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Abstract 

Fusion technology has a great potential to safely provide an inexhaustible quantity of electricity 
without producing greenhouse gases and minimal hazardous waste compared to conventional 
energy sources, such as nuclear power plants. For materials intended for fusion plasma-facing 
applications, the essential properties are structural stability at elevated temperature, adequate 
thermal conductivity, strength and ductility, thermal shock and thermal fatigue resistance, and 
stability under neutron exposure. For such applications, tungsten and tungsten-based materials 
are a reasonable choice due to their advantageous combination of physical properties.  

This thesis introduces three research topics with one common denominator – microstructure 
analysis of tungsten and tungsten-based materials developed by the Slovenian research group 
within the European Fusion Programme. The first research topic relates to my first-author 
scientific article entitled “The role of tungsten phases formation during tungsten metal powder 
consolidation by FAST: Implications for high-temperature application”. In the article, my co-
authors and I have explored and utilised the research methods appropriate for the microstructure 
analysis of tungsten consolidated by field-assisted sintering technology (FAST). In the study, 
in-situ secondary phases formation after consolidation was analysed and identified as tungsten 
dioxide (WO2). The presence of oxide inclusions motivated us to explore the role of tungsten 
carbide (WC) as an oxygen binder for removing the oxide impurities from the tungsten matrix, 
as described in my second first-author scientific article entitled “Tungsten carbide as a 
deoxidation agent for plasma-facing tungsten-based materials”. To completely remove the oxygen 
impurities and obtain a pure tungsten body, we have to introduce a minimum of 5.8 - 8.8 vol % 
WC as a carbon source to the initial mixture. Determined from stoichiometry calculations, the 
oxygen is removed in the form of carbon monoxide and carbon dioxide.   

 A surplus amount of WC will lead to the in-situ formation of a thermally stable -W2C as 
a secondary phase in the tungsten matrix. The presence of -W2C phase can influence the 
performance of plasma-facing materials under irradiation, which my co-authors and I 
experimentally explored in my third first-author article entitled “Non-uniform He bubble 
formation in W/W2C composite: Experimental and ab-initio study”, exploring the influence of 
helium on the microstructure of the multi-phase material, i.e., W/W2C composite described in 
my previous articles. The experimental observations of helium bubble formation in the W/W2C 
composite were complemented by first-principles-based density functional theory (DFT) 
calculations to establish a fundamental understanding of helium clustering, migration and 
dissolution in tungsten metal and tungsten carbide, W2C. The study deduces that helium will 
be preferentially trapped by large structural defects, which in the end, severely affect the material 
integrity for plasma-facing applications. 
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Povzetek 

Jedrsko zlivanje ali fuzija ima visok potencial zagotoviti varen in praktično neizčrpen vir 
električne energije brez nastajanja toplogrednih plinov in, v primerjavi s konvencionalnimi viri 
energije, kot so jedrske elektrarne, z zanemarljivo količino nevarnih odpadkov. Za materiale, ki 
so namenjeni za uporabo v stiku s fuzijsko plazmo, so bistvene lastnosti strukturna stabilnost 
pri povišani temperaturi, ustrezna toplotna prevodnost, trdnost in žilavost, odpornost na toplotni 
udar in toplotno utrujenost ter stabilnost pri izpostavljenosti nevtronom. Za takšno uporabo so 
volfram in materiali na osnovi volframa razumna izbira zaradi njihove ugodne kombinacije 
fizikalnih lastnosti.  

Doktorsko delo obsega tri raziskovalne teme z enim skupnim imenovalcem–mikrostrukturno 
analizo volframa in materialov na osnovi volframa, ki jih je razvila slovenska raziskovalna 
skupina v okviru programa EUROfusion. Prva raziskovalna tema se nanaša na moj prvi avtorski 
znanstveni članek z naslovom »The role of tungsten phases formation during tungsten metal 
powder consolidation by FAST: Implications for high-temperature application«. V članku sem s 
soavtorji raziskala in uporabila raziskovalne metode, ki so primerne za analizo mikrostrukture 
volframa, zgoščenega s tehnologijo sintranja s pomočjo električnega polja (FAST). V študiji smo 
analizirali in-situ nastanek sekundarnih faz in jih identificirali kot volframov dioksid (WO2). 
Prisotnost oksidnih vključkov nas je motivirala za raziskovanje vloge volframovega karbida 
(WC) za odstranjevanje oksidnih nečistoč iz volframove matrice, kot je opisano v drugem 
znanstvenem članku z naslovom »Tungsten carbide as a deoxidation agent for plasma-facing 
tungsten-based materials«. Najmanj 5.8–8.8 vol % WC kot vira ogljika je potrebno v začetno 
mešanico prahov vnesti, da se oksidne nečistoče med sintranjem popolnoma odstranijo kot 
ogljikov monoksid in ogljikov dioksid, da dobimo čisto volframovo matrico. Presežna količina 
WC povzroči in-situ nastanek termično stabilnega -W2C kot sekundarne faze v volframovi 
matrici. Prisotnost -W2C faze lahko vpliva na stabilnost materialov, izpostavljenih obsevanju, 
kar sem skupaj s soavtorji eksperimentalno raziskala v svojem tretjem članku z naslovom »Non-
uniform He bubble formation in W/W2C composite: Experimental and ab-initio study”. V članku 
je predstavljen vpliv helija na mikrostrukturo večfaznega kompozita W/W2C, ki je bil raziskan 
v predhodnih znanstvenih člankih. Eksperimentalna opazovanja nastanka helijevih mehurčkov v 
kompozitu W/W2C so nadgrajena s kvantokemijskimi simulacijami po teoriji gostotnega 
funkcionala (DFT), da bi vzpostavili temeljno razumevanje združevanja, migracije in 
raztapljanja helija v kovinskem volframu in keramičnem W2C. Rezultati študije kažejo, da se 
helij prednostno ujame na velike strukturne napake, kar na koncu močno vpliva na celovitost 
materiala.  
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Chapter 1 

1Introduction 

Regardless of the material synthesis, consolidation method, or pre- and post-processing, thorough 
material characterisation is a fundamental research step in condensed matter research. Based on 
the results of such investigation, we can investigate and conclude on the material appropriateness 
for the intended application and overall performance of such materials. By careful interpretation 
of the material characterisation results, the manufacturing and modification step of the material 
treatment can be further optimised. The appropriate research methods can be selected, 
performed, and interpreted to obtain valid and useful results by knowing the exact intended 
application. 

In the scope of the present PhD thesis, the microstructure research and evaluation of 
materials were focused on W/W2C composites developed by the Slovenian research group within 
the European Fusion Programme. The metal-ceramic composites, prepared by Field-Assisted 
Sintering Technology (FAST) of tungsten and tungsten carbide powder mixture, demonstrate 
promising thermo-physical behaviour. However, the mechanism behind the formation of the 
advantageous microstructure was not yet fully understood. To address these issues, several 
different experimental and analytical methods were applied to unravel the interplay between the 
processing parameters, microstructure, and the material's performance under He loading. 

1.1 Nuclear Fusion 

The world's energy requirements are rapidly increasing while, at the same time, the traditional 
fossil fuel-based energy supplies are becoming more and more scarce. Nuclear fission power plants 
offer a good alternative, but their operation cycle produces a series of radioactive fission products 
that cannot be avoided. They should be treated and stored. In contrast, nuclear fusion is a 
virtually endless energy source without Long-Lived Fission Products (LLFPs). On Earth, the 
most efficient fusion reaction is achieved by fusing two hydrogen isotopes (HIs), D and T, to 
produce a heavier element, He, and a free neutron. D-T fusion reaction requires extremely high 
temperatures (∼150 million K); under these conditions, the particles are ionised and susceptible 
to being controlled by a magnetic field. Currently, the most promising approach to control, 
shape, and confine the plasma is by the tokamak device, e.g., an experimental reactor ITER 
(International Thermonuclear Experimental Reactor, also “The Way” in Latin). The next step 
toward commercial exploitation by a power plant is the demonstration nuclear fusion power 
station – DEMO, which has already finished its pre-conceptual design phase [1]. 

Many technological challenges pave the roadmap toward the commercial exploitation of 
fusion energy, and one of the bottlenecks is the lack of materials that can withstand the reactor's 
operating conditions. Few materials now are known that can withstand the expected 
conditions in the DEMO reactor without significant degradation, and this issue 
remains one of the great unsolved challenges in our quest for fusion energy. In the 
case of DEMO, the components in the fusion reactor's core (Plasma-Facing Components (PFCs), 
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e.g., divertor and first wall) need to withstand high heat-flux and transient heat loadings such 
as plasma disruptions and edge-localised modes (ELMs) [2]. During the unmitigated ELM or 
disruption, the surface temperature of the Plasma-Facing Materials (PFMs) will reach above 
1500 K [2]. Moreover, PFMs will be exposed to intense neutron bombardment and HIs exposure 
and continuous helium production through (n, p) and (n, α) nuclear reactions in PFMs [3]. 
Additionally, to diminish a radioactive waste footprint, the materials used for fusion applications 
are limited to low activation energy elements, such as Fe, Cr, V, Ti, W, Si, and C [4].   

Tungsten is so far the most promising material for PFCs applications [5] due to its high 
melting point, relatively benign behaviour under neutron irradiation [6], as well as low tritium 
inventory [7] and low sputtering yield [8]. Unfortunately, W also possesses a high DBTT [9], low 
ductility and poor fracture toughness [10], low machinability and fabricability [8], low-
temperature brittleness [11] and, compared to the operating temperature window, a relatively 
low recrystallisation temperature. W is also associated with radiation-induced embrittlement, 
most pronounced for irradiation temperatures below ∼0.3 Tmelt, where Tmelt is the melting 
temperature (tungsten ∼3600K) [12]. By increasing irradiation exposure time, tungsten will be 
more and more affected by thermal creep and high-temperature helium embrittlement. Especially 
brittleness at low temperatures presents the main obstacle for implementing W as a structural 
material of the fusion reactor [13]. The contribution of helium produced from neutron-induced 
reaction depends very much on the elements' choice for the PFMs [14]. Hypothetically, if 1 at. 
% of tritium is retained in tungsten, we can expect 600 appm of helium to be created through 
tritium decay [15]. After five full-power years of neutron irradiation in a fusion reactor, we can 
expect to achieve 30 appm of helium in tungsten [14]. At the same time, the emitted α -particles 
with MeV-range energy will also generate defects in the crystal lattice, mainly by displacement 
damage [14], [16]. The helium-induced structure alterations will consequently also affect the 
macroscopic properties of the material, reflecting on altered mechanical properties such as creep 
and fatigue behaviour and tensile strength [17], [18]. The rapid He accumulation at elevated 
irradiation temperature along the grain boundaries and dislocations promotes inter-granular 
fracture known as helium embrittlement [19], leading to pronounced swelling, surface blistering 
and exfoliation [16], [20]. The main source of helium ions arises directly from the fusion reaction 
and indirectly by the decay of tritium [15] or by the transmutation of the first wall materials 
[21]. In the collision of the high-energy He ions with PFMs, the He ions will penetrate to a 
certain depth because of their low solubility and diffusivity in metals [22]. If the irradiation dose 
is high enough, He ions will merge to form bubbles [23]. Under favourable conditions, the 
combination of the gas pressure and shear stress can result in the plastic deformation of the 
metal, which exhibits on the sample’s surface by forming blisters that can eventually break and 
cause erosion and plasma contamination [23], [24]. Indirectly produced helium during neutron 
irradiation will migrate to grain boundaries and form a bubble network [19].  

At elevated temperatures, W is relatively poorly oxidation resistant, presenting additional 
challenges in the consolidation process. Hence, tungsten sintering is usually done in a protective 
gas atmosphere or vacuum to suppress W-oxides' formation. Additionally, during the 
consolidation of W and W-based materials, one of the key issues is that even minor impurities 
of O and C accumulated during metal powder production and handling will reduce the 
mechanical properties of the final consolidated W and its composites [8]. The presence of 
impurities in metallic W, for instance, even as small as only trace amounts of oxygen in the 
range of ≤ 30 ppm, will cause the formation of oxide-rich tungsten secondary phases at the grain 
boundaries and consequently to enhanced embrittlement and increased DBTT [1], [25].  

Considering these shortcomings, to meet the requirements for the W-based material to 
withstand high heat fluxes combined with ion bombardment in the proposed operation window 
of the DEMO reactor, further improvements of the tungsten properties are needed before it can 
be implemented in practical use [1]. Up to now, several W-based materials have been proposed 
in the scope of the DEMO concept, such as W fibre-reinforced W composite, oxide- and carbide-
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reinforced tungsten-based materials, and tungsten smart alloys (such as W-Cr-Y) [1], [26]. One 
of the approaches is implementing transition-metal carbides (e.g. TiC, TaC and W2C) distributed 
at the tungsten grain boundaries, which can act as a grain-growth inhibitor and restrict 
dislocation motion, resulting in improved high-temperature strength and creep resistance [13], 
[27]–[30]. In the case of the W and W/W2C composites, we interpreted the composite’s physical 
properties by understanding the microstructure evolution during sintering and by micro- to 
nano-structure analysis of the proposed PFM on all hierarchical levels. 

1.2 Tungsten and Tungsten-Based Crystalline Phases 

Most of the properties and findings in the present work and published articles originate from the 
basic atomic-level interactions. The following section presents several important concepts and 
factual data on W's interactions with O, C, and He. From the W – C and W – O phase diagrams, 
the most relevant phases described in this work are W, WC, W2C and WO2.  

Figure 1: a) Phase diagram of W–C system. The trigonal -W2C phase is thermodynamically 
stable in the temperature range of 1300–2300 K [31]. b) Phase diagram of W–O system. On its 
oxygen–poor-side, the WO2 phases coexists with W at temperatures up to 1800 K [32].  

1.2.1 Atomic structure and bonding 

The electron shell structure determines the macroscopic physical properties of the solids. The 
electrons in the outmost orbital have the largest influence on properties, as they determine the 
interactions with other neighbouring atoms. In the case of noble gases (such as helium), an atom 
already has a fulfilled outer shell with eight electrons; therefore, its tendency to interact with 
other atoms is very small. All other elements that do not possess a noble gas configuration tend 
to accept, donate, or share the outmost valence electrons. Therefore, the atomic interactions are 
mainly driven by the propensity of an atom to have its outermost valence shell filled. For 
tungsten, the most stable atom arrangement is the bcc crystal structure outturn from its strong 
metallic bond [8]. Tungsten forms compounds in the valence states from -2, -1, 0, +2, +3, +4, 
+5, and +6 and tends to form compounds with C and O. The binary tungsten-carbon system 
has high technical importance as the main constituent of the commercial cemented carbides. On 
the other hand, the vast tungsten-oxide system is considered extremely complex and is one of 
the richest fields in structural chemistry, with many sub-stoichiometric intermediate phases [8]. 
Tungsten carbide phases formed in the W-C system and tungsten oxide phases in the W-O 
system belong to the nonstoichiometric interstitial compound group, with a combined group 
covalent-metallic-ionic type of chemical bond. In the nonstoichiometric compound, we can expect 
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that thermal and electrical conductivity decreases with temperature [8], [31], as well as 
microhardness [33]. Additionally, the bonding behaviours of W–C compounds lead to a high 
melting point, high hardness, and good electric conductivity [34].  

1.2.2 Crystal structure of tungsten and tungsten-based ceramic materials 

Most metals and ceramics have ordered crystal structures, i.e., are crystalline. Most properties, 
including electrical, magnetic, thermal, and particularly mechanical properties, originate in the 
crystal structure. Below, several most important phases found in the investigated materials are 
presented, with data on the atom occupancy and crystal structure, which were used to calculate 
and interpret the experimentally obtained results. The structures are graphically visualised as 
balls-and-stick models (Figure 2-5, with the corresponding factional coordinated, Table 1-4) for 
direct comparison and observation of similarity and their differences.  

1.2.2.1 Tungsten 

Tungsten has a bcc structure of type A2 (W-type), with the lattice parameters a= 0.316 nm 
and nearest neighbour distance of 0.276 nm, α= 90° at room temperature [8]. A bcc unit cell 
structure consists of a cubic array of atoms, where one full atom is positioned in the cube's 
centre, and each of the 8 corners shares a 1/8 of an atom. Therefore, the bcc unit cell consists 
of two full atoms (1 central atom and 8 × 1/8 corner atoms) . Compared to the more common 
face-centred cubic (fcc) unit cell arrangements, the atoms in the bcc unit cell are less closely 
packed. The loose atom-packing type makes the bcc structure harder and less malleable than fcc 
materials.  

Basic crystallographic data for W: cubic crystal system, Hall notation: I4̅23, Point group: m3̅m, 
Hermann Mauguin: Im3̅m, No. 229. Lattice parameters: a = b = c = 0.316469 nm, α = β = γ 
= 90°, V = 0.031695 nm3. 

Table 1: Fractional coordinates of W. 

W 

a b c 

0 0 0 

Figure 2: Crystal structure of W in [100], [110] and [111] orientation, with marked unit cell (blue 
square, in legend slightly tilted off-axis) and orientation of crystal axes. The bottom row presents 
the octahedral model constructed around the W atoms. 
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1.2.2.2 Tungsten carbide 

Ceramic materials are primarily bonded by ionic bonds between metals and non-metals, 
particularly carbon (carbides) and oxygen (oxides). The coordination of the atoms in the crystal 
structure depends on the size and type of the atoms; therefore, different crystal structures in 
ceramics materials are abundant. For example, tungsten with a bcc structure forms carbides 
with cubic or hexagonal metallic sublattices [31]. Based on this information, we can already 
conclude on physical properties, as it is well-known that crystal structures with low symmetry 
tend to be brittle [31], [35].  

The W-C system comprises two main phases: W2C and WC. Each has a number of structural 
modifications that are only stable in a limited stoichiometry and temperature range [31] – here, 
only polymorphs identified in the investigated materials will be explained in detail. Mono-carbide 
tungsten (WC) has two different structural modifications: hexagonal (space group P6̅m2) and 
cubic (space group Fm3̅m). In the hexagonal modification of WC (h-WC or δ-WC or α-WC or 
simply WC), the W and C atoms form a simple hexagonal layer, and both the tungsten and 
carbon atom sites are trigonal prismatic. The structural types of the tungsten semi-carbide 
modifications (α, , , -W2C) can be described based on the simple hcp-tungsten sublattice, 
where one of the halves of trigonal-prismatic interstices is occupied with C atoms in various 
ways. For example, in -W2C, each C-vacancy is surrounded by six C atoms, and accordingly, 
each C atom is surrounded by six C-vacancies [31], [36]. The structure polymorphs of WC and 
W2C show a lower melting point than pure bcc tungsten but are still high enough to be considered 
for applications at temperatures achieved in the fusion reactor operation window. 

Basic crystallographic data for WC: hexagonal crystal system, Hall notation: P6̅2, Point group 
6̅m2, Hermann Mauguin: P6̅m2, No.187. Lattice parameters: a = b = 0.2928 nm, c = 0.2853 
nm, α = β = 90°, γ = 120°, V = 0.021186 nm3. 

Table 2: Fractional coordinates of W and C in WC. 

W 

a b c 

0 0 0 

C 

a b c 

0.6667 0.3333 0.5 
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Figure 3: Crystal structure of h-WC in [100], [001] and [111] orientation, with marked unit cell 
(blue lines). The bottom row shows the tetrahedral model constructed around central W and 
edge C atom arrangements. 

Basic crystallographic data for -W2C: trigonal crystal system, Hall notation: 𝑃̅32’’, Point group: 
3̅m, Hermann Mauguin: P: 3̅m1, No. 164. Lattice parameters: a = b = 0.3070 nm, c = 0.4678 
nm, α = β = 90°, γ = 120°, V = 0.038187 nm3. 

Table 3: Fractional coordinates of W and C in W2C. 

W 

a b c 

0.3333 0.6667 0.2537 

0.6667 0.3333 0.7463 

C 

a b c 

0 0 0 

Figure 4: Crystal structure of W2C in [100], [001] and [111] orientation, with marked unit cell 
(blue square, slightly tilted in legend). The bottom row shows the octahedral model constructed 
around the central W atom for [100], and around the central C atom for [11̅0] and [111]. 
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1.2.2.3 Tungsten dioxide 

In addition to W and oxygen (O), the W-O system includes the solid equilibrium phases of the 
W-O system that are: a bcc terminal solid solution (α-W), the monoclinic oxides (such as WO2,
W18O49, W24O68, WnO3n-2, and WnO3n-1) and the oxide WO3, of which at least 11 modification 
types were reported [32]. Tungsten-rich-oxide phases have a lower melting point in comparison 
with bcc W[8]. In our experiments, only WO2 was identified.  

Basic crystallographic data for WO2: monoclinic crystal system, Hall notation: P21/c, Hermann 
Mauguin: P21/c, No. 14. Lattice parameters: a = 0.5563 nm, b = 0.4896 nm, c = 0.5663 nm, α 
= β = 90°, γ = 120.47°, V = 0.132939 nm3. 

Table 4: Fractional coordinates of W and O in WO2. 

W 

a b c 

0.2278 0.0102 0.0111 

O1 

a b c 

0.119 0.2186 0.2334 

O2 

0.39 0.0102 0.0111 

Figure 5: Crystal structure of WO2 in [100], [001] and [111] orientation, with marked unit cell
(blue square, slightly off-axis in legend). The bottom row shows the octahedral model constructed 
around the W central atom, with edge O atoms. 

1.3 Crystal Defects 

Although for calculations, simulations and visualisation, the crystalline systems are often 

simplified and considered perfect lattices, the atomic arrangement is heavily subjected to various 

imperfections and defects in real-world samples. In polycrystalline materials, the grain 

boundaries present the largest defect and often dictate the overall physical properties. 

Nevertheless, the imperfections and defects inside the individual grain (crystallite), especially in 

metals, affect the overall physical properties, often interacting with each other as well as with 

the grain boundaries, making the whole system an interesting result of synergistic effects. 
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On the micro- and nano-structure level, lattice distortions can be categorized into four main 
groups: point defects, namely vacancies, self-interstitial atoms and impurity atoms, line 
defects in the form of dislocations, plane defects such as grain boundaries or phase boundaries 
and volume defects (clusters, voids, and bubbles) [35] 

Apart from impurities representing the perfect crystal's disorder, there are principally two 
types of point defects, namely vacant lattice site (vacancy), where an atom is missing from one 
of the lattice sites, and interstitial site (interstitial atoms), where the placement of an atom in 
an unoccupied site in the crystal structure [35]. Point defects can also combine or unite in special 
configurations. For example, a vacancy can occur when a subsurface atom leaves its lattice site 
by a diffusional jump to the surface, creating an empty space behind it. Repeating this action, 
vacancies become distributed homogeneously throughout the crystal [35]. Impurities with the 
smaller atomic radii as the host atom are placed in the interstitial position in the lattice, i.e., 
interstitial impurities. Such impurities induce lattice distortion, affecting the mechanical 
properties and are described by the size similarity of the host atom. 

In contrast, impurities in size similar to the host atom are usually placed in the substitutional 
position in the lattice and are also known as substitutional impurities. Interstitial impurities in 
tungsten can occupy octahedral and tetrahedral interstitial sites (e.g., He) [37]. On the other 
hand, a Frenkel defect or Frenkel pair is built when an atom is displaced from its regular lattice 
site to an interstitial site [35]. In crystalline ionic compounds, either Frenkel defects or pairs of 
vacancies are generated, and these pairs are referred to as Schottky defects [35].  

Dislocations are crystallographic line defects within a crystal structure and present 
disruption of the perfect crystal along a line, where a crystallographic plane terminates in a 
crystal. We distinguish two main types of dislocations: edge dislocation and screw dislocation 
[35]. Edge dislocation is the termination of an atomic plane [35]. Screw dislocation can be 
visualised as displacing a crystal along a lattice plane and sliding one half across the other by 
atomic spacing [35]. Moreover, a dislocation can also change its character from screw to edge 
dislocation. A dislocation can also occur in a crystal in a closed-loop configuration. Such a 
dislocation loop can be visualised by cutting the interior of the crystal along a specific plane. On 
the other hand, the presence of impurities can also affect the dislocation arrangement. The 
presence of carbon atoms in the vicinity of dislocation in tungsten lattice can induce 
reconstruction, affecting the mechanical properties (i.e. carbon embrittlement) [25], [38]. 

Among the plane defects, the grain boundary (GB) is determined as two individual single 
crystals of different orientations joining into an interface. Most materials are polycrystalline, 
composed of multiple grains and grain boundary types. The relative orientation of individual 
grain is defined by the rotation angle α around a specific axis c [39]. The misorientation of two 
crystals with three degrees of freedom can be represented by the minimum rotation angle 
(misorientation angle (β)) between two grains corresponding to the standard stereographic 
triangle. In addition, two degrees of freedom with respect to the spatial location of the grain 
boundary plane must be considered for an unambiguous description of the grain boundary plane. 
Combined, a total of 5 parameters are required for an unambiguous description of the grain 
boundary; hence several classifications are proposed to simplify the description. For example, 
the relationship between two grains and rotation axis c defines a tilt grain boundary when 
rotating around the same crystallographic axis. When two grains are rotated around the axis 
normal to the GB, the twist grain boundaries type can be obtained [35]. At the same time, the 
GBs containing both tilt and twist components are called “mixed”. The misorientation angle β 
defines a small angle GB (SAGB) for β15° or a high angle GB (HAGB) for β  15° [40]. 
Moreover, a realistic grain boundary contains crystal defects that introduce disruption of 
periodicity within the intergranular structure, and these defects are responsible for most of the 
unusual grain boundary properties. The density of point defects, such as vacancies and 
interstitial or substitutional atoms, is generally higher in the grain boundaries than in bulk. 
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According to the nature of the forces causing local enrichment in solutes, i.e., grain boundary 
segregation [41], we can distinguish two basic types: equilibrium (thermal or thermo-mechanical 
treatment) and non-equilibrium grain boundary segregation (quenching and irradiation) [42], 
with the latter consisting of the interaction of solute atoms with the excess of vacancies in the 
system. A solute concentration is thus built up around the boundary because of dragging the 
vacancy-solute pairs. Segregation of light elements, such as oxygen and helium at tungsten grain 
boundaries, will cause a significant decrease in the ductility of the materials, known as 
embrittlement [16], [25]. It is worth mentioning that monocrystalline tungsten-based materials 
have both high-temperature strength and plasticity, which makes them most suitable for use 
under high temperatures and high mechanical stresses compared to polycrystalline tungsten 
materials [43].  

Compared to the structure of grain boundaries, the structure of phase boundaries (PB) is 
even more complex as the adjacent crystallites can, besides different crystallographic 
orientations, also have a different crystal structure. A coherent phase boundary is defined as 
undisturbed passing from lattice planes [35]. In some cases, not all lattice planes are continuously 
transferred across the interface; such type is referred to as partially coherent. If two grains have 
different chemical and crystal structures, the coherency of the interface is lost and is defined as 
an incoherent phase boundary [35].  

Helium is a ubiquitous impurity in nuclear materials, and in terms of lattice imperfection 
classification, it falls under point defects (impurity atoms). As it can be highly mobile in the W 
lattice and requires a short explanation of its origin, it is presented independently here at the 
end of the chapter. In the fusion reactor materials, (n, α) reactions, ion implantation, or 
radioactive decay of tritium, which has permeated into the metal, can lead to the production of 
alpha particles. These particles can accumulate to form helium gas [44]. Helium has a closed-
shell electronic structure and exhibits a very weak tendency for chemical bonding with the host 
material but tends to accumulate on pre-existing defects [16], [45]. Generally, due to its electronic 
nature, helium prefers first to occupy the defects with large space, in the following order: grain 
boundaries > dislocation > point defect [46]. Accumulations of He in the crystal lattice lead to 
significant changes in the mechanical properties of the structural materials. The effects of helium 
accumulations on metals, known as helium embrittlement, present a potential limitation to the 
useful lifetime of fusion reactor materials [47]. A few strategies are suggested to mitigate helium 
embrittlement [16]. One of them is suggested to be related to a fragmented microstructure of the 
ferritic/martensitic steels containing fine carbide precipitates in the ferritic matrix positioned at 
the low-angle boundaries. It is proposed that such microstructure, i.e., microstructure refinement, 
can provide a high density of trapping sites for He atoms at the phase boundaries and 
consequently decrease the helium concentration on high-angle grain boundaries [48].  

1.4 Processing Methods of Tungsten and Tungsten-Based 

Materials 

The microstructure of the consolidated materials strongly depends on the processing methods. 
One of the most basic parameters is the presence of impurities. The initial tungsten powder used 
in the experiments relevant to my thesis is reported to be obtained from three different W 
compounds: (NH4)2WO4, WO3, and W18O49 by hydrogen reduction in the temperature range of 
700 to 1100 K [8]. The purity of the so-obtained tungsten powder is >99.97 %.  

On an industrial scale, tungsten powder is compressed into bars and pre-sintered at approx. 
1200 K. Larger ingots are heated indirectly by contact molybdenum strips at temperatures of 
about 2700 K and need precisely controlled temperature ramping to prevent oxidation at lower 
temperatures, as well as mitigating thermal stress at higher temperatures. The sintering of about 
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10 h is typically required for densification. Smaller samples are then sintered in a hydrogen 
atmosphere by direct electric-current heating at about 3000 K, with a 30-60 min holding time. 

On a micron laboratory scale, thin or thick tungsten films on substrates can be obtained by 
chemical vapour deposition (CVP), physical vapour deposition (PVD), or plasma spraying and 
the subsequent working (recrystallisation, annealing, etc.) [8], [49]. In the current ITER divertor 
design, almost the whole divertor inner surface is covered by tungsten, together weighing more 
than 100 tons. The inner armour is also planned to be replaced 5 to 8 times during operation. 
We can extrapolate that metallurgic processing of powder consolidation is the most available 
processing method for tungsten densification. Nevertheless, metallurgic processing requires high 
temperature and involves mechanical treatment such as rolling and forging to achieve the 
desiderate bulk density. In the early 1990s, Field Assisted Sintering Technology (FAST) became 
commercially available, and today is available as a large-scale consolidation technique, with 
several FAST devices on the market capable of different powder consolidation systems in 
demanded scope [50]. FAST is an advanced sintering technique utilising uniaxial force and direct 
electrical current that enables high-speed consolidation of the powder. With these unique 
features, FAST has been reported to improve densification and minimise grain growth in various 
materials, including metals and composites [30], [51]. In the scope of the present thesis, the base 
materials, compounds and FAST-consolidated W and W/W2C samples were developed within 
the European Fusion Programme and were provided by the Slovenian research group from the 
Jožef Stefan Institute, Department for Nanostructured Materials (K7 – JSI) [27], [30]. 

1.4.1 Sintering 

In the scope of the materials projected for use in the fusion reactor, very dense materials are 
desirable to achieve the properties such as high thermal conductivity and adequate mechanical 
properties. Consolidation of tungsten has several specific limitations, such as a tendency for rapid 
oxidation at high temperatures, which restricts possible production techniques. Nevertheless, for 
a full understanding of the microstructure, the background information on the sintering processes 
is provided in the following paragraphs.  

1.4.1.1 Densification process 

Sintering is a fabrication technique for the production of bulk materials from powders. In the 
most basic case, we expose compacted powder particles to elevated temperatures to promote 
bonding among particles through atomic diffusion. The sintering temperature is typically in the 
range of 50 % to 75 % of the material's melting point [52]. Optimisation of the sintering 
conditions can tailor the final products with variable degrees of porosity. Furthermore, near-net-
shaped products can be obtained right after sintering by using shaped dies. In solid-state 
sintering, densification is achieved by rearranging atoms in a solid state, and these phenomena 
can be described using the two-sphere sintering model. In this model, two spheres are placed in 
close contact, and the bonding develops at the particle interface in the neck area. During the 
sintering process, each particle (sphere) centre moves towards the other. With sufficient time, 
two particles will fully merge into a single large sphere with a lower surface area than the two 
starting particles and the total density approaching a theoretical value. The driving force of 
sintering is to minimise the surface free energy per volume of the material system by atomic 
diffusion. Particulate materials (powders) have a larger surface area than bulk materials of the 
same volume, consequently also larger surface free energy per volume than bulk materials. With 
a relatively high driving force for sintering, smaller starting pores, and shorter diffusion distance, 
finer particle systems tend to undergo sintering at lower temperatures. 
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1.4.1.2 Sintering stages 

Idealised geometrical models can be used to describe the early, intermediate, and final stages of 
sintering [53]. The initial stage of sintering is characterised by a rapid neck growth between two 
particles due to the large differences in surface curvature between the particle surface and the 
neck area. The particle contacts are replaced by the neck- and grain-boundary formation. As the 
neck grows, the curvature of the neck or pore increases, further reducing neck growth and particle 
shrinkage. The initial stage ends when the multiple necks on each particle start to interfere with 
each other at a value of around 40-50 % of the particle radius. We can observe only a minimal 
increase in density in the initial sintering stage. The intermediate stage is characterised by pore 
rounding, grain growth, and densification. The effect of densification is explained by shrinking 
the cross-section of the tube-like pores, where a volume change occurs. The grain boundary 
rearrangement is required to compensate for volume change during grain growth, which is 
achieved by grain twisting and rotation. During the intermediate stage, the cross-section of the 
pores keeps shrinking until the pores become unstable and transform into isolated pores. The 
intermediate stage is responsible for the major part of the sintering process. The relative density 
obtained at the end of this stage is around 90 % of the theoretical value. In the final sintering 
stage, the pores become isolated as spheres, and the relative density has reached approx. 95 %. 
The pores continuously shrink and may disappear if they are still attached to grain boundaries. 
In the final stage, grain growth starts to become a significant factor. If the grain boundaries are 
separated from the pores, the pores will remain trapped inside the grains.  

1.4.1.3 Field Assisted Sintering Technology (FAST) 

Besides the field-assisted sintering technique (FAST), several other names are used in the 
literature, such as pulsed electric current sintering (PECS) or spark plasma sintering (SPS) [50]. 
In the past decade, FAST has become one of the most popular fast-sintering methods for 
processing metal-based ceramic composites and highly refractory metals [30][54]. Unlike other 
conventional sintering processes, FAST can achieve extremely high heating rates by passing a 
current through the compacted powder and mould assembly, resulting in a fast Joule heating 
effect, where the heating effect strongly depends on the electrical resistance. A combination of 
low-voltage, high-amperage, pulsed direct current (DC) and uniaxial pressure is usually 
employed [50]. The initial powder is wrapped into the graphite foil and placed in a graphite 
mould (although several different tooling arrangements were suggested in the literature, a 
graphite setting was used to produce the samples investigated in this work). During the sintering, 
the pressure and electric current are applied to facilitate the densification of the powder into the 
bulk. A few different mechanisms were proposed for sintering enhancement attributed to the 
effect of heating rate, pressure, current, and localised heating [54]. Rapid heating minimises 
particle coarsening before the sintering temperature is reached. At the same time, the 
simultaneously applied pressure mechanically contributes to the sintering process by improving 
particle rearrangement, breaking agglomerates, collapsing pores, and accelerating the driving 
force for sintering. In a particle system, electrical resistance seems to be highest at the particle 
contacts leading to the localised heating at the particle contacts. This heat has been speculated 
to be high enough to melt or evaporate impurities at the surface, promoting direct contact 
between particles, and leading to mass transport [55].  

1.4.2 Reactive processes for oxygen removal during sintering 

For polycrystalline tungsten, even trace amounts of oxygen impurities associated with the 
processed powders can induce the formation of tungsten-oxide secondary phases [56]. To reduce 
grain-boundary oxide formation, a direct carburisation process using carbon or carbon-containing 
compounds can be applied to prevent undesirable secondary phase formation at elevated 
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temperatures [8]. Recently, it was also observed that transition metal carbide MeC (Me-metals) 
exhibited the ability to reduce oxides during sintering [57]. The carbon balance in the system is 
difficult to control and often leads to incomplete reduction, or the final sample contains carbide 
residues that can affect the mechanical properties [8], [25].  

For the thermal decomposition analysis of the W-based mixtures, I worked together with 
colleagues from Jožef Stefan Institute, Advanced Materials Department (K9 – JSI).  

1.5 Microstructure 

The properties of materials are affected by the specific arrangement of different phases 
(grains, precipitates, pores, etc.) known under the term microstructure. The phases are 
distinguished from each other by their degree of crystallinity (known as crystalline, semi-
crystalline or amorphous structures) when visualised by an optical or electron microscope [58]. 
Specimen preparation is crucial for both types of microscopies and must be truly representative 
of the sample; and involves metallographic preparation processes to expose the features of 
interest [59]. With optical methods, we obtain insight into microstructure on a micro-scale. Still, 
for the advanced microstructure characterisation in combination with analytics, electron-based 
microscopic techniques such as scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) with accompanying spectroscopic methods are needed to provide qualitative 
and quantitative information on morphology, structure, and chemical composition on micro, 
nano and atom scale. A detailed description of the microscopy techniques applied in the scope 
of the present thesis can be found in the subsequent Chapter 3: Materials and Method. 
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Chapter 2 

2Aims and Hypothesis 

Doctoral dissertation entitled "Microstructural analysis and evaluation of W and W/W2C 
composites for fusion application" focuses on understanding the evolution of the microstructure 
during sintering, the role of secondary phases formed during the sintering, and on analysis and 
evaluation of proposed composite materials as PFMs. The aim of this dissertation is to explore 
the physico-chemical properties of W and W/W2C, prepared via powder technologies by the 
Slovenian research group [27], [30] within the European Fusion Programme. 

My dissertation aims to contribute to developing an improved W-based material for the 
fusion applications proposed by the Slovenian research group within the European Fusion 
Programme. The key to establish a fundamental understanding of the correlation between 
synthesis, microstructure, and properties of processed materials is to characterise the materials 
on all structural and chemical hierarchical levels and, in the end, to accurately assess the effect 
of the helium implantation with subsequent annealing as a proxy for running plasma. Within 
the scope of research work, the following aims are addressed:  

1. Development of sample preparation protocols for microstructural analysis of the
samples,

2. Implementation of research methods capable of providing reliable results on
chemical composition and crystal structure of the W-based materials with high
accuracy and statistical significance,

3. Determination of the role of W carbides in the process of the consolidation
treatments,

4. Mitigation of the oxide formation by a direct reduction process at elevated
temperature, using carbon or carbon-containing compounds,

5. Evaluation of the damage and modifications of the microstructure induced by
energetic He-ions as a proxy for running plasma,

6. Identification and characterisation of the He behaviour in the crystal lattice of
the W and W-based metal-ceramic composites,

7. Identification of possible accommodation sites for He ions within the crystal
structure of the W-W2C host material.

In the first step of the research, I will identify a proper methodology (aim 1, aim 2). These 
procedures will be implemented and tested on W/W-based composites (aim 3, aim 4). The results 
will provide feed-back information on the initial sample synthesis stage for further material 
optimisation. In the next stage, the performance of the materials and the influence of the light-
elements implantation will be assessed and evaluated (aim 5, aim 6), with the theoretical 
prediction of the He behaviour in W/W2C materials (aim 7).  
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The investigation, analyses, and modifications of the W/W2C composites will be based on 
the following hypotheses:  

I. Sintering by powder processing of the W and W-based composites results in the 
formation of additional minor oxide phases due to the small amounts of present 
oxygen in the commercially available starting powder. Due to the lower thermal 
stability of oxides (below the suggested nominal operation temperature), their 
presence should be mitigated as much as possible. The identification and analysis 
of the oxides will provide feed-back information for appropriate tailoring of the 
processing steps in order to eliminate undesired oxides.  

II. During co-sintering of W and WC, the latter acts as a reducing agent that will
prevent the formation of oxide phases. With the thermo-dynamical study of the
sintering process, the proper amount of carbon introduced into the starting
materials can be determined to avoid oxide formation.

III. During the high-temperature sintering of W and WC powders, WC decomposes
and forms W2C, a thermally stable phase. The formation of the W2C dispersoids
(precipitates) at specific positions within the microstructure will enhance the
physical properties of these materials, as per the theory of Particle-Reinforcement
where particulates prevent the movement of the dislocation through the Orowan
mechanism.

IV. He implantation will induce physical damage in the W-matrix and W2C
particulates. Possible bubble formation can therefore be expected at elevated
temperatures.

Implementation of research tools and techniques for microstructural characterisation of W 
and W-based composites and results obtained herein are expected to advance the fundamental 
understanding of materials projected for fusion applications. The research is expected to have 
an impact on the following research topics and fields:  

- Implementation of methodology and techniques for the research of metal-ceramic 
composites. Due to the intrinsic properties of metal-ceramic composites, the 
microstructure research using standard evaluation methods is highly demanding; 
therefore, new approaches in sample preparation, surface treatment, and analyses have 
to be developed. The methods proposed for the research of W/W2C composites are 
transferrable to other systems, e.g., Cr/Cr-carbides. 
- Refractory and other materials for high-temperature applications. The mitigation 
and possible removal of the thermally-nonstable sintering side products like oxides can 
reveal new practical applications of such materials for operation at elevated 
temperatures, over the decomposition temperature of the oxide phases limiting their use. 
- Development of the W-carbides for technological application. Currently, bonded 
W-carbides are widely used for tooling, and the research on the in-situ formation of 
carbides in the metal matrix opens new opportunities for material design and 
applications. The research of inter-granular dependencies, exsolutions, and precipitation 
on grain boundaries is an important aspect of the R&D of carbides.  
- Accommodation of the light elements in tungsten metal and composites. The 
study of the crystal structure and possible incorporation positions, migration, and 
coalescence of light elements in solids have important practical aspects for vacuum 
applications, welding, and metal corrosion. 
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Chapter 3 

3Materials and Methods 

3.1 Materials 

3.1.1 Starting materials and He-implanted materials 

The Slovenian research group within the European Fusion Programme provided the base 
materials and compounds, as stated in Chapters 3.2.2. (sample preparation). The synthesis of 
the W and W-based materials, optimisation, and chemical modification was prepared by FAST 
powder consolidation at elevated temperature under moderate vacuum. The tungsten-based 
composite samples were implanted with 1 MeV 4He+ ions at room temperature [60] using a 
tandem-type ion accelerator [61]. For characterisation and evaluation of the physico-chemical 
properties of the initial powders, powder mixtures and W-based composites, several advanced 
characterisation techniques were used, summarised in the following subchapters.  

3.2 Methods 

3.2.1 X-ray diffraction 

X-ray diffraction is a non-destructive analysis technique. In material science, it is commonly 
used for the determination of crystal structure, identification of crystalline phases and their 
orientation, and the determination of structural properties such as phase composition and lattice 
parameters. For the purpose of this thesis, the X-ray diffraction data of the samples were 
collected on D4 Endeavor (Bruker AXS GmbH) diffractometer using monochromated X-rays 
produced by a Cu-target (λ= 0.15406 nm). The scan range in Bragg angles was from 20° to 80° 
2θ, and the final XRD data were analysed with HighScore Plus XRD analysis software. The 
detection limit of laboratory XRD instruments is approximately 2 wt. % [62].  

3.2.2 Sample surface preparation for microstructure characterization 

The samples for SEM analysis were prepared following a conventional metallographic procedure 
by rough formatting and cutting, followed by grinding and polishing. The grinding and polishing 
were performed on the automatic metallographic specimen preparation device – Struers LaboPol. 
After each grade change, the samples were cleaned in an ultrasonic bath to ensure clean surfaces 
before further polishing with a higher-grade polishing paper. For the EBSD analyses, the samples 
were initially polished with 1 µm grade diamond paste, followed by a final 5 vol. % H2O2 solution 
of colloidal silica. A carbon tape was used for powder mounting on the sample holder, and a 
silver paste was used for bulk sample mounting.  

The samples for the TEM analyses were prepared by a combination of mechanical and Ar-
ion milling processes (Disc grinder Mod. 623 / Mod. 656, Gatan, and PIPS 691, Gatan). Typical 
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settings for Ar-ion milling of tungsten and tungsten-based materials were: gun impact angles at 
8° with a double-sided (top-bottom) milling geometry. The initial ionization voltage was set at 
5 kV for rough milling until sample perforation, followed by final polishing at 2 kV for 5 minutes. 
The milling process was monitored via the optical lens system coupled with a CCD camera. The 
process resulted in the final TEM sample with large electron transparent regions around the 
perforation area. For the site-specific TEM samples, the thin electron-transparent foils of 
tungsten-based materials were realised by a focused ion beam (FIB) lift-out technique [63] on a 
dual-beam SEM-FIB device (Helios Nanolab 600, Thermo Fisher Scientific). The initial lift-out 
was done by using 30 keV Ga+ ions, while during milling and final thinning, the accelerating 
voltage was decreased to 5 keV to mitigate re-deposition and surface damage of the sample. 

3.2.3 Optical microscope analysis 

An optical microscope (OM, Zeiss Imager.Z1m, Zeiss GmbH) in reflective mode was used for 
initial surface features characterisation of samples.  

3.2.4 Electron microscopy and electron-matter interactions 

The electron microscopes are based on several concepts, with a common intent to provide a 
magnified image of an analysed object; the final magnification range can vary from micrometre 
to an atomic scale. The fundamental principle which applies to all versions of electron 
microscopes is electron-matter-interaction [64][65]. When the primary electron beam hits the 
sample, several different interactions can occur. These interactions can further facilitate different 
signals, which can be recorded, processed, and analysed for the purpose of, e.g., morphology or 
chemical and phase composition of the investigated material. For signal recording, various 
detectors are introduced into the electron microscope in designated positions.  

Figure 6: Schematic representation of possible interactions between the primary electron beam 
and the sample; adopted from [66]. 

Common inelastic and elastic scattering interactions between electrons and the sample and 
resulting signals are summarized in Figure 6. The elastically scattered electrons (known as 
backscattered electrons, BSE) are deflected on the periodic arrangement of atoms in the crystal 
lattice [65]. The characteristic of the elastically scattered electrons is that they only change their 
trajectory while their energy is preserved. On the contrary, the inelastically scattered electrons 
will preserve their trajectory, but some of their energy will be lost during the electron-sample 
interaction. The energy from this imbalance will emerge from the surface of the observed 
specimen in the form of electrons as secondary and Auger electrons, or as photons 
(bremsstrahlung and characteristic X-rays).  
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The inelastically scattered electrons will generate secondary electrons (SE), which are 
produced when an electron from the incident beam ejects an electron from one of the outermost 
shells of an atom of the specimen. During this course, the primary electron transfers a non-
specific amount of its energy to the secondary electron. As the amount of energy is arbitrary, no 
characterisation can be deduced by spectroscopic methods. On the contrary, the energy of the 
Auger electrons and X-rays can be directly associated with the interacting atom; the energy of 
the released signal is element-specific and can be used for elemental spectroscopy analysis. Both 
Auger and bremsstrahlung effects occur when an atom with an electron vacancy in the innermost 
shell readjusts itself by ejecting electrons. In general, light elements will typically produce Auger 
electrons, while heavy elements tend to generate X-rays.  

3.2.4.1  Scanning electron microscopy 

In SEM, an electron source emits electrons which are accelerated and focused into a convergent 
beam through electromagnetic condensers and objective lenses. This probe is scanned over the 
sample by scan coils, and the resulting signals are detected point-by-point with different 
detectors. Figure 7a shows a schematic representation of the typical SEM set-up. The most 
common signals (imaging modes) recorded by conventional SEM are backscattered electrons 
(BSE) with an energy ranging from 50 eV up to the energy of the primary beam, and secondary 
electrons (SE) with energies below 50 eV. BSE originates in numerous elastic scattering events, 
and its intensity is directly related to the atomic number [65]. By contrast, SE have a smaller 
escape depth and are more sensitive to morphological features because of their lower energy, as 
summarized in Figure 7b.  

Figure 7: a) Schematic cross-section representation of a basic SEM and b) interaction volume 
and electron-decay products in SEM; adopted from [66]. 

Bulk samples are usually studied in a scanning electron microscope (SEM); therefore, the 
signals we can detect are only produced from the surface. Consequently, the SEM detectors are 
mounted above the sample. Emitted electrons from the surface interaction between the primary 
beam and the specimen can be distinguished regarding their different origins and energies.  

The microstructural characterisation and compositional analyses in this thesis were 
performed on FEG-SEM (JSM-7600F, JEOL, and Zeiss Auriga Crossbeam, Carl Zeiss 
Microscopy) and dual-beam FIB-SEM (Helios Nanolab 650i, FEI). In SEM, the local chemical 
composition was assessed by Energy-dispersive X-ray spectroscopy – EDS (Octane Elect, EDAX 
AMETEK, and X-MaX, Oxford Instruments). Quantitative microstructural crystallographic 
analysis in the SEM was performed by Electron backscatter diffraction – EBSD (Hikari Super, 
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EDAX AMETEK and Nordlys II, Oxford Instruments) and interpreted by the OIM Matrix™ 
and Channel 5™ (HKL Technology). 

3.2.4.1.1 Energy-Dispersive X-ray Spectroscopy (EDS) 

The ability of SEM to run the electron beam in stationary or in scanning mode enables us to 
perform microanalysis using a combination of precise control of the electron beam, adjoined with 
dedicated detectors. In my thesis, the samples’ chemical composition was studied by energy-
dispersive X-ray spectroscopy (EDS) [65]. As discussed in chapter 3.2.4, many electron-matter 
interactions occur when the primary electron beam interacts with the sample. Some of these 
interactions lead to the excitation of X-rays in the form of Bremsstrahlung and characteristic X-
rays. Bremsstrahlung is electromagnetic radiation arising due to a deceleration of the primary 
electrons at the Coulomb field of the atoms in the sample and forming a continuous background 
signal in the energy spectrum. The formation of characteristic X-rays, used for assessing the 
chemical composition by EDS, can be explained as follows: when high-energy electrons hit an 
atom, they can remove the electrons' inner shell from their positions – either by excitation into 
a higher energy level or even by knocking it out completely. However, unoccupied states in inner 
shells are energetically unfavourable and will therefore be filled by an outer shell electron. As 
this electron has higher energy than required, the excess energy can be released as an X-ray. 
Because the energy difference between different shells of an atom is specific for the element, the 
released X-rays are called characteristic X-rays and allow the chemical identification of elements. 
Dependent on the involved electron states, the X-rays are denoted accordingly. For example, for 
a transition of an electron from the L to the K shell, the received X-ray line is called Kα, for a 
relaxation from the M to the K shell Kβ, etc. As more than one relaxation process is possible at 
once, especially for the L lines, so-called families of lines arise. For example, for the L lines, there 
are five distinct lines.  

For the materials considered in the present thesis, it is important to note that some of the 
energy lines of W overlap with the characteristic energy line of C (W N-lines (N4 255.9 eV and 
N5 243.5 eV) with C K-line (298.2 eV)), making the EDS method, and especially spatial chemical 
element distribution analysis (so-called “EDS mapping”) rather challenging.  

3.2.4.1.2 Electron Backscatter Diffraction (EBSD) 

The ability of SEM to record point-by-point a characteristic electron backscatter diffraction 
pattern, combined with computer-assisted interpretation of the so-recorded signal, enables the 
interpretation and analysis of the crystallographic features of the investigated sample.  

The characteristic EBSD patterns originate in primary-beam electron scattering on the 
crystal planes. The typical backscatter Kikuchi pattern feature is the regular ordering of bright 
parallel and traverse lines, stripes and bands [40]. From the intersections of Kikuchi bands, we 
can conclude on the zone axes in terms of a gnomonic projection of the crystal lattice [40]. By 
software processing of the experimental data and by comparing the recorded characteristic 
electron backscattered patterns with a database of crystallographic structure information for 
phases of interest, we can use EBSD data to identify and analyse the microstructure features 
such as grain size, boundaries, orientation, and their interdependencies, texturing, defects, and 
similar. In the case of our materials, we successfully extended the method for the identification 
of W and W2C phases based on their crystal structure, which solved the shortcomings of the 
EDS method. The resolution of the EBSD method is mainly limited by the ability of the SEM 
to form a finely focused electron probe. For the field-emission SEMs, as used in this thesis, the 
spatial resolution in the XY plane can be below 100 nm [40]. 
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3.2.4.2 Transmission electron microscopy 

While SEM samples demand a carefully prepared sample surface to avoid artefacts, the samples 
for TEM need even further processing to achieve a final thickness of 100 nm or less; only in this 
case the primary electrons can at the same time interact and transmit the sample.  

The main elements of the conventional TEM are displayed in Figure 8: the primary electron 
beam, originating from the electron source, passes through the sample, and most of the emerging 
signals are detected and recorded below the sample [64]. The standard TEM operation modes 
can be categorised as conventional TEM (C-TEM) and high-resolution or phase-contrast TEM 
(HR-TEM) modes [64]. In conventional TEM mode, a parallel electron beam illuminates the 
electron-transparent specimen. Here, only non-deflected elastically scattered electrons are 
employed for observation of the electron-sample interactions. The electron-sample interaction 
depends on the crystal structure and chemical composition of the sample: darker regions are 
usually composed of heavy elements and well-crystallized material, while brighter regions are 
usually amorphous and composed of lighter elements. The contrast in the final micrograph is a 
complex combination of thickness, mass, and diffraction contrast, with the latter prevailing. In 
C-TEM mode, electrons diffracted at a wide angle are cut off by an objective aperture, and the 
transmitted electrons will form an image based on an amplitude contrast [64]. Aperture is not 
used in the HR-TEM mode; therefore, all deflected electrons contribute to the final image, which 
is composed of both amplitude and phase contrast. When samples are thin enough to be 
considered weak-phase objects, we can deduce that the electron wave's amplitude stays constant 
and only its phase changes. Consequently, it is not possible to directly correlate the HR-TEM 
micrographs with the actual positions of the atoms in the sample only from the recorded contrast 
variations [64]. Such correlations are possible only by employing a computer simulation of the 
electron and crystal structure interactions, e. g., by using commercially available software, and 
comparing and correlating the simulated and experimental micrographs [64].  

In the scope of the thesis, the thin samples for TEM analyses were prepared either by the 
FIB site-specific lift-out technique or by a combination of mechanical thinning and ion etching. 
C-TEM mode was used to screen large regions to analyse, for example, the phase composition 
and the distribution of the He bubbles. The HR-TEM mode was used to analyse the local crystal 
structure of the secondary phases found in the bulk sample and was extended by electron 
diffraction analyses. Using a selected area electron diffraction (SAED) aperture, we cam limit 
the area of interest from where electron diffraction patterns are recorded. As SAED patterns 
were pre-calibrated by MAG*I*CAL traceable calibration reference standard, the crystal 
structure of the bulk and subordinate compounds and phases (i.e. carbides and oxides) were 
directly calculated from the selected-area electron-diffraction patterns.  

Most contemporary TEM devices can operate either in TEM or scanning STEM mode. STEM 
operation mode is similar to a operation principle of the scanning electron microscope, where a 
fine sub-nm spot of a focused electron beam is scanned over an investigated region of a sample 
[64]. Due to the systematic scanning of the electron spot over the sample, it is possible to 
correlate the emerging signals with the spatial position of the electron spot, which is the basic 
presumption for the analytical scanning TEM.  

For STEM visualisation, two main imaging detectors system are used: bright field (BF) and 
annular dark field (ADF) detectors) [64]. The difference in detecting the semi-angle of diffracting 
electrons defines the nature of electrons contributing to the contrast in the micrograph. The BF 
detector record only the directly transmitted electrons and is highly sensitive for the structural 
defects. The intensity in the micrographs collected by the dark field detectors is related to the 
orientation of the crystals in the sample (annular dark field (ADF)-STEM) or to the average 
atomic number of the elements (I ~ Z2 in the high-angle annular dark field (HAADF)-STEM 
micrographs). In this work, the HAADF detector was used to distinguish between heavy bulk 
metal phases and lighter metal-oxide-based phases. The BF-STEM mode was used to visualise 
the dislocations and other defects present in the crystal structure.  
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In the scope of this work, TEM analyses of the samples were performed on a conventional 
200 kV TEM (JEM-2100, JEOL), while HR-TEM and STEM analyses were done on 300 keV 
S/TEM (Titan Themis G2, FEI) and 200 kV S/TEM (JEM-2010F, JEOL). Acquired TEM 
micrographs were processed and interpreted by Digital Micrograph, ImageJ [67] and QGIS [68]. 

Figure 8: Schematic cross-section representation of a conventional TEM system with marked 
main elements; adopted from [64], [66]. 

3.2.5 Differential thermal analysis (DTA) and thermo-gravimetric analyses 

(TGA) 

The thermal decomposition of the initial tungsten-based mixtures was studied by differential 
thermal analyses and thermogravimetric analyses (Netzsch Jupiter 449 simultaneous thermal 
analysis instrument coupled with Netzsch QMS 403C Aeolos quadrupole mass spectrometer).  
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Chapter 4 

Results and Discussion 

This chapter summarises the results of microstructural analysis and evaluation of W and W/W2C 
composites for fusion applications. The results are presented in the form of articles published in 
international peer-reviewed topic-relevant scientific journals. The Results and Discussion part of 
the thesis are divided into three different topics that comprise three first-author articles. The 
first section of the Results and Discussion is presented by an article entitled “The role of tungsten 
phases formation during tungsten metal powder consolidation by FAST: Implications for high-
temperature applications”. The article explores the methods for microstructure analysis and 
peculiarities of the FAST consolidation of the W powders. The second research topic is presented 
in the article entitled “Tungsten carbide as a deoxidation agent for plasma-facing tungsten-based 
materials”. The article summarises the optimisation of sintering processes and explores the use 
of tungsten carbide (WC) as a deoxidation agent for plasma-facing tungsten-based materials. 
The third research topic is presented in the article entitled “Non-uniform He bubble formation 
in W/W2C composite: Experimental and ab-initio study”, which explores and evaluates the effect 
of He irradiation on the material presented in the first two articles.  

The material was developed at the Jožef Stefan Institute, Department for Nanostructured 
Materials (K7, JSI) and was analysed on microscopes operated at the Centre for Electron 
Microscopy and Microanalysis (CEMM, JSI). The DT/TGA analyses were made in collaboration 
with researchers from Advanced Materials Department (K9, JSI). The He implantation 
experiments were performed at the Department for Low and Medium Energy Physics (F2, JSI). 
The DFT and other computational analyses were executed in collaboration with Max-Planck-
Institut für Eisenforschung (MPIE, Düsseldorf, Germany).  

4.1 The Role of Tungsten Phases Formation During Tungsten 

Metal Powder Consolidation by FAST: Implications for High-

Temperature Applications 

The following section presents an article entitled “The role of tungsten phases formation during 
tungsten metal powder consolidation by FAST: Implications for high-temperature applications”, 
authored by A. Šestan, P. Jenuš, S. Novak Krmpotič, J. Zavašnik, and M. Čeh, which was 
published in scientific journal Materials Characterisation [69]. 

Although many tungsten and tungsten-based materials are already reported, and well-
described, the attempts to further optimise these materials for their use in fusion applications 
are ongoing. In this work, the challenges posed by oxygen accumulation during metal powder 
production and consolidation are addressed. The secondary phases formed during powder 
consolidation are nano-sized and scarce; therefore, the current approach to address this problem 
involves using several state-of-the-art characterisation techniques. Moreover, the main drawback 
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of tungsten produced by FAST is the use of graphite parts that are in contact with W powder 
during the consolidation process. An external shell formed between W powder and graphite tool 
can be expected due to the carburisation of W powder [70].  

After tungsten powder consolidation by FAST, we identified the presence of bcc W (Im-3m) 
[8] and secondary oxide phases, which were determined to be monoclinic WO2 (P21/c) [71] located 
along tungsten grain boundaries. Although W should exhibit stability up to ∼3695 K, the high-
temperature experiment showed that the bulk material degradation starts already above 1800 
K. We connected this premature degradation to W-oxide particulates embedded in bulk W. The 
in-situ formed external carbon-rich shell was recognised as a tungsten and tungsten carbide 
mixture. The article's subject addressed the wide scientific community as the presence of trace 
impurities plays an important role in metal manufacture and processing. The introduction of 
defects (porosity, inclusions, etc.) affects the dislocation movement in bulk, consequently 
influencing the materials' overall performance and physical properties. 

My contribution to the article was: I designed the research and experiments and prepared 
the samples for the SEM and TEM analyses. For SEM-based analyses, I calculated the electron 
beam interaction as a function of accelerating voltage simulations, performed the chemical 
analyses by SEM-EDS, the crystallography analyses and identification of the phases present in 
the materials based on SAED and XRD raw data, the interpretation of the data and prepared 
the structural data for the SEM-EBSD analysis and data interpretation. I wrote the manuscript 
draft, coordinated the process between the co-authors and implemented their corrections and 
interpretation into the final version of the manuscript. I submitted the manuscript, prepared a 
revised version, coordinated the input from the co-authors, and published the research. A copy 
of the article and the article's s supplementary information are presented on the following pages. 
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4.2 Tungsten Carbide as a Deoxidation Agent for Plasma-Facing 

Tungsten-Based Materials 

This section presents the optimisation of sintering processes and explores tungsten carbide as a 
deoxidation agent for plasma-facing tungsten-based materials. The results are presented via the 
scientific article entitled “Tungsten carbide as a deoxidation agent for plasma-facing tungsten-
based materials”, authored by A. Šestan, J. Zavašnik, M. Maček Kržmanc, M. Kocen, P. Jenuš, 
S. Novak, M. Čeh, and G. Dehm. The article was published in the Journal of Nuclear Materials 
[72].  

In this article, the high-temperature consolidation in a vacuum using a field-assisted sintering 
technique discloses the in-situ formation of a secondary tungsten-oxide phases in the tungsten 
matrix during consolidation process. In this research, trace amounts of oxide impurities were 
identified and successfully removed during sintering by in-situ reduction through WC 
decomposition, acting as a source of carbon. The oxide impurities will be removed in the form 
of CO and CO2. A surplus amount of WC in the powder mixture leads to the formation of a 
thermally stable ε-W2C [34] as a secondary phase after high-temperature powders mixture 
consolidation (2173 K), following the reaction [73]: 

aW + bWC →(a-b)W + bW2C 

Based on thermodynamic and kinetic considerations, we set the optimum theoretical amount 
of WC in primary powders to prevent the in-situ formation of tungsten dioxide. To completely 
remove the oxygen impurities from the W body, at least 5.8 – 8.8 vol % WC must be introduced 
into the initial powder mixture, which was calculated based on the thermodynamically preferred 
reaction that can occur during FAST processing: 

W + O2 = WO2 

2WC + WO2 → 3W + 2CO 
WC + WO2 → 2W + CO2

In the article, we show that the high-temperature vacuum consolidation by field-assisted 
sintering technique (FAST) can be successfully used to produce tungsten-based composite 
materials with a very high melting point, relevant for plasma-facing applications. 

In the scope of the research article, my article contribution was: I designed the research and 
experiments and performed the SEM, EBSD, and TEM sample preparation. I performed the 
chemical analyses by SEM-EDS and crystallography analysis of the phases by SEM-EBSD, and 
data interpretation. I performed thermodynamic calculations and DTA-TG data interpretation. 
I wrote a manuscript draft, coordinated the input from the co-authors, and prepared the revised 
version of the manuscript. I assembled the final revised version, submitted it, and published the 
research. A copy of the article and the article's s supplementary information are presented on 
the following pages. 
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4.3 Non-Uniform He Bubble Formation in W/W2C Composite: 

Experimental and Ab-Initio Study 

This work shows the influence of energetic 4He+ ions implanted in the W/W2C composite, 
which was investigated and optimized through previous publications. More on this topic is 
provided in the article entitled “Non-uniform He bubble formation in W/W2C composite: 
Experimental and ab-initio study”, authored by A. Šestan, L. Sreekala, S. Markelj, M. Kelemen, 
J. Zavašnik, C. H. Liebscher, G. Dehm, T. Hickel, M. Čeh, S. Novak, and P. Jenuš, and published 
in the scientific journal Acta Materialia [74].  

Currently, there is no available operational fusion reactor for irradiation of laboratory-scale 
materials in the prototype stage. On the other hand, it is already well established that He-
implantation by linear accelerator can be utilised to a certain extent to mimic conditions in the 
fusion reactor during operation. The tungsten-tungsten carbide (W/W2C) composites are 
currently considered possible candidates for the plasma-facing materials in future fusion reactors. 
To clarify the material behaviour under He irradiation, we investigated the microstructure 
evolution of polycrystalline W – W2C composite consolidated by FAST. The sample was 
implanted at room temperature by 1 MeV 4He+ at the fluence of 8 × 1016 ions cm-2. After 
implantation, the sample was additionally annealed at 1873 K for 20 minutes to induce 
coalescence of implanted He and the formation of nano-scale bubbles. Due to the small size of 
the features, the sample was analysed by scanning and conventional TEM. We found that in 
tungsten grains, the monomodal He bubbles in size of 30-80 nm are mainly associated with point 
defects. A 150 nm thick void denuded zone was observed at the grain boundaries. In the W2C 
grains, the bubbles do not form. Instead, we observed considerably larger He voids at the phase 
interface between tungsten grains and tungsten carbide. The formation of He bubbles in W 
grains can be explained as He-He self-trapping effect, which will result in decohesion in W grains, 
e.g., bubbles. The incapability of helium clusters to form a free surface can explain the absence 
of helium induced-defects in W2C.  

The observed features were complemented by the computational quantum mechanical 
modelling method (Density-functional theory) to achieve a fundamental understanding of helium 
behaviour and migration in W and W2C. By coupling the experimental data with computational 
predictions, we made a significant step forward in assessing the material resistivity under plasma 
surface interaction.  

In the scope of the research article, my contribution was: I designed the research and 
experiments, prepared the samples for SEM analysis, collected and interpreted diffraction data 
from SAED, and performed crystallography analysis of the phases by SEM-EBSD and 
interpreted the data. I calculated and interpreted the data for the simulations of electron 
penetration into W and W2C and performed optical microscopy and SEM-FIB investigation of 
the irradiated and pristine samples. I wrote a manuscript draft, coordinated the input with co-
authors, wrote the final manuscript and submitted, revised, and published the research. A copy 
of the article and the article's s supplementary information are presented on the following pages. 



Chapter 4. Results and Discussion 49 



50 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study 



Chapter 4. Results and Discussion 51 



52 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study 



Chapter 4. Results and Discussion 53 



54 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study 



Chapter 4. Results and Discussion 55 



56 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study 



Chapter 4. Results and Discussion 57 



58 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study 



Chapter 4. Results and Discussion 59 



60 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 61 



62 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 63 



64 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 65 



66 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 67 



68 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 69 



70 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



Chapter 4. Results and Discussion 71 



72 4.3 Non-Uniform He Bubble Formation in W/W2C Composite: Experimental and Ab-Initio Study



73 

Chapter 5 

Conclusions 

In the scope of the thesis, I investigated three main research topics with one common point: the 
material microstructure relation to macroscopic physical properties, such as structural integrity 
and behaviour at elevated temperatures or He irradiation. The benchmarking material for the 
research was W, and W/W2C composite developed and proposed for fusion applications by a 
Slovenian research group within the European Fusion Programme (K7 – JSI). The results 
obtained during the research contribute to the fundamental understanding of W and W/W2C 
materials properties and advance the development of metal-ceramic composite materials with 
adequate physical properties intended for fusion applications. 

The most time-consuming part of the thesis was the development of the sample preparation 
protocols for microstructural analysis of tungsten and tungsten-based composites. The obtained 
clean and pristine surface allowed the implementation of research methods to provide reliable 
and reproducible results with high accuracy and statistical significance to evaluate their 
macroscopic properties and interlink them with the macroscopic physical properties required for 
successful PFMs applications. 

The W and W/W2C materials used in this research were produced by unconventional, field-
assisted sintering technique (FAST). The initial materials exhibit some drawbacks, such as the 
formation of the carbide shell formed on the contact with the graphite tool, identified as a 
mixture of tungsten and tungsten carbide, which implies the necessary metalworking of the 
consolidated samples before use. The investigation of the samples also revealed the formation of 
oxygen-rich W phases along the GBs, identified as monoclinic WO2 (SG: P21/c). As the thermal 
stability of the oxide phase is below the operation window of intended use, the presence of oxides 
should be prevented in the final material. A direct carburisation process by carbon-rich tungsten 
compounds (WC) was explored and successfully applied to reduce the in-situ tungsten-oxide 
formation. The optimum theoretical amount of WC introduced in the initial powder mixture to 
prevent the in-situ formation of WO2 was determined by thermodynamic and kinetic 
calculations. A surplus amount of WC leads to a thermally stable -W2C (SG: P3̅1m) secondary 
phase. From the binary W-C phase diagram (Figure 1), one can see that the eutectic reaction 
will occur at 2988 K (L ↔ W + β-W2C), which is much lower than the melting point of W 
(∼3695 K). This eutectic composition is expected to form at W/W2C interfaces, leading to an 
increase in homologous temperature and enhanced diffusion at the interfaces. Moreover, at 1923 
K, a disordered-ordered transformation reaction occurs (W + β-W2C↔ W + -W2C). We can 
assume that it will remain thermally stable once the -W2C phase is formed.  

After the material optimization, we explored the behaviour of the W/W2C composite material 
under He irradiation as a proxy for the exposure to running plasma. The implantation of 4He 
into W/W2C at room temperature, with subsequent annealing, was performed to study the He 
bubble evolution as a function of a given He content. After post-implantation high-temperature 
annealing at 1873 K, we observe a formation of the He bubbles at a depth of ~1.2 µm under the 
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surface. The sub-surface region with damaged crystal structure can be identified already in cross-
section SEM from the variation of the backscattered electron channelling contrast. The detailed 
TEM analysis of the as-implanted and post-annealed sample shows bubbles throughout the 
sample, but surprisingly not in the W2C grain. These experimental observations were the 
motivation for theoretical calculations, which show that He will be primarily incorporated into 
interstitial sites in both phases, W and W2C. Still, a single He atom is not sufficient for the 
nucleation of a bubble due to the large surface energy connected to the decohesion process. To 
lower its solution enthalpy, an alternative mechanism for W and W2C is proposed by helium 
atoms clustering. Spherical clusters of up to five He atoms can form in W and are extremely 
hard to dissociate. In the case of W2C, clusters of four He atoms or less can form in chain-like 
configurations, reducing the solution enthalpies again to lower values than in W. Furthermore, 
experimental results confirmed by DFT calculation show He ability to form helium bubbles in 
the W grain interior but not within the W2C grain. On these premises, we can rationalise that 
phase boundaries will act as trapping sites for helium; still, the lack of bubble partitioning at 
the interface can restrict the applications of such materials as PFMs. 
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