively.
And Then, the relative densities and densification curves acquired during the SPS of
pure and Y-doped tungsten were compared to analyze the effects of Y addition on
sinterability. The thermal stabilities of SPSed pure tungsten, SPSed Y-doped tungsten,
and commercially obtained pure tungsten specimens were evaluated by analyzing
the changes in the microstructure and hardness of samples exposed to various high
temperatures (>1000 °C). Additionally, the surface morphologies of plasma ion-
irradiated samples were examined by scanning electron microscopy (SEM) to
evaluate their resistance to ion irradiation. Nanoindentation experiments were
performed to investigate the effect of Y addition on the microscale mechanical

behavior of the specimens.
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2.2. Experimental procedures

2.2.1 Materials and methods

Commercially obtained pure tungsten powder (TaeguTec; ~0.5 um, purity
99.9%) and pure Y powder (Sigma Aldrich; <400 um, purity 99.5%) were used to
fabricate the specimens. Tungsten powder was treated in a 99.999% H, atmosphere
for 2 h at 1200 °C to decrease its oxygen content. The H»-treated tungsten powder
and Y powder were weighed and mixed in an Ar-filled glove box. The amount of Y
was set to 0.0394 wt.%, which corresponded to 0.05 wt.% Y>0O; in the sample,
assuming that all Y atoms reacted with oxygen to form Y,0Os3 during the sample
preparation. The pure and Y-doped tungsten powders (denoted as Pure W and W-Y,
respectively) were placed in WC-Co vials with milling balls at a ball-to-powder
weight ratio of 2:1. The powder was ground in a high-energy ball mill (SPEX Mixer
Mill 8000D). The milled powders were subsequently placed in a graphite mold with
an inner diameter of 12 mm. A graphite foil was inserted between the mold and
powder to serve as a lubricant. During sintering, a graphite spacer was placed
between the mold and the electrode. One-step or two-step sintering was performed
using an SPS machine. During one-step sintering, the specimen was heated to
1500 °C at a rate of 200 °C/min and maintained at this temperature for 10 min.
During two-step sintering, the specimen was heated to 1800 °C at a rate of 50 °C/min,
maintained at this temperature for 10 min, cooled to 1400 °C at a rate of 100 °C/min,
and then maintained at this temperature for 30 min. Pure W powder was sintered
using the two-step method to maximally increase the relative density of the sintered
compact [25], whereas W-Y powder was sintered using both the one-step and two-
step method. All sintering processes were conducted in vacuum (~10~* atm). A
uniaxial pressure of 25 MPa was initially applied and then increased to 65 MPa at
1000 °C. Commercially obtained pure tungsten (Plansee, Austria; purity: 99.97%)
manufactured using sintering and thermomechanical processes was used for

comparison with the SPSed specimens.
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2.2.2 Characterization

The morphologies of the powders and sintered specimens were examined using
a field-emission SEM (FE-SEM) device (SU-70, Hitachi) equipped with an electron
backscatter diffraction (EBSD) system (EDAX/TSL, Hikari). The specimen surface
was mirror-polished with colloidal silica prior to examination. Grain size was
measured based on high-angle grain boundaries with a misorientation angle of 15°
to adjacent grains. Kernel average misorientation (KAM) maps were acquired to
compare the number of dislocations inside the specimens. The average size of milled
Pure W and W-Y powder were measured using a laser diffraction particle size
analyzer (Mastersizer 3000E, Malvern Panalytical, UK). Nanosized precipitates
were observed and characterized by TEM (JEM-2100F, JEOL Ltd.), and the samples
for TEM were prepared using a focused-ion-beam device (Helios G4, Thermo Fisher
Scientific). The particle size distribution was determined by statistical analysis of
approximately 300 particles from several TEM images. SANS was performed to
determine the size distribution and volume fraction of nanosized Y-rich particles in
the specimens. The SANS measurements were performed using the 18M SANS
instrument at the Korea Atomic Energy Research Institute (KAERI). The samples
were analyzed at room temperature in two configurations. The wavelengths (A) of
the neutron beam were 5 and 10 A for sample-to-detector distances of 3.1 and 9.1 m,
respectively, with appropriate collimation settings. The scattering vector Q (=
47sin6/)) ranged from 0.003 to 0.2 A",

The hardness of each specimen was measured using a Vickers indenter
(Duramin-40 M1, Sturers) and nanoindenter (Ti 750 L UBi, Hysitron) on its polished
surface. The load and holding time for the Vickers hardness tests were 3 kg and 10
s, respectively. Nanohardness was measured using a Berkovich-type diamond
indenter tip with loading and unloading rates of 400 uN-s™' and a maximum load
of 2000 uN. To exclude the effects of grain boundaries from the nanohardness
measurements, only the tests conducted on the grain interior were selected with the
assistance of scanning probe microscopy. A total of 56, 65, and 78 nanoindentation
tests was analyzed for Pure W, W-Y, and commercially obtained pure tungsten
specimens, respectively.

To quantitatively analyze the effects of Y addition on sinteral_)lilit_y_, the
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densification curves of Pure W and W-Y powders were obtained by conducting SPS
at various temperatures. To that end, the samples were heated at a rate of 200 °C/min,
maintained at a specific temperature for 5 s, and then cooled in air. The relative
densities of the specimens were measured using the Archimedes method, with the
theoretical densities of W and Y>0; set as 19.25 and 5.03 g/cm?®, respectively.

To investigate thermal stability, the specimens were annealed at 1000, 1300,
and 1700 °C for 1 h in an atmosphere of 95% Ar and 5% H», and the resulting
changes in microstructure and hardness were probed. Additionally, specimens with
a diameter of 10 mm were irradiated with deuterium using an electron-cyclotron-
resonance (ECR) system. The incident ion energy was 100 ¢V per D,", and the
corresponding target bias and plasma potential were —87 V and 13 'V, respectively.
The ratio of D", D," and Ds" ion fluxes on the specimens was estimated to be 5:80:15
by the hydrogen global model [26], and the total ion flux was 4.74 x 10*' D* m 2!
All specimens were exposed for 4 h, which corresponded to a total fluence of ~6.8
x 10% D" m2. The deuterium retention of each specimen was examined using
thermal desorption spectroscopy (TDS). The TDS temperature range was 300—-1273
K with a heating rate of 12 K s™!, which satisfied the Redhead approximation and the
Kissinger equation for the analysis of desorption energy from the TDS spectra [27].
The retained amount of deuterium was calculated by integrating the release rate with
respect to the temperature in the TDS spectrum. In addition, the specimens were
subjected to a He" ion radiation using an ECR system to assess their radiation
resistance. The incident ion energy was set to 50 eV per He" ion and the target
temperature was maintained at 1000 K, which is a condition where a fuzz structure
is observed in tungsten [28, 29] . The surface of the specimens was irradiated with a
fluence of 8.5 x 10** He" m for 240 min. Throughout the experiment, the pressure

was maintained at 2.5 mtorr of He.
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2.3. Results and discussion

2.3.1 Characterization of powders and specimens

In order to determine the optimal milling time for W-Y powder, the powder was
subjected to high-energy ball milling for various durations, and the resulting
morphologies were examined using SEM. Figure 2 (a) illustrates the initial
microstructure of the W-Y powder, which retained its pristine tungsten particle size
(~0.5 pm) but exhibited a slightly interconnected structure due to the high
temperature during the prior Ho-treatment. Due to the low Y content, larger Y particle
(~400 um) was not discernible in the SEM observation. After 0.5 h of milling,
although the particles were combined together, the initial morphology was still
observed in Figure 2 (b). However, with milling times exceeding 1 hour, the original
structure was completely lost, and a rounded shape was formed. Figures 2 (c and d)
show that the particle size of W-Y can be decreased further with prolonged milling.

To quantitatively evaluate the effect of milling time on grain refinement of W-
Y powder, X-ray diffraction (XRD) analysis was performed, and the crystallite sizes
of the milled powders were determined. The crystallite size (dcryswaniee) Was calculated

using the Scherrer equation as follows [30, 31]:

KA
dcrystallite = m ()

where, K is shape factor which is generally equal to 0.9, 1 is a wavelength of
X-ray, [ is a full-width half-maximum, and 6 is a Bragg angle. Figure 3 (a)
illustrates the XRD pattern of the milled W-Y powders. It is evident that only the
diffraction peak corresponding to the tungsten was detected, which can be attributed
to the low Y content. In Figure 3 (b), it can be observed that the crystallite size
decreases as the milling time increases, reaching saturation after 2 h. Based on this
finding, a milling time of 2 h was selected to maximize the milling effect while
minimizing potential contamination from the vial and balls. Figures 4 (a and b) show

microstructures of the 2 h-milled Pure W and W-Y powders, respectively. The
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particles in both powders had a rounded morphology. Moreover, the particle sizes of
Pure W and W-Y powders ranged from a few to several tens of pm, with median
values of 11.5 and 11.1 um, respectively (Figure 5). This indicated that the shape and
size of the milled Pure W and W-Y powders did not show any significant differences.

Figures 6 (a, b, and c¢) show microstructures of the SPSed specimens. Uniform
microstructures were observed in all specimens, and the average grain sizes in Pure
W, two-step W-Y, and one-step W-Y were determined to be 14.81 um, 8.74 um, and
2.07 um, respectively (Table 1). Pure W was exposed to a higher temperature than
that of W-Y during SPS, and the dispersoid-induced pinning effect did not exist in
the specimen. Therefore, Pure W had a coarser microstructure than those of W-Y
specimens owing to its faster grain growth. Figures 6 (d, e, and f) show maps of Pure
W, two-step W-Y, and one-step W-Y, respectively. Pure W exhibited relatively higher
KAM values only near grain boundaries; however, W-Y specimens showed
relatively high KAM values over the entire region. The average KAM values of Pure
W and W-Y were 0.21, 0.40, and 0.43, respectively, indicating that W-Y contained
more dislocations than Pure W. The dislocations formed by the pressure applied
during SPS can be eliminated by high sintering temperatures and sufficient holding
times [32]. Meanwhile, many dislocations presumably remained in W-Y specimens
due to the presence of dispersoids within the samples, which hindered the movement
and annihilation of the dislocations.

Figure 7 illustrates the hardness of the Y,Os-dispersion strengthened tungsten
specimens prepared in this study, compared with those in the extant literature. It can
be observed that the hardness of tungsten showed a tendency to increase with higher
Y>0; content. However, in certain cases, the hardness did not exhibit a significant
difference compared to that of pure tungsten, even with a large amount of Y>O3 added.
This suggests that process optimization is necessary to achieve the desired effect of
strengthening through the addition of Y»0s. In this paper, the hardness of the two-
step Pure W specimen was measured to be 357.86 + 6.33 HV3, which is comparable
to the hardness reported in a previous study on pure tungsten (354 = 0.72 HV .01 [8]).
On the other hand, the hardness of the two-step and one-step W-Y specimens was
measured tobe 411.57 £2.49 HV;3 and 565.11 + 3.59 HV3, respectively. The disparity
in hardness observed between the two W-Y specimens is believed to be attributable

to differences in grain size. In particular, achieving a high hardness level, such as
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that of the one-step W-Y specimen, is only possible through the addition of Y,03
exceeding 2 wt.% using conventional methods. Hence, it is evident that a minute
amount of Y»Os; can be effectively dispersed within the tungsten matrix by
employing the technique of mechanical alloying and internal oxidation. In
subsequent discussions, our focus will be on the one-step W-Y specimen, which
exhibited a superior dispersion strengthening effect compared to the other W-Y
specimen. The specimens were then intentionally destroyed and the fracture surfaces
were examined to observe pores and dispersoids (Figure 8). Significant intergranular
fracture was observed in both Pure W and one-step W-Y. This type of fracture
generally occurs when tungsten is fractured at temperatures below the DBTT [33,
34]. Moreover, numerous pores were present at the grain boundary and grain triple
junction in Pure W (Figures 8 (a and c)). These pores had a spherical or irregular
shape, and their size varied from several hundreds of nm to several tens of pm. In
contrast, pores were hardly observed on the fracture surface of W-Y, although this
sample was fabricated by one-step sintering. These results are consistent with the
relative densities of Pure W (97.71%) and one-step W-Y (99.77%) (Table 1).
Additionally, second-phase particles that were several tens of nm in size were
observed at the grain triple junction in W-Y (Figures 8 (b and d)). These particles
assisted in pinning grain boundaries, thereby contributing to the grain refinement of
W-Y. The high relative density and small grain size presumably resulted in the large
difference in hardness between W-Y (565.11 HV;) and Pure W (357.86 HV3).

TEM analysis was performed to characterize the second-phase particles in W-
Y. In the grain interior of the W-Y specimen (Figure 9 (a)), dark spherical second-
phase particles were dispersed at the grain boundaries and inside the grains. TEM-
EDS analysis of the red-circled region in Figure 9 (a) indicated that the area
comprised 38 at% Y, 41 at% oxygen, and 21 at% W, suggesting that the particle was
a Y-rich oxide (Figure 9 (c)). In the WOs— Y»0; alloy system [35], various types of
W-Y oxides, such as Y>03 [36-38], Y2 WOs [39, 40], and YsWO12 [41], can be formed
depending on the powder state and sintering conditions. Thus, selective area electron
diffraction (SAED) analysis was performed to identify the phase of the oxide in W-
Y (Figure 9 (b)). The obtained patterns corresponded to the [011] zone axis of Y,0:s.

The sizes of these particles ranged from several tens of nm to a hundred nm,

with the average estimated value being approximately 23.56 nm (Figure 10 (a)). This
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finding is consistent with the SEM image depicted in Figure 8 (d). The influence of
precipitation sites on the size distribution was investigated by distinguishing
particles located at the grain boundary from those within the grain (Figure 10 (b)).
The average particle size at the grain boundary (~27.80 nm) was larger compared to
that within the grain interior (~20.74 nm), indicating enhanced diffusion near the
grain boundary. The ratio of the number of particles at the grain boundary to those
within the grain interior was found to be 2:3.

SANS is a suitable technique for measuring the quantity and size of nanosized
particles in a matrix because the scattered beams can penetrate deeply into specimens
and permit volumetric sampling. The scattering intensity /(Q) is obtained by
summing the information corresponding to the matrix (background) and that
obtained from scattering centers (defects). The scattering intensity of the matrix

initially follows Porod’s law [42].

1(Q)=B/Q" (M

where B is the Porod prefactor, and # is the Porod exponent related to the
structure of the scattering object. The /(Q) corresponding to the scattering centers,
which has various forms depending on the type of defect, can be expressed as follows

for spherical precipitates [43]:

[o0]

4
1(Q) =Anzf (§nR3>N(R)(F(Q,R))2dR )
0

where An is the difference in scattering length density between the precipitates
and matrix, R is the radius of the spherical particles, N(R) is the number of particles
per unit volume, and F(Q, R) is the particle-shape-dependent form factor. The
particles were assumed to be spherical, based on the SEM (Figure 8 (d)) and TEM

(Figure 9 (a)) images. The form factor for a spherical particle is expressed as follows:

sin(QR) — QR cos(QR)
(QR)?

F(Q.R)=3 3)
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A log-normal distribution was assumed for the size distribution of the
precipitates in real space, and the parameters were determined using the least-squares

method with SASfit software.

_ 2
N(R) = Ny exp (—%(M> > 4)

S

Here, Ny is a scaling factor, and Ry and s are parameters related to the center
and width of the distribution, respectively. This log-normal distribution was fitted to
a Qrange of 0.003-0.2 A™'. Additionally, the average size ((R)) and volume fraction

(Vy) were calculated as follows:

_ [RN(R)AR

(R) = [N(R)dR "’

v = f%nR3N(R)dR (5)

Figure 11 (a) shows a log—log plot of the scattering intensity as a function of
the scattering vector. The Porod exponents of Pure W and W-Y were determined to
be 4.0 and 3.6, respectively. The Porod exponent is known to range from 3 to 4 and
be close to 3 when the material has a high dislocation density [44, 45]. Considering
that the average KAM value of the W-Y specimen was higher than that of Pure W
(Figures 6 (d and f)), the low Porod exponent of W-Y can be viewed as additional
evidence for the numerous dislocations in the specimen. It is worth noting that the
Pure W data were fitted with a single background curve in spite of the numerous
pores in the sample (Figures 8 (a and c)). This was possibly because most pores in
Pure W were larger than 100 nm, which was the upper limit that could be measured
under the experimental conditions adopted in this study. Meanwhile, scattering
induced by the Y,Os precipitates (red dashed line in Figure 11 (a)) was detected in
the analysis of W-Y. The number density and volume fraction of Y,O3 in W-Y are
shown in Figure 11 (b) and Figure 11 (c), respectively. The average size of Y,O3 was
determined to be 22.25 nm, which is similar to the value estimated from the TEM
images (23.56 nm). Additionally, the volume fraction of Y>03; was 0.145 vol.%,
which is close to the theoretical value (0.191 vol.% or 0.05 wt.%). Overall, these
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results confirmed that a small amount of nanosized Y>O3; was dispersed via internal

oxidation during SPS.
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Figure 2 SEM images of W-Y powders milled with different milling durations; (a) initial, (b)
0.5 h milled, (c) 1 h milled, and (d) 2 h milled powder.
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Figure 3 (a) XRD pattern of W-Y powders milled with different milling durations, and (b)
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Figure 4 SEM images of ball-milled (a) Pure W and (b) W-Y powders.
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Figure 6 Inverse pole figure (IPF) maps along the normal direction (ND) on the top surface
of (a) two-step SPSed Pure W, (b) two-step SPSed W-Y, and (c) one-step SPSed W-Y
specimens; the corresponding KAM maps of (d) two-step SPSed Pure W, (e) two-step SPSed

W-Y, and (f) one-step SPSed W-Y specimens.
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Figure 8 Fractured surfaces of SPSed (a, ¢) Pure W and (b, d) W-Y alloys. (¢) and (d) show
high-magnification images of the yellow squares displayed in (a) and (b), respectively.
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Figure 9 (a) High-angle annular dark-field scanning TEM image of an SPSed W-Y specimen.
(b) SAED pattern of the red-circled region in (a). (c) EDS profile of the red-circled region in

(a).
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Table 1 Characterization of two-step Pure W, two-step W-Y, and one step W-Y specimens.

Relative density Hardness Grain size
(%) (HV3) (qum)
Two-step 97.71 357.86 + 6.33 14.81 + 6.31
Pure W
Tvzgﬁep 99.59 411.57 £ 2.49 8.74 £ 3.80
O%;:i;ep 99.77 565.11 + 3.59 207+135
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2.3.2 Effect of mechanical alloying and internal oxidation

To validate the benefits of mechanical alloying and internal oxidation, W-Y»03
specimen was prepared using powder, in which 0.05 wt.% of Y,0O3; was directly
mixed with tungsten, and were subsequently compared with W-Y specimens.
Commercial Y,03; powder (Sigma Aldrich; purity 99.999%) were used to fabricate
the specimen. The milling and sintering conditions were set identically to those
employed for the one-step W-Y specimen. The SEM observations show that the W-
Y03 specimens exhibit a uniform microstructure with a small number of pores
(Figure 12 (a)). The average grain size of W-Y>03; was measured to be 3.47 + 2.15
um, which was larger than that of W-Y (2.07 & 1.35 um). This discrepancy in grain
size is potentially associated with the size and distribution of Y»Os precipitates. To
examine the morphology of the precipitates within the W-Y,0s specimen, the sample
was deliberately fractured, and the fractured surface was investigated (Figure 12 (b)).
Similar to the W-Y specimen, the fractography of the W-Y,Os; specimen
predominantly exhibited intergranular fractures. The high-magnification image
shows the spherical precipitates with sizes of several tens of nanometers at the grain
triple junction (indicated by white arrows in the inset of Figure 12 (b)).

For conducting a statistical analysis of the size of spherical Y,0s particle, the
particle sizes were measured from several TEM images, and a histogram was
generated to illustrate the distribution (Figure 13). The average particle size in the
W-Y,0s3 specimen was measured to be 31.25 + 16.14 nm, which exceeded that in the
W-Y specimen (23.56 + 13.94 nm). Additionally, the number of particles per unit
area in the W-Y>0; and W-Y specimen was found to be 8.14 um™ and 14.89 um?,
respectively. These two observations indicate that Y,O3 is more finely distributed
within the tungsten matrix when using mechanical alloying and internal oxidation,
rather than direct mixing of Y20s. In general, it is widely known that when a material
contains a same amount of precipitates, the hardness of the material increases as the
size of the precipitates decreases. Indeed, the Vickers hardness of the W-Y,03
specimen was measured as 526.64 £ 4.19 HV3, which was lower than that of the W-
Y specimen (565.11 + 3.59 HV3, Table 1). It demonstrates that the simultaneous

utilization of mechanical alloying and internal oxidation is more effective in
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producing oxide-dispersion-strengthened tungsten compared to the direct mixing of

oxides.
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Figure 12 (a) SEM image on the top surface and (b) fractured surface of W-0.05 wt.%Y>03
specimen. The inset in (b) is a high-magnification image of the fractured surface (white
arrows indicate precipitates).
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2.3.3 Effect of yttrium-doping on sinterability of tungsten

Pure W and W-Y powders were sintered using an SPS machine to obtain their
densification curves. Time, temperature, and displacement data were collected at a
rate of 5000 times per minute during the sintering. The temperature of the specimens
was determined using a pyrometer at a depth of 3.2 mm from the surface of the mold.
Downward displacement was measured using a linear variable differential
transformer mounted on top of the sintering machine (Figure 14). The thickness ()

of the specimen and displacement (d) were related as follows:
d=dmnax — (51 +52+p1+p2+ 1) (6)

where d,;q, is the maximum displacement permitted by the machine; s; and
s, are the heights of the lower and upper graphite spacers, respectively; and p; and
p2 are the heights of the lower and upper graphite punches, respectively.

Because the graphite spacers and punches expanded thermally at high
temperatures, the displacement difference (4d) at a specific temperature was
calculated after repeated sintering to exclude the thermal expansion and obtain only
the thickness of the sample. The sintering was performed at 1900 °C at a heating rate
of 200 °C/min, and the specimen was sufficiently cooled between each sintering
process. Ad and ¢ have the following relationship, according to Equation 6 and the

definition of Ad:
Adzdl_dN=tN_t1 (7)

here, the ‘1”and ‘N’ subscripts refer to the first and last (Ny) sintering processes,
respectively. The Ad data were smoothed using the moving average method for 20
datapoints (Figure 15). Because 7y was less than or equal to ¢;, Ad was less than or
equal to zero.

Assuming that no further densification occurred during the last sintering
process, ty could be considered a constant (#) and calculated based on the final

density (p,) measured using the Archimedes method. Because the mass (m) and basal

1 _-' '-..':_1'
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area (4) of the specimen were known, the relative density of each specimen was

calculated using Equation 8.

m
- <tf — Ad) x 100 (8)

where py 1s the theoretical density of the specimen.
The densification curves of Pure W and W-Y were fitted to a logistic function,

which is a type of sigmoid function, to observe their general trends (Equation 9).

G

1+exp(—T

p(T)=C; + — C3) )

4

The fitting parameters for the densification curves of Pure W and W-Y are listed
in Table 2.

Figure 16 shows densification curves of Pure W and W-Y, which were
constructed using the data obtained from SPS. The relative density of Pure W was
comparable to that of W-Y up to 1300 °C. However, the densification rate of Pure W
decreased with increasing temperature, and the relative density of Pure W began to
be small compared to that of W-Y approximately at 1300 °C.

To avoid obscuring the results due to experimental error, the relative density
was also plotted against the sintering temperature (Figure 17 (a)). The relative
density of Pure W was almost identical to that of W-Y up to ~1300 °C. However,
with increasing temperature, the densification rate of Pure W decreased and its final
relative density was lower than that of W-Y. This trend was corresponded with the
densification curves constructed using the displacement data during SPS (Figure 16).

Kim et al. [49] suggested that the local liquefaction of Y,Oj3 could promote the
densification of tungsten. The eutectic temperature of the W— Y>3 system (1560 °C)
increases with decreasing amount of Y,Os. However, in the present study, the density
difference between the two specimens began to appear at temperatures lower than
1560 °C, that is, 1300-1400 °C. Therefore, the formation of the liquid phase hardly

contributed to improving the sinterability of tungsten. Another possible factor that

enhances sinterability is the easier movement of tungsten atoms through Y>0s. 1_3asedI L
o 11 ]
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on the solubility of tungsten atoms in Y»03, Kim et al. [8] suggested that Y,O3; can
serve as a pathway for tungsten atoms during sintering through dissolution and
reprecipitation, which can help increase the densification rate. However, this effect
was likely hindered in the present study because of the extremely small amount of
Y>0s in the specimen compared to that of tungsten.

The inhibition of grain growth due to Y>Os3 in the W-Y specimen was analyzed
as a potentially major sinterability-enhancing factor. When a grain boundary
migrates rapidly during sintering, pores separate from the grain boundary and
become trapped in the grain; this is called pore—boundary separation [50]. Because
the pores isolated in the grain can only be closed by lattice diffusion, which is a
sluggish process, rapid grain growth lowers the densification rate [51]. The Figure
17 (b) indicate that the grain size of W-Y is lower than that of Pure W at temperatures
above 1300 °C. This suggests that the nanosized particles formed via internal
oxidation of Y effectively pinned grain boundaries, thereby hindering the pore—
boundary separation. Therefore, unlike that of Pure W, the densification rate of W-Y
during sintering did not decrease notably even at temperatures above 1300 °C,
resulting in a high sintering density. Additionally, because the densification of the
Y,0s-dispersion-strengthened tungsten is dominated by grain-boundary diffusion
[21, 52], the higher grain-boundary fraction of W-Y powder than that of Pure W

possibly contributed to the rapid densification.

37 .':l'\._g ';:'1..5



Maximum
displacement

(dinax)

Upper electrode

Spacer 2

Punch 2

Baffiple

Punch 1

Spacer 1

Lower electrode

Displacement (d)

Punch (p,)

Sample thickness (t)

Punch (p,)

Spacer (s,)

Figure 14 Schematic of test setup featuring a mold mounted on an SPS machine.
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Table 2 Measured densities and fitting parameters for nonlinear regression of densification
data.

Measured Thickness

. . Fitting parameters
density of specimen

p(T) = C; + C3/[1 + exp(— (T — C3)/C4)]
(pfa g/cmB) (tfa Cm)

Py tr C G Cs Cy
Pure W 18.99 0.2095 53.20 4547 132441 253.445
W-Y 19.02 0.2092 53.37 45.57 1275.84 203.146
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2.3.4 Effect of yttrium-doping on plasma-facing properties

of tungsten

In plasma-facing environments, materials are exposed to high temperatures and
high particle fluxes, which lead to microstructural and mechanical property
degradation. Thus, to evaluate the thermal stability of the SPSed Pure W, SPSed W-
Y, and commercially obtained pure tungsten, each specimen was heated to high
temperatures and its microstructure was investigated by EBSD analysis.

Figures 18 (a and b) indicate that the microstructures of the SPSed specimens
hardly change upon heating. The average grain sizes of the Pure W and W-Y
specimens heated to 1700 °C were 17.85 + 7.31 and 1.81 + 1.2 um, respectively,
which were not significantly different from those of the as-sintered specimens (Table
1). The microstructure of Pure W remained relatively stable because of the scarcity
of dislocations that drove recrystallization. Moreover, grain growth was hardly
observed in W-Y after heating to 1700 °C, despite its higher dislocation density and
smaller grain size than those of Pure W. This was primarily because of the effective
inhibition of grain growth by the Y>03 located at grain boundaries. Grains in the as-
received commercially obtained pure tungsten were elongated in the transverse
direction (TD) by hot-rolling, and the average aspect ratio was determined to be 0.2
(Figure 18 (¢)). The KAM and grain-boundary maps (Figure 19) showed that the as-
received commercially obtained pure tungsten had a higher dislocation density than
those of SPSed Pure W and W-Y. The microstructural change of the commercial
specimen was somewhat stable up to 1000 °C; however, polygonal grains were
formed via recrystallization at temperatures above 1300 °C. Based on this
microstructural variation, the recrystallization temperature of the commercially
derived pure tungsten was estimated to be 1000—1300 °C, which is consistent with
the literature [53, 54]. The commercially sourced pure tungsten exhibited a fully
recrystallized microstructure upon heating to 1700 °C.

Figure 20 shows the temperature-induced changes in hardness of the tungsten
specimens. The hardness of the commercially obtained pure tungsten at room
temperature (472.83 + 7.39 HV3) was higher than that of Pure W; however, the
hardness decreased at 1300 °C and became similar to that of SPSed Pure W at
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1700 °C, indicating that increase in hardness by hot-rolling likely disappeared via
recrystallization. In contrast, the hardness of W-Y only slightly decreased upon
heating and was considerably higher than those of Pure W and the commercial
sample at all temperatures. This was due to the relatively preserved microstructure
of the W-Y specimens upon heating.

When tungsten is irradiated with deuterium ions, dome-shaped defects can be
formed on its surface [55-57]. These defects, known as blisters, are associated with
cavities that are formed under the pressure generated by deuterium bubbles collected
at defects near the surface [58, 59]. Because the formed blisters degrade the thermal
and mechanical properties of tungsten [60], the resistance to deuterium ions must be
evaluated to utilize tungsten as a plasma-facing material. Figure 21 shows the
microstructural changes in Pure W, W-Y, and the commercially obtained pure
tungsten before and after the deuterium irradiation. In the Pure W and commercial
tungsten specimens, the blisters were mainly dome-shaped, with some of them being
ruptured under the pressure of deuterium. The average size of the blisters in the Pure
W and commercial tungsten samples were 1.02 and 0.71 um, respectively. However,
the blisters in W-Y were mostly spherical and had an average size of 0.12 pm, which
indicated that they were significantly smaller than those in the Pure W and
commercial tungsten specimens. Additionally, the estimated number density of
blisters in W-Y (2.79 x 10* mm2) was lower than those in Pure W (8.13 x 10* mm2)
and commercially obtained pure tungsten (5.26 x 10* mm2). Blistering is related to
the dislocation density, grain size, and precipitates in the material [61]. These defects
act as nucleation sites for blisters, preventing deuterium from gathering at specific
points and inhibiting the nucleation and growth of blisters [14, 62]. Because the
commercial tungsten had a higher dislocation density than that of Pure W, the
dislocations likely acted as nucleation sites and helped reduce the number and size
of blisters. Meanwhile, the W-Y specimen had the smallest grain size among the
specimens and contained numerous nanosized Y»Os particles. Since hydrogen is
highly reactive with oxygen, these particles could allow deuterium to remain in the
material by trapping. Therefore, the abundant nucleation sites presumably
contributed to reducing the number and size of blisters.

In the operational environment of a fusion reactor, deuterium and tritium, the

reactants of nuclear fusion reactions, can become embedded and retained in plasma-
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facing materials. Because the density of the reactant plasma ions is closely related to
the stability and efficiency of the fusion reaction, it is important to evaluate the
amount of deuterium retention in the specimens. To achieve this objective, TDS
experiments were conducted. Figure 22 presents the results of the TDS analysis
performed on SPSed Pure W, SPSed W-Y, and commercially obtained pure tungsten
specimen. The SPSed Pure W specimen exhibits the lowest amount of deuterium
retention, which can be attributed to its high purity and small number of defects
which serve as trapping sites for deuterium. After the addition of Y»Os3, the retention
rate of deuterium increases due to the increased number of trapping sites such as
Y»0s; precipitates and grain boundaries. However, the deuterium retention in the W-
Y specimen does not exceed that of the commercially obtained pure tungsten
specimen. It can be attributed that the commercially obtained pure tungsten contains
the high dislocation density which functions as the trapping site of deuterium due to
thermo-mechanical processing.

Figure 23 illustrates the microstructural changes in SPSed Pure W, SPSed W-Y,
and commercially obtained pure tungsten specimens before and after helium
irradiation. The presence of a fuzz structure, resulting from He+ ion bombardment,
is clearly observed in all specimens. The cross-sectional image of the commercially
available pure tungsten specimen reveals a fuzz depth of approximately 1.2 pm. In
contrast, the SPSed Pure W and SPSed W-Y specimens exhibit fuzz structures with
shallower depths of 0.35 um and 0.25 pm, respectively. Furthermore, the width of
the fuzz structure in the SPSed specimens is significantly narrower compared to that
in the commercially obtained pure tungsten. It is known that the formation of fuzz
alters the erosion rate and can contribute to the embrittlement of the divertor and
result in the release of tungsten, along with helium bubbles containing trapped
tritium, into the plasma within the reactor. From this perspective, it can be concluded
that the W-Y specimen exhibits the most optimal resistance to He" ion irradiation

among the tested specimens in this chapter.

45 -':lx'-'i: — TH



101

01

1300°C 1700°C

1000°C

RT

Y, (c) commercially obtained pure tungsten.

W-

Figure 18 Microstructural changes in tungsten specimens with annealing temperature: (a)
W, (b)

Pure

46



Figure 19 EBSD analysis conducted along the RD surface of as-received commercially
obtained pure tungsten at room temperature. (a) KAM and (b) grain-boundary maps. The
grain boundaries (black lines) in (a) were drawn based on a misorientation angle of 15°.

o7 2y A=

s
L



700

1 B Pure W
650 - A W-Y
i @ Commercial W
. 6004, . — 2
m T A
E 550 - A
% 500 -
(= e .
B 450 - “+
E ]
400 - |
so®—— i""‘“"””-w-—-\:
300

0 200 400 600 800 1000 1200 1400 1600 1800
Temperature (°C)

Figure 20 Hardness of (a) Pure W, (b) W-Y, and (c¢) commercially obtained pure tungsten
after annealing at various temperatures.

48 - A2ty



10 um

10 um

Figure 21 Surface morphologies of (a, b) Pure W, (c, d) W-Y, and (e, f) commercially obtained
tungsten specimens (a, c, ¢) before and (b, d, f) after deuterium irradiation.

I
T
-

49 2 A—f e t_'_” 'E:'} U



X
X
w &

o w i

Desorption rate (a.u.)

—
1

[}

Pure W Woy Commercial
pure tungsten

Figure 22 TDS results of Pure W, W-Y, and commercially obtained tungsten specimens.

50 " ,JE:T L t_'_” ﬂ 7.



500 nm 500 nm
I |

p >
Figure 23 SEM images after He" irradiation on SPSed Pure W, SPSed W-Y and commercially
obtained pure tungsten; (a, b) incident surface and cross-section of SPSed Pure W, (c, d)
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2.3.5 Effect of yttrium-doping on microscopic mechanical

behavior of tungsten

Nanoindentation tests are suitable for evaluating the local plasticity of a
material owing to its small activation volume [63]. Therefore, nanoindentation tests
were performed on the Pure W, W-Y, and commercial tungsten specimens to
investigate their mechanical properties by excluding the influence of grain
boundaries. The maximum shear stress for inducing plastic yield can be calculated
based on the “pop-in”” phenomenon, which is a sudden burst of displacement at the
same load during an indentation test [64-66].

The load—displacement (P—#) curves for the Pure W, W-Y, and commercial
specimens are shown in Figure 24. The purple dotted lines were obtained by fitting
the elastic region of the P—A curve to the Hertzian-elastic-contact equation. The
theoretical equation for elastic deformation induced by a spherical indenter is

expressed as follows [67]:

4
P =2 ERiH3 (10)

where P is the load imposed by the spherical indenter, % is the indentation
depth, R; is the effective indenter tip radius, and E, is the reduced elastic modulus.
The R; value measured from standard quartz specimen was 316.57 nm. The E, values
obtained by fitting the elastic region of P-4 curve of the Pure W, W-Y, and
commercial specimens to Hertzian curves were 316.86, 318.07, and 328.90 GPa,
respectively. Assuming isotropic elasticity, the reduced elastic modulus of a material

can be calculated as follows [68]:

1—v2 1-v2\""
E. = L 11
. < —+ 3 ) (11

where E and E; are the elastic moduli of tungsten (410 GPa) and the diamond
indenter tip (1141 GPa), respectively, and v and v; are the Poisson ratios of tungsten

(0.28) and the diamond indenter tip (0.07), respectively [68]. The E, calculated using
. .
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these values (320.52 GPa) is similar to that obtained by fitting.
Figure 24 shows a sudden increase in displacement at a constant load. The
maximum shear stress (z,) for yielding can be calculated using the Hertzian elastic

solution at the pop-in load (P,) [67].

o 1/3
6PpEr> 12)

T, = 0.31 <n3—Rlz

Figure 25 shows the maximum shear stresses of the Pure W, W-Y, and
commercial tungsten samples as histograms; the corresponding cumulative
probability distributions of maximum shear stress are available in Figure 26. The
solid lines shown in the figures were obtained by fitting the histograms to a log-
normal distribution function for statistical analysis. The maximum shear stresses for
Pure W and commercially obtained pure tungsten were determined using one
probability distribution (P1 and P4, respectively), whereas that for W-Y was obtained
as a combination of two probability distributions (P2 and P3). The average values of
P1 and P2 were 19.43 and 19.72 GPa, respectively, which are close to the theoretical
strength of pure tungsten (~25 GPa [69]). Because Pure W and W-Y had relatively
low dislocation densities, the dislocations were likely not present directly below the
indenter tip. Thus, dislocations had to have been formed prior to their movement to
ensure plastic deformation, which resulted in the measured maximum shear stress
being close to the theoretical strength. Unlike Pure W, W-Y exhibited an additional
probability distribution (P3) with an average value of 15.17 GPa, which is
comparable to the average maximum shear stress (P4) for the commercially obtained
pure tungsten (13.05 GPa). These two average values are closer to the Peierls—
Nabarro stress (7.28 GPa [63]) in the {211}<111> slip system than the theoretical
strength of tungsten; the former represents stress that enables preexisting
dislocations to glide. This indicates that Y>O3; doping can contribute to the low local
yield strength of tungsten by introducing dislocations.

Figure 27 shows cumulative probability distributions of nanohardness for the
Pure W, W-Y, and commercially sourced pure tungsten specimens; the corresponding
histograms of nanohardness are present in Figure 28. The average nanohardness of
the commercial sample (7.96 + 0.35 GPa) was higher than that of Pure W (_7_;32 ﬂ._LI:
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0.22 GPa) owing to the dislocation-induced strengthening. The nanohardness of the
W-Y specimen is related to the distribution of nanosized Y,0s in grains. Based on
the average size and number density of Y»Os, the average distance between Y,0O3
particles was calculated to be ~158 nm, which is on the same order of magnitude as
the effective radius of the indenter tip (316 nm). Therefore, during the
nanoindentation tests, Y>Os particles were likely absent from the activation volume.
Because the dislocation density of W-Y was between those of Pure W and the
commercial specimen, the nanohardness of W-Y had to be between those of Pure W
and the commercial sample if Y,Oj3 particles were not present under the indenter tip.
However, when one or more Y»O3; particles were present in the activation volume,
W-Y exhibited a considerably higher nanohardness than in the absence of Y,O;
owing to the precipitation strengthening effect. This is consistent with the trends

shown in Figure 27.
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W, W-Y and commercially obtained pure tungsten; The raw data are consistent with Fig. 9 in

the manuscript.
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The raw data are consistent with Fig. 10 in the manuscript.
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2.4. Conclusions

In this study, Y-doped tungsten was prepared via internal oxidation during SPS,

and its microstructure, plasma-facing properties, and intrinsic mechanical

characteristics were compared with those of SPSed Pure W and commercially

obtained pure tungsten. Consequently, the following conclusions were obtained:

1)

)

®3)

(4)

Q)

W-Y had a higher relative density and hardness and a smaller grain size than
those of Pure W sintered at higher temperatures. Additionally, spherical Y,O3
particles with an average size of 20 nm were distributed in the W-Y specimen,
according to TEM and SANS analyses.

The relative density of tungsten was increased using mechanically alloyed Y-
doped tungsten powder. This is because the Y,Os formed during the process
pinned the grain boundaries, preventing their pores from being isolated in the
grains, and the high grain-boundary fraction promoted grain-boundary
diffusion, which is the predominant material-transport mechanism for
densification of tungsten.

A comparison of the microstructures and hardness values of Pure W, W-Y, and
commercially obtained pure tungsten specimens annealed at various
temperatures revealed that W-Y maintained its fine microstructure and high
hardness even at 1700 °C. This resulted from the pinning effect of nanosized
Y03 particles.

After deuterium irradiation, fewer and smaller blisters were formed in W-Y
compared to those in Pure W and commercially obtained pure tungsten. This
was likely because numerous defects including oxides and grain boundaries
acted as nucleation sites for blisters, preventing deuterium from accumulating
at specific positions. In addition, after helium irradiation, the is most shallow
depth of fuzz structure was observed in the W-Y specimen.

Nanoindentation experiments revealed that the nanosized Y,0O3 present in W-
Y introduced dislocations to the specimen and lowered the maximum shear
stress for yielding in a localized region. Additionally, the nanosized Y.O;

helped increase the nanohardness via precipitation strengthening.
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Chapter 3. Effect of potassium-doping on tungsten

3.1. Introduction

Tungsten is widely used as a plasma-facing material in an extreme environment
where high temperatures, high heat fluxes, and high ion fluxes act in combination,
such as in the divertor of a nuclear fusion reactor, due to its excellent properties,
including a high melting point, high thermal conductivity, and low erosion rate [1-
3]. However, it is known that the high ductile-to-brittle transition temperature
(DBTT) of tungsten (300-400 °C [4]) significantly limits its applicable temperature
range [5-7]. In particular, in the operating environment of a fusion reactor, plasma-
facing components are exposed to a wide temperature range of 150-2400 °C ([8])
and experience intense thermal shock due to transient events such as edge localized
modes [9]. This thermal shock may contribute to crack or destruction of the
components and cause accidents such as coolant leakage [10]. Therefore, reduction
of the DBTT in tungsten is an important issue for long-term and reliable utilization
of the tungsten material in plasma-facing environments.

One of the most prominent approaches to enhancing the mechanical properties
of materials, such as strength and toughness, is to properly design the microstructure
[11-14]. For instance, it is known that nanocrystalline materials possess high strength
owing to the Hall-Petch effect, while exhibiting minimal reduction in ductility [15].
Especially, in the case of tungsten, a high fraction of grain boundaries resulting from
the nanocrystalline structure serves to dilute impurities like oxygen which lower
grain boundary strength ([16]) and contributes to improving toughness [17, 18].
Another method to reduce the DBTT in tungsten through microstructural control is
to introduce mobile dislocations through plastic deformation [19, 20]. Oh et al.
conducted a comparative study on the yield stress and fracture stress of tungsten,
demonstrating that dislocation motion can occur at lower stress compared to grain
boundary fracture. Consequently, it was confirmed that tungsten can exhibit ductility
when a sufficient amount of mobile dislocations is present within tungsten [20].
However, because tungsten with a nanocrystalline or heavily deformed
microstructure contains numerous defects, prolonged exposure to elevated
temperatures can result in the loss of the intended microstructure an(Jl Pro_p_erties
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through grain growth or recrystallization.

It is well known that the DBTT of tungsten can be significantly reduced through
alloy design [21-23]. For instance, it has been reported that the addition of rhenium
(Re) to tungsten greatly enhances its ductility [24, 25]. However, the W-Re alloy has
a disadvantage in that radiation hardening or embrittlement occurs due to clustering
of Re when the alloy is irradiated with high-energy particles or neutrons [26].
Potassium is another alloying element that has a beneficial effect on the mechanical
properties of tungsten [27]. When potassium-doped tungsten (K-doped W) powder
is sintered at a high temperature, potassium-bubbles (K-bubble) are formed within
the tungsten by the vaporization of potassium due to its low boiling point (~760 °C)
[28]. These K-bubbles can contribute to the improvement of material strength by

impeding the movement of dislocations [29, 30]. It is commonly acknowledged that

a trade-off relationship exists between the strength and ductility of metallic materials.

However, in the case of K-doped W, simultaneous enhancements in both strength
and ductility have been reported [28, 31, 32], and the underlying mechanism behind
this phenomenon remains incompletely understood.

In this study, we investigated the factors contributing to the reduction of DBTT
in tungsten through potassium doping, employing a combination of experiments and
simulations. First, we conducted a comparative analysis of the microstructure and
mechanical properties of K-doped W specimens prepared by sintering, in contrast to
commercially available pure tungsten specimens with varying microstructures. The
K-doped W was sintered using a spark plasma sintering (SPS) method known to be
suitable for producing high-density tungsten [33, 34]. The microstructure of each
specimen was characterized using electron backscatter diffraction (EBSD), and
transmission electron microscopy (TEM) was employed to verify the presence of K-
bubbles and analyze their shape and size distribution within the K-doped W
specimen. Uniaxial tensile tests were conducted at different temperatures to assess
the DBTT of the specimens, and nanoindentation tests were performed to examine
the microscopic mechanical properties. To gain insight into the underlying
mechanisms of the observed differences in mechanical properties, molecular
dynamics (MD) and dislocation dynamics (DD) simulations were performed, and the
results were analyzed by correlating with the experimental findings. Furthermore, to

assess the feasibility in a practical fusion reactor, plasma-facing properties, such as
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thermal stability, resistance to deuterium irradiation, and deuterium retention, were

tested and analyzed.
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3.2. Experimental procedures

3.2.1 Materials and methods

In this study, commercially available K-doped W powder (Xinzhou Great Wall
Tungsten & Molybdenum, ~2.8 um) was used to fabricate the sintered specimen
(Figure 29). The K-doped W powder underwent hydrogen reduction at 1200°C for 2
hin a 99.999% H, atmosphere to lower the oxygen content. The H>-reduced K-doped
W powder was placed in a graphite mold, with a graphite foil and a tantalum (Ta)
foil inserted between the mold and the powder, which serving as a lubricant and a
carbon diffusion barrier, respectively [35]. The sintering was carried out using an
SPS machine (Welltech). The specimen was heated to sintering temperature at a
heating rate of 200 °C/min, maintained for 5 minutes, and then cooled within the
machine. The sintering pressure was initially set at 20 MPa, increased to 80 MPa at
1000 °C, and maintained until the end of sintering. The sintering process was
conducted in a vacuum of approximately 10 atm. For comparison with the K-doped
W specimens produced by SPS, two types of pure tungsten specimens (As-received
W and Annealed W) were prepared. The As-received W specimen was obtained from
a commercially available high-purity tungsten sheet (Plansee, Austria, purity:
99.997%) fabricated through sintering and subsequent thermodynamic processes.
The Annealed W specimen was prepared by heat treatment of the As-received W in
an atmosphere of 5% H, and 95% Ar. During the heat treatment, the specimens were
heated to 1450 °C at a heating rate of 5 °C/min below 1200 °C and 3 °C/min above
1200 °C. Subsequently, the specimens were held at 1450 °C for 1 h and cooled to
room temperature at a cooling rate of 3 °C/min. At this time, the flow rate of 5% H,

and 95% Ar gas was set to 1 L/min.
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Figure 29 SEM image of initial K-doped W powder.
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3.2.2 Characterization

The morphologies of the powders and specimens were examined using a
field-emission scanning electron microscopy (FE-SEM) device (SU-70, Hitachi)
equipped with an EBSD system (EDAX/TSL, Hikari). Grain size was measured
based on high-angle grain boundaries with a misorientation angle of 15° to adjacent
grains. To evaluate the amount of dislocation inside each sample, an X-ray
diffraction (XRD, D8 advance, Bruker) instrument with a copper K, radiation
source was used. XRD data were obtained at a scan rate of 1°/min in the range of
30-120°. The XRD patterns were analyzed using the convolutional multiple whole
profile fitting method [36, 37]. Nano-sized K-bubbles were identified and
characterized using field-emission transmission electron microscopy (FE-TEM,
JEM-2100F, JEOL Ltd), and TEM specimens were prepared using a focused ion
beam device (FIB, Helios G4, Thermo Fisher Scientific). The density of the
specimen was measured using the Archimedes method, and the theoretical density
of K-doped W was assumed to be 19.25 g/cm?, the same as that of pure tungsten, due
to the small potassium composition.

The mechanical properties of the specimens were measured through
miniature uniaxial tensile tests and nanoindentation tests. The macroscopic
mechanical properties of the specimens were evaluated at various temperatures using
a universal testing machine (INSTRON 5584, Instron Inc.). The uniaxial tensile test
was conducted in a furnace, and the temperature of the specimen was measured using

! in all tests. Miniature uniaxial

a thermocouple. The strain rate was set to 107 s°
tensile specimens were machined to have gauge widths, lengths, and thicknesses of
1.2 mm, 5 mm, and 2 mm, respectively. For the As-received W and the Annealed W,
the length and thickness directions of the sample were parallel to the rolling and
normal directions. Microscopic mechanical properties of the specimens were
measured using a nanoindenter (Ti 750 L UBi, Hysitron). For the As-received W and
the Annealed W, nanoindentation tests were performed on a surface perpendicular to
the rolling direction, and the surface was mechanically polished and electropolished.
In the case of K-doped W, nanoindentation tests were performed on the top surface
of the specimen, and the tested surface was prepared by polishing with low pressure
for a long time to minimize the formation of dislocations during mlec}_la_nical :



polishing. Nanohardness was measured using a Berkovich-type diamond indenter tip
with loading and unloading rates of £1000 uN-s™! and a maximum load of 5000 pN,
and the dwelling time was 2 s. To exclude the effects of grain boundaries from the
nanohardness measurements, only the tests conducted on the grain interior were
selected through FE-SEM observation and analyzed.

To evaluate the thermal stability of the K-doped W specimen, heat treatment
was performed on the specimens at elevated temperatures, and the changes in
microstructure and Vickers hardness (Duramin-40 M1, Sturers) were analyzed. The
specimens were subjected to a temperature of 1700°C in a 95% Ar + 5% H»
atmosphere and held at this temperature for a maximum of 10 h. The heating rate
was 5°C/min below 1000°C and adjusted to 3°C/min above 1000°C, while the
cooling rate was set to 3°C/min. Throughout the heat treatment process, the flow rate
of 5% H; and 95% Ar gas was set to 1 L/min. To evaluate the resistance to plasma
ion flux, specimens with a diameter of 10 mm were irradiated with deuterium using
electron-cyclotron-resonance (ECR) system. The incident ion energy was 100 eV per
D", and the corresponding target bias and plasma potential were —87 V and 13 V,
respectively. The ratio of D¥, D," and Ds" ion fluxes on the specimens was estimated
to be 5:80:15 by the hydrogen global model, and the total ion flux was 4.74 x 10*!
D" m™2 s7. All specimens were exposed for 4 h, which corresponded to a total
fluence of ~6.8 x 10> D" m™2. The deuterium retention of each specimen was
examined using thermal desorption spectroscopy (TDS). The TDS temperature range
was 300-1273 K with a heating rate of 12 K-s!, which satisfied the Redhead
approximation and the Kissinger equation for the analysis of desorption energy from
the TDS spectra [38]. The retained amount of deuterium was calculated by

integrating the release rate with respect to the temperature in the TDS spectrum.

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



3.2.3 Simulations

MD simulations were conducted to investigate the influence of nano-sized
bubbles on dislocation behavior during nanoindentation tests. The simulations were
performed using the LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) MD package. The Open Visualization Tool (OVITO [39]) was employed
to visualize the simulation results, and the dislocation extraction algorithm (DXA)
was utilized to analyze the nucleation and formation of dislocations during the
simulation [40, 41]. For the accurate capture of physical and microstructural
characteristics such as elasticity, structure, and defects of pure tungsten, a novel
interatomic potential based on the second-nearest-neighbor modified embedded-
atom method was employed [42]. The simulation cell dimensions were set to 236.14
x 157.43 x 236.14 nm, and the bubble was assumed as a spherical cavity with a
diameter of 3.165 nm. The total number of atoms within the cell was 562,500. The
initial cell was structurally optimized through an MD run using the conjugate
gradient method. Energy stabilization was performed for 10 ps under the designated
temperature and zero pressure conditions in the isothermal-isobaric (NPT) ensemble.
For the indentation simulations, the diameter of the spherical indenter tip was set to
20 nm, and the tip speed was set to 100 m/s. The size of the indenter tip was selected
to maintain a similar size ratio between the bubble and the indenter tip as the actual
nanoindentation experiments. A fixed boundary condition was applied in the
direction of indentation (y-axis), while periodic boundary conditions were used for
the other two axis directions (X, z-axis). A time step of 1 fs was employed for all
simulations, and temperature and pressure were controlled using a Nosé-Hoover
thermostat and barostat, respectively. The simulation temperature was set to 300 K
[43, 44].

Mesoscale finite element method (FEM) analysis and DD simulation were
conducted to analyze the influence of nano-sized bubbles on the behavior and
interaction of dislocations during nanoindentation, as well as their impact on the
mechanical properties of tungsten. In the FEM analysis, the cell size was set to 20 x
10 x 20 um. The indenter tip diameter was set at 360 nm and the indentation depth
was 10 nm. DD simulations were performed using the parallel dislocation simulator
(ParaDiS), a code developed by Lawrence Livermore National Laboraglor}: _.[45]..|:
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Initially, the simulation cell was set as a single crystal with dimensions of 20 x 10 x
20 pum. However, the DD simulation focused on a smaller region of 2 x 1 X 2 pm
beneath the indenter tip, as dislocation plasticity was observed only in that specific
region. The nano-sized bubble was considered as a spherical cavity with a diameter
of 25 nm, positioned 50 nm away from the indentation face. The diameter of the

spherical indenter tip was set to 360 nm.

3.3. Results and discussion

3.3.1 Fabrication of potassium-doped tungsten specimen

To investigate the influence of impurities on the microstructure after sintering,
K-doped W specimens were fabricated with and without the application of Ta foil as
a carbon diffusion barrier at different sintering temperatures. Figures 30 (a and b)
presents the EBSD inverse pole figure map normal to the center of the top surface of
the sintered K-doped W specimen produced without Ta foil. It clearly indicates the
occurrence of abnormal grain growth in the K-doped W specimen. However, when
Ta foil was applied during the sintering process (Figures 30 (c and d)), no abnormal
grain growth was observed in the K-doped W specimen. It is well known that Ta foil
can effectively prevent carbon diffusion from the graphite mold and punch during
SPS [35]. Therefore, it can be concluded that the carbon diffusion from the mold
may have an effect on the evolution of abnormal grain growth. Since the presence of
abnormal grain leads to microstructural and mechanical inhomogeneities in the K-
doped W specimen, it is important to minimize this phenomenon. Consequently, we
selected the adjustment of Ta foil between the K-doped W powder and the graphite
mold to inhibit abnormal grain growth during SPS.

Despite the use of Ta foil during sintering, the occurrence of abnormal grain
growth near the surface region cannot be completely eliminated, if K-doped W is
spark plasma sintered (SPSed) at high sintering temperatures. Figure 31 (a) and
Figure 31 (b) present the microstructures near the cylindrical surface of the Ta foil-
applied K-doped W specimen fabricated at 1700 °C and 1800 °C, respectively. In the

specimen sintered at 1800 °C (Figure 31 (b)), abnormal grains with a size of
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approximately 100 um were observed in close proximity to the Ta foil, which is
roughly 30 times larger than the average grain size. However, in the specimen
sintered at 1700 °C, no abnormal grain growth was observed, indicating that this
sintering temperature is suitable for the sintering of the K-doped W powder.
Therefore, all the K-doped W specimens investigated in this study were sintered at

1700 °C.
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Figure 30 the inverse pole figures along the normal direction of the center of top surface of
the K-doped W sintered with difference conditions; (a) sintered at 1700°C without Ta foil, (b)
sintered at 1800°C without Ta foil, (¢) sintered at 1700°C with Ta foil, (d) sintered at 1800°C
without Ta foil.
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(a)

Ta_fo_il' :

Figure 31 the SEM images about a region near the cylindrical surface of top surface of the
K-doped W specimens sintered with applying Ta foil at (a) 1700°C, and (b) 1800°C.
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3.3.2 Characterization of specimens

Figure 32 shows the microstructures of the As-received W, Annealed W, and
K-doped W specimens. The As-received W specimen exhibits a deformed structure
elongated along the transverse direction and consists of grains displaying a color
gradient internally (Figure 32 (a)). The color gradient indicates lattice distortion
within the grains, suggesting the presence of numerous dislocations in the specimen.
After being annealed at 1450 °C, the previously deformed grains undergo complete
recrystallization, as indicated by the uniform color observed in the grains (Figure 32
(b)). It corresponds with previous researches reporting the recrystallization
temperature of pure tungsten to be around 1300 °C [46, 47] . The average grain sizes
of the As-received W and Annealed W specimens were measured to be 86.38 + 64.88
pum and 247.45 + 136.31 pm, respectively (Table 3). Figure 32 (c) illustrates the
microstructure of the K-doped W specimen. K-doped W exhibits a uniform
microstructure with an average grain size of 3.20 + 1.26 um. This fine-grained
structure could be attributed to the formation of K-bubbles resulting from the
vaporization of potassium during the sintering process of K-doped W powder [28].
The K-bubbles at grain boundaries can contribute to the maintenance of initial
particle sizes (~2.8 um) by hindering grain boundary migration.

TEM observation was conducted to verify the presence of K-bubbles in the K-
doped W specimens and analyze their shapes and sizes. Figure 33 (a) shows a high-
angle annular dark-field scanning TEM image of a K-doped W specimen, revealing
light-colored spherical defects embedded within the dark-colored tungsten matrix.
To determine the composition of the defects and the matrix, energy dispersive
spectrometer (EDS) analysis was performed at Point 1 (defect) and Point 2 (matrix)
in Figure 33 (a). The EDS results showed the presence of 0.22 wt.% of K at Point 1
(Figure 33 (c)), while no potassium was detected at Point 2 (Figure 33 (d)).
Considering that the composition of potassium in K-doped W is approximately
0.0033 wt.% (Table 3), it can be concluded that the spherical defects observed in
Figure 33 (a) are bubbles formed by potassium. The size distribution of K-bubbles
was measured by statistically analyzing about 160 bubbles in several TEM images.

Figure 33 (b) shows the size distribution of K-bubbles, which predominantly ranged
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from 20 nm to 200 nm, with an average size of 55.52 + 23.64 nm. Despite the
presence of these K-bubbles, the relative density of K-doped W (99.66%, Table 3)
indicates that the sample is fully densified.

XRD experiments were performed to quantify the dislocation densities inside
As-received W, Annealed W, and K-doped W specimens. It is known that the
Fourier coefficient (4;) of X-ray diffraction pattern can be expressed as the product

of the 'size' and 'distortion' coefficients, A5 and AP [48].

AL(L) = A{(LAL (L) (M

where, L is a Fourier length, defined as L = Nas. N is an integer, and a3 is

a Fourier length unit in the direction of diffraction vector (g).
az; = A /[2(sinf, —sin6,)] (2)

where, 6;and 6, represent the starting and ending angles in the XRD
experiment, and A is a wavelength of the X-ray. According to Warren and

Averbach [49], the AP can be expressed as follows:
AL (L) = exp(—2m*g*L*(gg.)) 3)

where, (egz_ 1) 1s mean square strain in the direction of the diffraction vector,

which is associated with relative displacement about ideal atomic position.
Assuming that dislocations are randomly distributed within a region with effective
outer cut-off radius (R, ) and that there is no interaction between dislocations

outside of these regions, (sé 1) can be written as [50, 51] :

(eg1) = (paCb?/4m) In(R,/L) “)
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where, py is dislocation density, b is a Burgers vector, and C is a contrast
factor of dislocation. In this method, the parameters in C are not fitted, but are
fixed to particular values. Combining the Equations 1, 3, and 4 gives the following

equation, which is known as “modified Warren-Averbach equation”.
InA (L) = InAj(L) — paB.L? In(R./L) (8%C) )

where, B, = wb?/2. For the each L; value, InA;(L;) can be fitted by a
linear equation a; + b;g?C. By plotting the exponential of the a; values as a
function of L, the size Fourier transform (A43) can be obtained. Additionally, by
applying linear regression to the initial straight region of the InL — b;/L? plot, the
slope (=p4B;) and y-intercept (= —p4B;, In R,) can be obtained. Therefore, it is
possible to evaluate the dislocation density of the material.

To employ the adapted Warren-Averbach equation, it is necessary to acquire
an experimental C value. To this purpose, we utilized the "modified Williamson-
Hall equation," which allows the determination of the fraction of edge and screw
dislocations within the specimen based on the XRD profile. This technique relies
on the anisotropic contrast of dislocations observed in the diffraction pattern and is

expressed as follows [52]:

1
272 5
AK = (’Dﬁ+ (’””T”deze) ©)

where AK is peak width and D is average grain size. M is the
dimensionless parameter depending on the effective outer cutoff radius of dislocation.
AK and K can be obtained as a function of full-width half-maximum () and Bragg
angle (0) of diffraction peaks.

_ 2B cos(0) K- 2sin6

AK 7 , h

(7

The value of C depends on {hkl} reflections, and in the case of a cubic crystal
3 ey i g
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structure, it can be mathematically expressed as [51]:

C = Cpoo(1 — qH?) (®)

e h?k? + k21% + [2h?
(R + k2 +12)?

€

Here, Cpoo represents the average dislocation contrast factor for {h00}
reflections. The value of q depends on the characteristic of the dislocation (edge or
screw) and can be obtained through experiments [51]. The combination of Equation

6 with Equation 8 is expressed as:

2 x
M =~ o1~ qir?) (10)

where a* = (0.9/D)? and B* = (mM?b?p,/2). If one applies linear
regression for [(AK)? — a*]/K? with respect to H? and the fitting function is
expressed by y = A*x + B*, the slope (4*) and the y intercept (B*) will
correspond to —qB*Croo and S*Choo, respectively. Therefore, the experimental q
value can easily be obtained as —A*/B* (Figure 34). The fraction of edge and
screw dislocation can be calculated by comparing the experimental g with

theoretical values (q%"*) of pure edge and screw components [53].

th
q —q
fedge = thscrev: th (11)
screw Qedge
A
qth = al [1 —exp (— b_‘ll)] + c94; + d? (12)
A=— (13
G )

where feqge is fraction of edge dislocation and A; is elastic anisotropy,
which depended on elastic constants (Cy4, C12, and C44) of the material. parameters

a9, b?, c? and d? also depend on the elastic constants.
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The Cjgo can be calculated by a weighted average of Cpo, values for pure
edge and screw components considering the calculated fractions of each component.

Choo is also expressed by a®, b¢, c¢ and d¢ as follows [51]:

A
Choo = a® [1 —exp (_b_é)] +cCA; +d° (14)

We have used the reported elastic constants, C;; (501 GPa), C;, (198 GPa),
and C44 (151 GPa), of pure tungsten [54]. Other parameters required for Equations
12 and 14 are listed in Table 4 [51].

The regression of the XRD pattern utilized the Convolutional Multiple Whole
Profile Fitting (CMWP) method, which is a technique for fitting the entire XRD
profile based on the modified Warren-Averbach analysis. For this purpose, the lattice
constant and Burgers vector were set to 0.3159 nm and 0.274 nm, respectively [54].
Moreover, the contrast factor was used as 0.1582, which is obtained by modified
Williamson-Hall analysis for K-doped W. The XRD profile for K-doped W and its
corresponding fitting result can be observed in Figure 35, while the corresponding
dislocation densities and mean distance between dislocations (l; =1/ \/p_d ) in

specimens are presented in Table 5.

1 _-' '-..':_1'
8 3 H 21l



Figure 32 the inverse pole figures along the normal direction of the observed surfaces of the
specimens: (a) As-received W, (b) Annealed W, and (c) K-doped W.
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Figure 33 (a) High angle annular dark field scanning TEM image of K-doped W sample; (b)
Size distribution of pores; (c-d) EDS results about the yellow points in (a).
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Table 3 Sample characterization.

Composition Grain size Relative density
(um) (%)
As-received W >99.997 wt.%W 86.38 + 64.88 >99.99
Annealed W >99.997 wt.%W 247.45+136.31 >99.99
K-doped W W-0.0033 wt.%K 320+ 1.26 99.66
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Table 4 Input values of the parameters (a, b, ¢, and d) for determining ¢ and Cpgo for the pure
screw and edge components in tungsten.

Parameter Edge dislocation Screw dislocation
al 7.2361 8.6590
b4 0.9285 0.3730
c4 0.1359 0.0424
d1 -5.7484 -6.074
a® 1.6690 0.1740
b¢ 21.124 1.9522
c¢ 0 0.0293
ac 0.0757 0.0662
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Table 5 Dislocation density and mean distance between the dislocations.

Dislocation density ~ Mean distance between dislocations

(pd: m—2) (lda nm)

As-received W 3.51 x 10" 53.38
Annealed W 3.78 x 102 514.34
K-doped W 4.58 x 102 467.27
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3.3.3 Effect of potassium-doping on mechanical behavior of

tungsten

Figure 36 illustrates the engineering stress-strain curves obtained from uniaxial
tensile tests conducted at various temperatures for the As-received W, Annealed W,
and K-doped W specimens. At low temperatures, the specimens underwent fracture
during elastic deformation. However, at temperatures above a certain threshold, the
specimens exhibited plastic deformation prior to fracture. Based on these
experimental results, it can be concluded that the DBTT of the As-received W,
Annealed W, and K-doped W specimens lie within the ranges of approximately 300—
330 °C, 350400 °C, and 300-350 °C, respectively.

Figure 37 illustrates the fractured surfaces of As-received W, Annealed W, and
K-doped W specimens after uniaxial tensile testing. The SEM images of the fractured
surfaces of Annealed W (Figure 37 (b)) and K-doped W (Figure 37 (c)) specimens,
performed uniaxial tensile tests in the DBTT region, exhibit characteristics of brittle
fracture. Predominantly, intergranular fractures were dominantly observed in both
specimens and some transgranular fractures were also observed in localized areas. It
is a typical fractured surface observed when recrystallized tungsten fractures at
temperatures below its DBTT [55, 56]. After tensile tests at temperatures above the
DBTT region, although intergranular fractures remained the primary mode of
fracture, some evidences of plastic deformation, such as slip traces [57] (indicated
by arrows in Figure 37 (e)) or knife-edge grains [58] (indicated by arrows in Figure
37 (), were identified. In contrast to Annealed W and K-doped W specimens, the
fractured surface of As-received W specimens tested within the DBTT region
predominantly shows a delaminated flat fracture profile, indicating brittle fracture of
the specimens (Figure 37 (a)) [59]. These trends correspond with the uniaxial tensile
tests (Figure 36).

Figure 38 shows the tensile toughness of As-received W, Annealed W, and K-
doped W specimens as a function of temperature. The tensile toughness was
calculated by integrating the engineering stress-strain curve within the plastic
deformation range. According to Oh et al. [20], the DBTT of pure tungsten tends to

decrease with an increase in dislocation density. The dislocation densities were
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measured to be 3.51 x 10'* m2, 3.78 x 10> m?, and 4.58 x 10'> m? for the As-
received W, Annealed W, and K-doped W specimens, respectively (Table 5). As-
received W exhibited higher tensile toughness compared to Annealed W, which can
be attributed to its higher dislocation density. In the case of K-doped W, it has a larger
fraction of grain boundaries that serve as initiation sites and propagation paths for
cracks, while the dislocation density in K-doped W is of the same order of magnitude
as that of Annealed W. Despite these facts, K-doped W displayed significantly higher
tensile toughness than Annealed W. It suggests that potassium has a significant effect
on reducing the DBTT of tungsten.

Nanoindentation tests are suitable for evaluating the local plasticity of a
material owing to its small activation volume. Therefore, nanoindentation tests were
performed on the As-received W, Annealed W, and K-doped W specimens to
investigate their mechanical properties by excluding the influence of grain
boundaries. The maximum shear stress for inducing plastic yield can be calculated
based on the “pop-in”” phenomenon, which is a sudden burst of displacement at the
same load during an indentation test [60-62]. The details on estimating the maximum
shear stress under pop-in load obtained from load—displacement curves (Figure 39)
have been provided in Section 2.3.5.

Figure 40 illustrates the cumulative probability distribution of the maximum
shear stress for yielding measured in three specimens. Initially, in the case of the As-
received W specimen, the average maximum shear stress was determined to be 11.5
+ 2.54 GPa (Table 6), which was lower compared to the other two specimens. These
low maximum shear stresses can be attributed to the presence of mobile dislocations
in the specimen. The mean distance between dislocations in the As-received W
specimen (~53.38 nm, Table 5) is shorter compared to the other specimens due to the
higher dislocation density in the specimen. This mean distance is comparable to the
diameter of the contact surface during the nanoindentation test (~59 nm, Table 6).
Consequently, it is highly probable that dislocations are present below the indenter
tip during the experiment on the As-received W specimen. The Peierls-Nabarro stress,
which represents the stress required for dislocation gliding in pure tungsten, is
reported as 7.28 GPa [42], indicating that As-received W can easily undergo plastic
deformation even at relatively low stresses. On the other hand, the mean distance

between dislocations in the Annealed W specimen (~514.34 nm, Table 5) is larger
3 ey i g
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than the diameter of the contact surface of the nanoindenter tip (~124 nm, Table 6).
It suggests that dislocations may not exist directly beneath the nanoindenter tip
during nanoindentation testing in Annealed W. Therefore, in order for the Annealed
W specimen to undergo plastic deformation, the nucleation of dislocations must be
accompanied. As a result, the plastic deformation of Annealed W requires a higher
maximum shear stress (21.7 = 0.94 GPa, Table 6), which is closer to the theoretical
shear strength of pure tungsten (~25 GPa [63]).

In the case of K-doped W specimens, the mean distance between dislocations
(~478.36 nm, Table 5) is significantly larger than the diameter of the contact surface
(~79 nm, Table 6). It implies that a plastic deformation in K-doped W specimen
requires the nucleation of dislocations, similar to the case of Annealed W. However,
the maximum shear stress measured in K-doped W was 14.3 + 4.20 GPa (Table 6),
which is considerably lower than the theoretical shear stress of pure tungsten.
Therefore, it can be concluded that dislocations can form in K-doped W with
significantly less stress than expected in a perfect crystal of pure tungsten.

Figure 41 illustrates the nanohardness of As-received W, Annealed W, and K-
doped W specimens as cumulative probability distributions. The average
nanohardness of the As-received W specimen was found to be 7.43 + 0.23 GPa,
which is higher than those of the other two specimens. It can be attributed to the
work hardening effect resulting from the high dislocation density present in the
specimen. In contrast, the average nanohardness of the Annealed W specimen was
determined to be 6.11 + 0.28 GPa, which is the lowest among the three specimens,
indicating the absence of hardening effects. For the K-doped W specimen, the
average nanohardness was measured to be 7.16 £ 0.35 GPa, which is closer to that
of the As-received W specimen rather than the Annealed W specimen. It suggests
that the nano-sized K-bubbles in the specimen can contribute to hinder the movement

of dislocations, thereby increasing its hardness.
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Figure 37 Fractured surfaces of samples after uniaxial tensile tests; (a, d) As-received W, (b,
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Figure 38 The toughness of the specimens obtained from uniaxial tensile tests. (As-received
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Table 6 Diameter of contact surface at the pop-in event and maximum shear stress of as-
received W, annealed W, and K-doped W. Only those indentations inside the grains and a
sufficient distance from the grain boundaries were considered for the calculation of average
values. The number of indentations included in the calculation is listed in the last column.

Diameter of contact Maximum shear
surface No. of
Specimen (om) (GPa) indentations
Avg. Std. Avg. Std.
As-received W 59 13.1 11.5 2.54 114
Annealed W 124 6.5 21.7 0.94 108
K-doped W 79 233 14.3 4.20 73
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3.3.4 Molecular dynamics simulations for nanoindentation

Molecular dynamics simulations were conducted to analyze the influence of
nano-sized K-bubbles within the grains on dislocation behavior. Figures 42 (a and b)
show snapshots at a point that dislocation was firstly generated during molecular
dynamics simulations of perfect crystals and crystals with nano-sized bubbles, and
are correspond to 22.2 ps and 24.0 ps, respectively. It is noteworthy that dislocations
were formed near bubble in the simulation for single crystal with nano-sized bubble,
indicating that the presence of nano-sized bubble induces stress concentration in the
surrounding matrix [64, 65]. Consequently, even if the applied stress is smaller than
the theoretical shear stress, a localized stress higher than the theoretical shear stress
may occur in the vicinity of the bubble, leading to the nucleation of dislocations in
that region. Figure 42 (c) shows the load-displacement curves calculated from
molecular dynamics simulations. The circles in the Figure 42 (c) represent the points
at which the pop-in phenomenon occurred in both the perfect crystal and the crystal
with nano-sized bubble. It confirms that the presence of nano-sized bubbles in

tungsten can reduce the pop-in load.
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3.3.5 Dislocation dynamics simulation for nanoindentation

Prior to DD simulation, FEM analysis was conducted to assess the extent of
stress concentration induced around nano-sized bubbles during the nanoindentation
test (Figure 43). Figure 44 presents the outcomes of simulations carried out by varing
the sizes and positions of the nano-sized bubbles. Remarkably, when a nano-sized
bubble with a radius of 25 nm was positioned 50 nm from the indentation surface, a
von Mises stress of 31.9 GPa was observed near the bubble, which was higher than
26.9 GPa obtained in a perfect crystal (Table 7). It is noteworthy that the diameter of
the bubble is similar to the average size of the K-bubbles (55.52 + 23.64 nm, Figure
33 (b)) observed in the K-doped W specimen. In contrast, the simulations conducted
under different conditions, including larger bubble diameters or deeper depths of
bubble, did not exhibit notable stress concentration effects in the matrix surrounding
the nano-sized bubble. It suggests the presence of a threshold size and position of the
nano-sized bubble required to amplify the external stress by stress concentration.
Based on the FEM results, we set the radius and depth of bubble to 25 nm and 50 nm
for the following DD simulations.

DD simulations were conducted to examine the influence of the size, location,
and number of nano-sized bubbles on the nucleation and movement of dislocations
in tungsten. Figure 45 illustrates the load-displacement curve of a single crystal
tungsten specimen with varying numbers of nano-sized bubbles. In the case of single
crystal tungsten containing nano-sized pores, the pop-in phenomenon occurred at
lower stress state compared to perfect crystal tungsten. It suggests that the presence
of nano-sized bubbles promotes the nucleation of dislocations in tungsten, which is
consistent with the MD simulations. Conversely, when comparing simulations with
a single nano-sized bubble to those with four nano-sized bubbles, there is only
minimal difference in the pop-in stress. Figure 46 shows the load-displacement
curves of single crystal tungsten specimens with varying dislocation densities. For
single crystal tungsten specimens with a high density of dislocations, the pop-in
phenomenon occurred at a lower stress compared to a perfect crystal without
dislocations. This behavior can be attributed to the presence of numerous mobile

dislocations, which enable plastic deformation through the gliding of dislocations at
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lower stress state. These findings provide further support to the results obtained from
nanoindentation experiments.

The results of the dislocation dynamics (DD) simulations are presented in Table
8. The "analytic" maximum shear stress was obtained based on the pop-in load using
Equation 12 in Section 2.3.5, without considering the presence of a nano-sized
bubble. On the other hand, the "numerical" maximum shear stress was calculated at
the localized region where dislocations were nucleated in each DD simulation. In the
case of a perfect tungsten crystal without any dislocations (simulation 1, Table 8),
the analytic and numerical maximum shear stresses were found to be similar to each
other, and these values were close to the theoretical shear stress of tungsten (~25
GPa). It validates the accuracy of the DD simulations. In the cases of single crystals
containing nano-sized bubble (simulations 2 and 3, Table 8), the numerical
maximum shear stress remains almost unchanged compared to simulation 1,
indicating that the stress required for nucleating dislocations is the same as in a
perfect tungsten crystal. However, the analytic maximum shear stress in these
simulations significantly decreases. It clearly explains that the presence of nano-
sized bubbles amplifies the stress in the localized region surrounding them through
stress concentration, thereby enabling dislocation nucleation at a lower external
stress state. In the simulation of a single crystal containing a large number of
dislocations (simulation 4, Table 8), both the analytic and numerical maximum shear
stresses decrease compared to those in the simulation for a perfect tungsten crystal.
It indicates a transition in the dominant mechanism for plastic deformation from

dislocation nucleation to the gliding of mobile dislocations.
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Figure 44 Distribution of von Mises stress in a perfect single crystal and single crystals with
a nano-sized bubble simulated by FEM; diameters and depths of the bubble in the FEM
simulations are represented in Table 7.
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Figure 45 the load-displacement curves of the dislocation dynamics simulations for perfect
single crystal, single crystal with a bubble, and single crystal with four bubbles.
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Figure 46 the load-displacement curves of the dislocation dynamics simulations for perfect
single crystal, and single crystal with pre-existing dislocations (p = 10'*m™2).
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Table 7 Von Mises Stress at indentation depth of 10 nm were calculated by FEM simulations
with various diameters and depths of bubble.

Simulations  Diameter (nm) Depth (nm)  Von Mises Stress (GPa)
(perfecta crystal) ) - 26.9

b 25 50 31.9

c 25 100 26.6

d 50 100 26.4

N 70 100 224

f 70 150 24.9
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Table 8 Maximum shear stresses were calculated by DD simulations

. . . . Maximum Maximum
Dislocation  Pop-in  Pop-in
. shear stress shear stress
Index Bubble density depth load . .
(m?) (nm) (mN) (analytic) (numerical)
(GPa) (GPa)
Without
1 nano-sized 0 17.90 0.848 19.55 20.38
bubble
With
2 nano-sized 0 14.79 0.629 17.69 20.16
bubble
With
3 nano-sized 0 1531 0.639 17.78 19.76
bubble
Without
4 nano-sized 1014 10.34 0.358 14.65 13.25
bubble
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3.3.6 Effect of potassium-doping on plasma-facing

properties of tungsten

Figure 47 illustrates the microstructure of K-doped W specimens before and
after heat treatment at 1700 °C for varying durations. From the figure, it is evident
that there is minimal change in the microstructure pre- and post-heat treatment. The
average grain sizes of the specimens were measured as 3.20 + 1.24 um, 3.53 £ 1.52
um, and 3.57 = 1.41 um in the initial specimen, the specimen subjected to a 3-hour
heat treatment, and the specimen subjected to a 10-hour heat treatment, respectively.
Likewise, the hardness values of the three specimens were measured as 465.00 +
4.55 HV3;, 469.52 + 2.98 HV3, and 469.51 + 3.19 HV;, respectively, indicating no
significant change. It is attributed to the pinning effect on grain boundaries by nano-
sized the K-bubbles, which effectively inhibits grain growth.

To assess the resistance of K-doped W to deuterium ion irradiation, a D>" ion
irradiation test was conducted on the surface of the K-doped W specimen. Figure 48
illustrates the microstructural changes in the specimen before and after deuterium
irradiation. Interestingly, despite the development of a nanostructure on the surface,
no blister formation was observed after D," ion bombardment. This significant
resistance to D," ions is potentially attributed to the presence of nano-sized K-
bubbles. The incident deuterium ions tend to precipitate and form deuterium gas at
trapping sites. When numerous trapping sites are present in a material, the deuterium
ions cannot accumulate at a specific location and cannot exert sufficient pressure for
blister formation. Given that the nano-sized K-bubbles can also serve as trapping
sites, it is plausible that K-doped W exhibits high stability under D," ion irradiation.

The TDS experiment was conducted to evaluate the amount of deuterium
retention in the K-doped W specimen, in comparison to SPSed Pure W (the same as
described in Chapter 2) and commercially available pure tungsten (the same as As-
received W in this chapter) (Figure 49). The results reveal that the retention of
deuterium in the K-doped W specimen, following D, ion irradiation, is higher than
that in SPSed Pure W but lower than that in As-received W. It can be attributed to
the presence of nano-sized K-bubbles acting as trapping sites. However, the nano-

sized K-bubbles may not be sufficient to retain deuterium ions exceeding the
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retention observed in As-received W, due to the relatively low potassium
composition. The result suggest that the K-doped W could be suitable candidates for

the plasma-facing material in the practical nuclear fusion reactor.
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Figure 47 the inverse pole figures along the normal direction of the observed surface of heat-
treated K-doped W specimens; (a) initial, (b) 3 h heat-treated, and (c) 10 h heat-treated sample.
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Figure 48 Surface morphologies of K-doped W (a, b) before and (c, d) after deuterium
irradiation.
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Figure 49 TDS results of SPSed Pure W, SPSed K-doped W, and As-received W specimens.
(the SPSed Pure W specimen is the same as the one described in Chapter 2)
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3.4. Conclusion

In this study, we systematically analyzed the effect of nano-sized K-bubbles

in tungsten on their mechanical behavior using both experimental and computational

methods. Consequently, the following conclusions were obtained:

1.

It has been verified through TEM observations that K-doped W contains
spherical bubbles with an average size of 55.52 nm. Additionally, EDS

analysis confirmed that these bubbles are formed by potassium.

Based on the results of the uniaxial tensile test, it was found that the DBTT
of K-doped W is approximately in the range of 300-320°C. This DBTT
value is similar to that of the As-received W (300-330°C) and lower than
that of the Annealed W (350-400°C).

The nanoindentation test results revealed that the maximum shear stress for
yielding in K-doped W was significantly lower compared to Annealed W,

despite having a similar dislocation density.

Through MD and DD simulations, it has been confirmed that nano-sized
bubbles can facilitate the nucleation of dislocations under low macroscopic

stress, owing to localized stress concentration in their vicinity.

After heat treatment of K-doped W at 1700 °C for various durations,
changes in hardness and microstructure were observed. The results show
that even after 10 hours of heat treatment, the specimen retained its high
hardness and small grain size. It can be attributed to the low dislocation

density and the pinning effect by K-bubbles.

The deuterium irradiation experiment demonstrates that K-doped W
exhibits excellent resistance to ion irradiation and lower deuterium
retention compared to As-received W. These findings suggest that the K-
doped W specimen could be a suitable candidate for the plasma-facing

material in practical nuclear fusion reactors.
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Chapter 4. Conclusions and Outlook

In order to develop tungsten as a plasma-facing material (PFM), the effects of
two different doping elements, yttrium and potassium, on properties of tungsten were
investigated. By employing powder metallurgical techniques, the defects induced by
these doping elements, including yttrium-rich particles and potassium bubbles, were
uniformly dispersed throughout fully densified tungsten matrix. Notably, Despite the
low contents of these alloying elements, they exhibited a significant influence on
various properties of tungsten, such as sinterability, mechanical properties, and
plasma-facing properties. To gain a profound understanding of the relationship
between the addition of elements and the improvement of properties, a
comprehensive investigation was conducted through experiments and simulations.
The significant conclusions elicited from this thesis are discussed below.

In Chapter 2, the properties of yttrium-doped tungsten fabricated through
mechanical alloying and subsequent internal oxidation during spark plasma sintering
(SPS) were comprehensively investigated. The transmission electron microscopy
(TEM) and small-angle neutron scattering experiments revealed a homogeneous
distribution of 0.05 wt.% Y,Os3 particles with an average size of approximately 20
nm within the tungsten matrix. Despite the low concentration, these Y»O; particles
exert a significant influence on various properties of tungsten, including sinterability,
plasma-facing characteristics, and microscopic mechanical properties. Firstly, it
contributes to enhance the sinterability of tungsten through expedited grain boundary
diffusion of tungsten atoms during the sintering process. Secondly, the pinning effect
exerted by nano-sized Y,Os particles contributes to the maintenance of a fine-grained
microstructure at high temperatures, subsequently leading to a decrease in defects
induced by plasma ion bombardments such as blisters. Finally, the dislocations
generated during the sintering process contributes to an increase in the microscopic
ductility and nanohardness of tungsten.

In Chapter 3, the study focused on elucidating the underlying mechanism
responsible for the reduction of the ductile-to-brittle transition temperature (DBTT)
in potassium-doped tungsten (K-doped W) through a combination of experimental

and computational methods. The fabrication of the K-doped W specimens was
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carried out using SPS, employing optimized processing conditions to prevent
abnormal grain growth. TEM analysis revealed the presence of nano-sized bubbles
with an average size of approximately 30 nm in the K-doped W specimen, formed
through the vaporization of potassium during the fabrication process. By performing
a comparative analysis of the dislocation density and maximum shear stress between
K-doped W and pure tungsten specimens, it is concluded that the nucleation of
dislocations plays a dominant role in the plastic deformation behavior in K-doped W.
The nucleation of dislocations was found to be significantly facilitated by stress
concentration in the localized region near the nano-sized bubble. it was demonstrated
by molecular dynamics and dislocation dynamics simulations. In addition, the
thermal stability and the resistance for deuterium irradiation of K-doped W were
evaluated.

For the realization of nuclear fusion reactor, the selection of a PFM is important
due to the extreme operational environment within the fusion reactor. Although
tungsten is widely regarded as the most promising candidates for plasma-facing
materials, several challenging issues, such as a low recrystallization temperature and
high DBTT, still were remained. Given that impurities can lead to plasma instability
in nuclear reactors, such issues should be addressed through minimal additions of
alloying elements. In this study, we investigated the alloying effects of two different
doping elements on the properties of tungsten. Both yttrium and potassium doping
beneficially influenced the properties of tungsten required as a PFM. Therefore,

these findings will have significant implications for the further development of PFM.
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