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Abstract 

The advent of the next industrial revolution is clearly represented by the constant 

maturation of additive manufacturing. Wire + Arc Additive Manufacturing (WAAM) 

is a novel technique suitable for the deposition of medium to large scale 

components. This study was focused on investigating the WAAM process for the 

deposition of refractory metals, such as tungsten and tantalum. Generally, this 

class of metals is characterised by intrinsic low-temperature brittleness, poor 

weldability and a high susceptibility to oxidation over a large temperature range. 

For unalloyed tungsten, the process parameters to produce defect-free autogenous 

welds were found by varying the shielding gas composition and the welding speed. 

This represents a fundamental study for the WAAM deposition of tungsten, which 

has been reported to be markedly influenced by the wire feeding orientation. In 

particular, wire side feeding produced a large amount of spatter which resulted in 

an enhanced presence of structural defects within the structure deposited. The 

occurrence of defects was eliminated when employing wire front feeding. The 

characteristic microstructure of tungsten was investigated resulting to be 

composed of two specular arrays of large columnar grains meeting at the centre of 

the structure.  The thermal conductivity and thermal diffusivity of as-deposited 

and annealed tungsten structures were observed to considerably decrease over 

the temperature range analysed.  

200-mm-long structures in pure tantalum have been also deposited using two 

wires with different oxygen content. The tantalum structures can be deposited 

with high integrity and excellent mechanical properties. Superior yield strength 

was achieved for the WAAM deposited material compared to commercially 

available tantalum, even though the grains in the WAAM material were larger and 

had a high aspect ratio. The typical columnar grains of the tantalum deposits were 

refined into an equiaxed microstructure when additional cold-working was 

implemented to the deposition process. This led to obtaining a microstructure with 

an average grain size of 650 µm and completely random texture. Furthermore, two 

functionally graded structures were produced within the same built using 

tantalum, molybdenum and tungsten achieving a regular compositional and 

hardness gradient. The results of this study have shown that WAAM is able to 

produce refractory metal components with relatively low cost, exploiting the 

characteristic freedom of 3D printing and the opportunity of obtaining optimised 

properties, offering a solid alternative manufacture route to powder metallurgy. 
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Chapter 1 

 

Introduction 

1.1  Research background 

The technological progress in all the industrial sectors is always 

accompanied by the development of advanced materials and innovative ways of 

manufacturing high-quality components. Novel materials always lead to an 

improvement in the effectiveness of the applied science already known and, most 

importantly, open to completely new areas of applications and to modifications of 

the design of existing components. Furthermore, the improvement of 

manufacturing routes also plays an important role in lowering production costs 

and reducing material waste. Thus, research and development focused on 

improving the knowledge in manufacturing and materials science results to be one 

of the key aspects of the technological maturation.   

One of the most imminent and promising breakthroughs can be definitely 

represented by the complete integration of Additive Manufacturing (AM) 

technologies within the manufacturing supply chain. These manufacturing 

techniques are capable of producing almost any geometry using a layer-by-layer 

approach starting from a 3D-model. For this reason, complete freedom is 

obtainable from the design point of view and absolute control over material 

utilisation can be achieved. Additive Manufacturing can inspire components with 

geometries and functionalities which were unavailable until now. Moreover, the 

AM is heavily pushing the complete digitalisation of the manufacturing processes. 

However, with all the undeniable potential of the AM process, the complete 

process understanding has not yet been achieved. In fact, at the current 

development state, there are various limitations with regards to the in-situ 

monitoring capabilities to ensure repeatable high-quality depositions. 



2  CHAPTER 1: INTRODUCTION 
 

Furthermore, the limited understanding of the melt dynamics under different heat 

source leads to unpredictable geometrical and microstructural features of the 

component.  

The AM techniques are differentiated by the raw material forms and the 

nature of the heat source. In particular, the main raw material forms are powder 

and wire and, the main heat sources are represented by laser, electric arc and 

electron beam. Each of them is characterised by specific and unique benefits which 

can be suitable for a specific application.  

The concise schematic of Figure 1.1 provides an overview of the main AM 

processes according to the standard ISO/ASTM 52900 [1]. Furthermore, Table 1.1 

reports briefly the main advantages of each technique. In order to illustrate the 

main industrial sectors which will benefit from the implementation of the AM, a 

comprehensive schematic with regards the main product areas and materials is 

reported in Figure 1.2.  

 
Figure 1.1: Map of the main AM processes according to the ISO/ASTM 52900 [1]. 

 

 
Figure 1.2: Schematic of future AM components in relation to the industrial sectors and 

the materials. 
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AM Process Advantages Disadvantages 

Electron Beam Melting 

(EBM) 

[2] 

• High geometrical 

accuracy 

• High deposition speed 

• Completely automated 

• Minimal residual 

stresses and distortion 

• Small-scale components 

• Limitations in the 

volumetric build rate 

• Unrecyclable powder often 

wasted 

• Poor Surface finish 

• Large maintenance 

• Require Vacuum 

Sciaky 

[3] 

• Very high deposition 

rate 

• Large-scale components 

• Expensive equipment 

• Large maintenance 

• Require Vacuum 

Selective Laser Melting 

(SLM) 

 [4] 

• As for Electron Beam 

Melting 

• As for Electron Beam 

Melting  but no vacuum or 

large maintenance 

required 

Laser Blown Powder 

[5] 

• Alloy composition can 

be continuously varied 

• High deposition rate 

• Flexible 

• Large columnar grains 

• Anisotropic mechanical 

properties 

• Distortion 

• High residual stresses 

• Entrainment of solid 

clusters into melt-pool 

• Porosity formation 

• Limitations on the tool 

path for complex 

components 

• Require Machining 

Wire + Arc 

Additive Manufacturing 

(WAAM) 

 [6] 

• High deposition rate 

• Inexpensive equipment 

• Flexible 

• Large-scale components 

• Theoretically no size 

limitations 

• As for Blown Powder 

but no solid clusters and 

no porosity 

Table 1.1: List of advantages and disadvantages of the main AM processes. 

1.2 Research sponsorship  

This dissertation contains all the findings of two research programmes both 

aiming to the development of the Wire + Arc Additive Manufacturing (WAAM) 
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process for refractory metals. In particular, AMAZE project funded by the 

European Union and a collaborative industry-funded program between Cranfield 

University and The Atomic Weapons Establishment (AWE). The following sections 

give a brief description of the two research programmes. 

1.2.1 AMAZE project 

The AMAZE project (“Additive Manufacturing Aiming Towards Zero Waste 

and Efficient Production of High-Tech Metal Products”) has been an EU-founded 

research programme which involved 31 organisations, including Cranfield 

University. The primary goal of the entire project was to produce large defect-free 

metallic components up to 2 meters in size using additive manufacturing. Cranfield 

University collaborated on this project with Culham Centre for Fusion Energy 

(CCFE) to develop the Wire + Arc Additive Manufacturing process for unalloyed 

tungsten and molybdenum. The raw material was supplied from CCFE. The process 

development and the characterisation of the deposited materials used have been 

entirely conducted at Cranfield University, with the valuable support of Swansea 

University for the measurements of thermal properties. 

1.2.2 AWE project 

Cranfield University and the Atomic Weapon Establishment (AWE) agreed 

on developing a research collaboration aiming to lay the foundations of the 

development and the implementation of the Wire + Arc Additive Manufacturing 

process for unalloyed tantalum. The duration of the research programme was 

agreed to be of 24 months. The raw material was supplied from AWE. The process 

development and the characterisation of the deposited materials used have been 

entirely conducted at Cranfield University. 

1.3 Review of previous research 

1.3.1 Nuclear fusion 

One of the most researched energy sources to supplant the utilisation of fossil 

fuel in the near future is the nuclear fusion energy [7].  This technology is based on 

the production of a large amount of energy in form of electricity by using the heat 
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from the fusion nuclear reaction controlled and confined within thermo-nuclear 

reactors [7]. The complete implementation of fusion power is seen as an important 

step for the energy sector because it can replace the nuclear fission and so 

decrease the amount of nuclear waste and radioactivity generated. 

The nuclear fusion reaction involves two or multiple atoms to combine into 

a new single and more massive atom releasing energy. This because the total mass 

of the new atom is appreciably smaller than the sum of the parent atoms so that 

the difference in mass is transformed in energy.  

The most common nuclear fusion reaction is the one that involves the 

utilisation of hydrogen nuclei, tritium and deuterium (Figure 1.3), as parent 

reactants to form helium nuclei as products of the reaction (Figure 1.3). The same 

reaction constantly occurs on the Sun, where the enormous gravity pushes the 

lighter helium nuclei together with a high enough force to ignite the reaction. 

 

Figure 1.3: Schematisation of the nuclear fusion reaction. 

Since the conceptualisation of the possibility to use nuclear fusion reaction 

as a sustainable source of energy on Earth, multiple design and concepts of fusion 

reactors have been proposed [7]. Among these, the Tokamak has been chosen as 

the real candidate for commercialisation [7].  This machine uses strong magnetic 

fields to confine the nuclear fusion reaction within the middle of a toroidal 

chamber, which favours the acceleration of the particles for the ignition. The 

research on this specific design represents the proof of concept for future reactors 

as DEMO (DEMOnstration Power Station) and ITER (International Thermonuclear 

Experimental Reactor) (Figure 1.4) [7].  
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Figure 1.4: Schematisation of the cross-section of the International Thermonuclear 

Experimental Reactor. 

Material selection is a key aspect for the safe implementation of the nuclear 

fusion technology. High-temperature strength and good thermal conductivity are 

fundamental properties of the material intended to operate within the reactor [8–

11]. Tungsten has been chosen over low-Z materials like carbon and beryllium due 

to the considerably lower erosion under high-heat fluxes [11,12] and also because 

of their high melting point, strength at high temperatures, high thermal 

conductivity and low coefficient of thermal expansion [8,13]. In fact, The ITER 

organisation has proposed and approved that a full tungsten nuclear divertor will 

be installed from Day 1 instead of carbon/graphite monoblock [12,14,15]. 

For these reasons, tungsten and its alloys are considered the ideal candidate 

as plasma facing material and also structural material [8–11]. In particular, 

tungsten-based materials will be used for the nuclear divertor and for the nuclear 

first wall on the reactor [8–11].  

The nuclear divertor is one of the high heat flux components of the fusion 

reactor [10] and its main role is the remove unburnt fuel, eroded particles and 

other waste in order to keep high the quality of the plasma [16]. Figure 1.5b 

reports a schematisation of one single divertor cassette, which forms the entire 
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divertor system at the bottom part of the reaction chamber [15], as shown in 

Figure 1.5a. The divertor system has been designed using different modular parts 

for easier handling and maintenance [16]. Each cassette is approximately 2 metres 

in height, 5 metres in length and 0.5 metres in width [17] and armours of plasma 

facing materials are installed on the upper surface. The first wall (Figure 1.5a) is 

the primary wall of the reaction chamber which protects all the other components 

of the reactor placed behind it [17]. The main role is confinement and protection. 

 

Figure 1.5: Schematisation of the nuclear reactor first wall (a) and the divertor (b). 

These components will operate in an aversive environment which will lead 

to high erosion by incident particles and high heat fluxes from the plasma [8,18]. 

For the divertor maximum temperatures of around 1700°C instead maximum 

temperature of around 1000°C will be seen by the first wall components [8]. 

Tungsten is clearly the candidate material for plasma-facing components in 

future fusion devices. Tungsten can surely withstand the expected high heat load 

due to its high melting point, high thermal conductivity, and relatively low thermal 

expansion. In addition, it is a low-activating element with a high resistance against 

sputtering and erosion [16,19].  

However, the operative window of tungsten components within the nuclear 

fusion reactor is limited by its brittleness at room temperature [16] and its low 

fracture toughness [8]. This intrinsic brittleness is mainly due to the high 

activation energy of the screw dislocations [8]. 
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The needs for a divertor armour material are high crack resistance and 

compatibility with plasma–wall interaction phenomena [8,18,20]. Instead, a good 

ductility and toughness over the operational temperature range are needed for the 

first wall components [8,18,20]. Furthermore, as all the components facing the 

internal side of the reactor will be actively cooled using helium, the material 

utilised need to be able to withstand high-temperature gradients and high thermal 

stresses [18]. The completed implementation of tungsten for these critical 

components need to ensure a low ductile-to-brittle transition, and enhanced 

fracture toughness and a high recrystallisation temperature [7]. 

The main tensile properties and thermal properties of pure tungsten for 

advanced application in the fusion environment are reported in the studies of Yin 

et al. [7] and Fukuda et al. [21]. 

1.3.2 Physical metallurgy of refractory metals 

Refractory metals are a class of metals characterised by very high melting 

points and high densities. They also show a good combination of strength over a 

large temperature range and high thermal and electrical conductivity [22,23]. The 

refractory metals are tungsten (W), tantalum (Ta), molybdenum (Mo), niobium 

(Nb) and rhenium (Re) [23]. All those metals are body-centred cubic (bcc) except 

rhenium which is hexagonal close-packed (hcp). Tungsten, tantalum and 

molybdenum solidify along the preferred crystallographic direction <001>, as 

most of the bcc metals [24]. 

Refractory metals as tungsten and molybdenum are characterised by a 

marked ductile-to-brittle temperature transition (DBTT) over a specific 

temperature range [25]. In particular, below this temperature range, they are 

brittle instead, their plasticity and ductility increase when they are heated at 

temperatures above the transition [25,26]. This is mainly due to an enhanced 

mobility of screw dislocations based on a thermally activated mechanism [25]. The 

DBTT of tungsten was not exactly determined but it stays in a large range from 

150°C to 600°C.  

Tungsten usually experiences brittle fractures at room temperature, and 

only above its DBTT, the failure mechanism experiences a slight change towards a 
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ductile fracture. The DBTT for tungsten was found to be dependent on grain size, 

dislocation density, interstitial concentration and the applied strain rate [25,26]. 

In general, the low fracture toughness, the high ductile-to-brittle-transition 

temperature and the high recrystallization temperature of tungsten represent the 

limiting factors for the manufacture of tungsten components.  

An effective way to decrease the DBTT of tungsten is by alloying it with 

rhenium [27,28]. The ductility of tungsten can also be improved by high 

deformation by cold work, such as cold rolling [27,29]. This increases the 

dislocation density and activity at lower temperature promoting a ductile 

deformation mechanism [27]. An additional method is to create multilayers of 

ductile tungsten foils to create a bulk tungsten composites [27]. 

The phase diagrams of the alloys formed between tungsten and tantalum, 

tungsten and molybdenum and tantalum and molybdenum are reported (Figure 

1.6, Figure 1.7 and Figure 1.8). All of them are binary diagrams and the two 

components results to be completely miscible and soluble within each other. The 

diagrams present the melting points of the pure elements on the Y-axis connected 

by the solidus and the liquidus lines. 

 
Figure 1.6: Tantalum-tungsten phase diagram [30]. 
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Figure 1.7: Tungsten-molybdenum phase diagram [31]. 

 
Figure 1.8: Molybdenum-tantalum phase diagram [32]. 

1.3.3 Influence of alloying elements and interstitial elements 

The utilisation of tungsten has been limited by its intrinsic low-temperature 

brittleness at room temperature [28]. A well-known way of improving the ductility 

of tungsten is alloying pure tungsten with other elements.  

Tungsten-rhenium alloys exhibit a significantly lower ductile-to-brittle 

transition and improved strength than unalloyed tungsten at high temperatures 
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[23,33]. Tungsten-rhenium alloys present an improved ductile already with the 

addition of 1% of rhenium [28]. In particular, for these alloys, the temperature and 

the strain rate dependence of the yield strength are decreased by alloying with 

rhenium [28]. These improvements seem to be caused by an increased plastic 

strain at crack tips as a result of increased dislocation mobilities caused by the 

presence of rhenium [28].  

The improved fabricability and ductility of tungsten-rhenium alloys have 

been also attributed to the increased solubility of interstitials such as nitrogen, 

carbon, oxygen and sulphur [23]. Dispersion strengthening and precipitation 

hardening of tungsten are also considered effective ways to increase the high-

temperature strength and creep resistance of tungsten [23]. 

Alloying of tantalum is usually required to improve the strength at high 

temperature while preserving good ductility and inertness [23,33]. The most 

common tantalum-tungsten alloys are Ta-2.5W, Ta-7.5W, and Ta-10W. These 

alloys combine the corrosion resistance of tantalum and the high strength at 

elevated temperatures of tungsten [23,33]. Furthermore, alloys with tantalum and 

niobium (mainly Ta-40Nb alloy) have been characterised by high melting point, 

high corrosion resistance and good cold processing and they are widely used in 

chemical and aerospace sectors [34]. 

Interstitial elements such as carbon, nitrogen and oxygen are likely to 

deteriorate the properties of tungsten. In particular, carbon, oxygen and nitrogen 

have a low solubility within tungsten and they tend to increase its brittleness and 

reduce its fracture toughness [35,36].  

They tend to segregate at the grain boundaries promoting the formation of 

brittle compounds as carbides and oxides [37]. These compounds usually form a 

thin layer along the grain boundary which initiates the fracture and, also, limits the 

mobility of the dislocation.  

In tungsten, the ductile-to-brittle transition increases as the content of 

oxygen increases. In particular, a large increase has been seen when comparing 

tungsten samples with 4 ppm of oxygen and components with 50 ppm of oxygen 

[38]. The oxygen additions also produced a progressive lowering of the ultimate 
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tensile strength [38]. For these reasons, oxygen levels should be maintained below 

20 ppm to avoid deterioration of the properties [38]. 

Unlike tungsten, tantalum shows a high solubility for interstitials, which 

hardly segregate at the grain boundaries. This is one of the main causes of its 

improved ductility at room temperature respect to tungsten [39,40]. Despite this 

aspect, the mechanical properties of tantalum are highly influenced by the purity 

[40–42].  In particular, interstitials such as nitrogen and oxygen have a strong 

effect on hardness and yield strength. It has been reported about the solid solution 

hardening due to oxygen as interstitial for vanadium, niobium and tantalum [43]. 

The effect has been addressed to the misfit between the oxygen and the metal 

atoms [43]. 

1.3.4 Oxides of tungsten and tantalum 

The oxides of tungsten are numerous and most of them are non-

stoichiometric oxides derived as intermediates of the extraction reactions [44,45]. 

In general, there are three main forms of stoichiometric tungsten oxide and these 

are tungsten trioxide (WO3), tungsten dioxide (WO2) and tungsten pentoxide 

(W2O5) [44,45]. The formation of different oxides prevalently depends on the 

oxygen partial pressure within the atmosphere [44,45]. Tungsten starts to react 

with oxygen to form tungsten oxide at a temperature around 400°C, which become 

significant at a temperature above 600°C [44,46]. The oxidation rate usually 

follows a logarithmic trend at low temperature and parabolic trend at high 

temperatures [44,46]. At very high temperature, the oxides become volatile and 

start to sublimate at a temperature as low as 800°C [44,46]. 

The formation of these oxide limits the utilisation of tungsten for high-

temperature applications within an oxygen-rich atmosphere and for this reason 

the tungsten components must be coated with protective materials [47]. 

Tantalum is also a reactive metal and it reacts with oxygen at rates 

proportional to the temperature. The most common tantalum oxide is the tantalum 

pentoxide (Ta2O5) [48]. This oxide gives to tantalum the characteristic high 

corrosion resistance as it is not attached by most of the acid solutions [48]. 

Furthermore, this oxide is characterised by a pronounced polymorphism. In 
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particular, β-Ta2O5 is the low-temperature form, instead, α-Ta2O5 is the high-

temperature form [49]. The transition is reversible and occurs around 1000°C 

[49]. The tantalum pentoxide is mainly used for the production of electronic, such 

as tantalum capacitors, because of its high dielectric constant [50]. Furthermore, 

this oxide has good thermal and chemical stability [48]. All these characteristics 

lead tantalum to be optimally utilised for high-temperature applications, even in 

the atmosphere with a high content of oxygen. 

1.3.5 Extraction of tungsten and tantalum 

Tungsten is present in several ores on Earth. Among these, wolframite 

[(Fe,Mn)WO4] and scheelite (CaWO4) are the one commercially mined and 

extracted. Wolframite accounts for about 70% of the total tungsten resources in 

the world, and scheelite accounts for about 30%. The countries that produce most 

of the tungsten are China, United States of America and Russia. 

The initial phases of the extraction of tungsten from these ores aim to 

produce Tungsten (VI) oxide (WO3) from the wolframite and scheelite by using a 

series of reactions with alkali and hydrochloric acid (HCl). When WO3 is produced, 

it is reacted with carbon or hydrogen to be reduced to the tungsten pure metal 

powder. The equations of reduction are indicated below:  

2 WO3 + 3 C → 2 W + 3 CO2 

WO3 + 3 H2 → W + 3 H2O 

Due to the difficulties in the casting of pure tungsten in ingots, caused by its 

high melting point, tungsten is produced as a powder which is successively 

sintered and hot formed during the manufacturing process of tungsten 

components. 

Tantalum is available on Earth in different ores such as tantalite 

[(Fe,Mn)Ta2O6], columbite [(Fe,Mn)Nb2O6] and tapiolite [(Fe,Mn)(Nb,Ta)2O6]. 

These ores are prevalently present in Rwanda, Democratic Republic of Congo and 

Brazil. Refining these ores to produce pure tantalum is a difficult process as it is 

difficult to separate from niobium. In fact, tantalum and niobium have large 

similarities with regards their chemical behaviour and radius of the nuclei.  
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The extraction process begins by leaching the ores with hydrofluoric acid 

together with sulfuric acid or hydrochloric acid. This forms tantalum pentoxide 

(Ta2O5) which is then reduced to tantalum powder. 

1.3.6 Estimation of welding efficiency 

The consolidation of the welded material by using any welding techniques 

available usually depends markedly on the welding parameters [51–56]. In 

particular, the heat input and the welding speed are the main factors affecting the 

microstructure of the component [51–56]. 

The influence of these factors on the microstructure and consolidation of 

the welded material can be directly measured by extensive testing and 

measurements, which can be used to build a model for the specific process and 

material [57–59]. The correct measurement techniques strongly depend on the 

nature of the heat source, which can be laser, electron beam or electric arc. 

Although these measurements could give a precise evaluation of the dependence 

between process parameters and consolidation, reconstruct and ensure the precise 

welding condition could be challenging.  

For welding processes that employ an electric arc as heat source, the heat 

input depends on different variables as the composition of the shielding gas, 

shielding gas flow rate, welding current, welding speed and the distance between 

electrode and workpiece [60]. 

Fundamental dimensional functions can be also used to estimate the 

influence of the process parameters on the welded material. In particular, weld 

pool dimensions and the hardness profile along the welded material can be used as 

fundamental data to calculate the heat input and the process efficiency. 

In fact, it is possible to calculate the volume of melted material by using the 

weld pool dimensions. Using the specific properties of the metal such as heat 

capacity and latent heat of fusion, it is possible to calculate the energy required to 

liquefy the specific volume of the material. Comparing this and the machine heat 

input, it possible to calculate the efficiency of the welding process for the 

parameters used. Furthermore, the welded material usually present different 

values of hardness when compared to the parent metal. For this reason, the weld 
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pool dimensions can be measured by using the hardness profile along the welded 

material. 

1.3.7 Additive Manufacturing of refractory metals 

As already reported in Figure 1.2, improvements in the manufacturing 

route of functional refractory metal components can have a considerable impact on 

space and nuclear fusion sectors. This is mainly due to the unique high melting 

point and high density of the refractory metals which allow them to be used in 

high-temperature applications, as for instance, rocket nozzles or nuclear fusion 

divertors. Furthermore, the elevated cost of these metals represents one of the 

biggest drivers for the implementation of cost-effective manufacturing routes. 

Despite, the constant request for better performing materials and innovative 

production routes within these sectors, the literature on AM of refractory metals 

was found to be very scarce. Only few investigations are available, and they 

entirely refer to the AM processes for unalloyed tungsten and tantalum that 

employ a laser as the heat source and powder as the feedstock evenly distributed 

on a deposition bed.  

1.3.7.1 Tungsten 

 
Figure 1.9: Pictures of the tungsten cube manufactured by Nie et al.[61], reporting the 

total dimensions of the deposit. 

Nie et al.[61] produced tungsten cubes using selective laser melting (SLM), 

which are shown in Figure 1.9. The samples were produced with an average layer 

height of around 15 μm and presented light oxidation, discontinuities and porosity. 

The study demonstrates a lack of data with regards to the powder composition, 

oxygen levels during the deposition and the eventual formation of micro-cracks the 

samples.  
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Wang et al. [62] claimed to have produced pure tungsten components using 

SLM achieving densities as close as 96 % of the theoretical density (Figure 1.10). 

They showed that when using polyhedral powder there was a marked occurrence 

of balling resulting in large defects and pores (Figure 1.11a). Contrarily, when 

using a spherical powder, continuous tracks were achieved although a dense 

network of micro-cracks and porosity was present (Figure 1.11b). 

 
Figure 1.10: Photograph showing the pure tungsten part fabricated by SLM by Wang et al. 

[62]. 

 
Figure 1.11: SEM images showing the top surface of tungsten parts fabricated using (a) 

polyhedral and (b) spherical powders by Wang et al. [62]. 
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The oxygen level during the deposition was not indicated. The content in 

wt.% with regards to the concentration of carbon, oxygen and nitrogen of the 

powder used in the study of Wang et al. [62] is indicated in Table 1.2. 

Powder Type C [wt%] O [wt%] N [wt%] 

Polyhedral 0.0066 0.021 0.0052 

Spherical 0.0083 0.010 0.0018 

Table 1.2: Main impurity elements contained in the two types of powders (wt %) used in 

the work of Wang et al. [62]. 

The marked occurrence of cracks could be directly caused by the 

considerable presence of these interstitial elements. In fact, it is well known that 

carbon, oxygen and nitrogen usually diffused at the grain boundaries (powder 

surface in this case) and lead to the formation of brittle carbides, oxides and 

nitrides.  

Iveković et al. [63] have also deposited tungsten components using SLM 

achieving the maximum density of 94.4% of the theoretical density. The networks 

of cracks showed in Figure 1.12 have always been found for every parameter 

used, even after pre-heating of the substrate at 400°C (Figure 1.12b). The oxygen 

level was reported to be kept constant at 150-200 ppm during deposition, but the 

impurity levels of the powder used were not indicated. 

 
Figure 1.12: Micrographs of polished cross-sections of tungsten deposited (a) without 

preheating and (b) with baseplate preheating to 400 °C in the work of Iveković et al. [63]. 
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The solidification dynamics for tungsten powder and the relative issues 

were studied by Zhou et al. [64] using SLM. They found that the high surface 

tension and viscosity of tungsten induced a relative slow wetting and spreading 

speeds enhancing the balling phenomena (Figure 1.13a). Moreover, cavities and 

pores with entrapped not melted powder and cracks were also frequently found 

(Figure 1.13b-c). A maximum density of 82.9% of the theoretical density was 

achieved.  

 
Figure 1.13: SEM images of the top surface of the different tungsten specimens deposited 

using SLM in the work of Zhou et al. [64]. 

In general, there are two main problems which greatly affect the integrity of 

tungsten components produced via SLM: the level of impurities of the powder and 

the high-thermal shock induced by the laser. Both of these factors increase the 

likelihood to obtain serious networks of cracks and pores. 

1.3.7.2 Tantalum 

Zhou et al. [65]. conducted a comprehensive study with regards to the SLM 

process for unalloyed tantalum, analysing microstructure and mechanical 

properties of the deposits. Micro-pores and micro-cracks were found within the 

build when the laser power was not optimised. The authors claim to have 

improved the hardness and the tensile properties of the deposited tantalum with 

respect to the wrought material.  

However, the powder used for this study was characterised by an oxygen 

concentration of 0.18 wt%, which is a considerably high level of oxygen.  In fact, it 

is known that oxygen leads to a strengthening effect on tantalum. For this reason, a 
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large loss in ductility was reported accompanied by a brittle-like fracture, which is 

absolutely not typical of unalloyed tantalum.  

Moreover, Zhou et al. [65] were measuring an average hardness of 450 Hv 

for the deposited structure, much higher than the hardness of around 90-100 Hv of 

tantalum components manufactured using traditional manufacturing routes.  

In the work of Thijs et al. [66], the SLM process was studied for pure 

tantalum focusing mainly on the microstructural evolution and mechanical 

properties. Almost fully-dense (99.6% of the theoretical density) tantalum 

components were produced (Figure 1.14). No cracks and no loss in ductility were 

registered. Epitaxial grain growth through the layers was observed and led to the 

formation of large columnar grains and the development of a strong texture. The 

anisotropy within the microstructure has been seen for the yield strength as well. 

 
Figure 1.14: SEM pictures of the top surface of as-built tantalum SLM parts from the work 

of Thijs et al. [66]. 

Generally, the marked ductility of tantalum at room temperature allows 

obtaining deposits which are free from internal cracks. A high level of impurities 

could lead to the formation of cracks because they act as tantalum embrittlement 

agents. 

1.3.8 Research gap 

The points indicated below correspond to the research gaps found in the 

literature related to the development of additive manufacturing processes for the 

deposition of refractory metals, such as tungsten and tantalum. These gaps 
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motivated the research presented in this thesis.  

 

• The lack of investigations on the Wire + Arc Additive Manufacturing process 

for refractory metals revealed a clear knowledge gap with regards the 

suitable process parameters to use for these materials as well as the 

requirements for the efficient shielding to prevent oxidation. Furthermore, 

no data are available on the microstructural development and the 

properties of both tungsten and tantalum manufactured via WAAM;  

 

• The final application of these metals within the defence and the nuclear 

section mostly requires the ability to deposit large-scale components using 

AM. No investigations which aim to the production of sizable parts is 

currently reported in the literature;  

 

• Generally, up until the most recent research, there is no completely suitable 

AM process to produce crack-free fully-dense tungsten component, for 

advanced and critical applications;  

 

• Lastly, no research has been reported to study the feasibility of the 

production of functionally graded structures involving dissimilar refractory 

metals when using an AM process.  

1.4 Research aim and objectives 

The aim of the research presented is to investigate the Wire + Arc Additive 

Manufacturing process for the deposition of large-scale components in refractory 

metals, as tungsten and tantalum, in order to develop an alternative manufacturing 

technique for these metals. The objectives of the research are the following:  

 

• to identify an operative window for the controlled melting of tungsten 

plates through studying the effect of welding speed and arc gas composition 

on autogenous bead-on-plate welds;  
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• to design a suitable deposition strategy for large-scale tungsten 

components developing appropriate process parameters and clamping 

system; 

 

• to characterise and understand the variation of the thermal properties of 

tungsten structures over temperature and their relation with the 

microstructure;  

 

• to evaluate the relationship between the microstructure and the mechanical 

properties of tantalum structures deposited via WAAM and compare them 

with the commercially available tantalum components;  

 

• to assess the effect of cold rolling on the microstructure of tantalum WAAM 

components, in particular, with regards to its effect on microstructure 

refinement and texture;  

 

• to design a suitable deposition strategy for the deposition of functionally 

graded structures with smooth and regular variation in composition and 

hardness. 

1.5 Outline of the thesis 

The current dissertation has been structured in a paper format according to 

the guidelines and requirements given by Cranfield University. The thesis has been 

structured in a series of distinct chapters, which cover the different objectives of 

the research work. A brief introduction, a general discussion and a conclusion have 

been incorporated to improve the readability and the continuity between the 

chapters.  

The introduction has been used to frame the research programme while the 

discussion section has been used to demonstrate the coherence of the individual 

chapters and the impact on research and industrial development. Each chapter 

contains a title, a list of authors, an abstract, an introduction, a methodology and 
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results and discussion section. Furthermore, the conclusion of each chapter is 

followed by the list of references used in the correspondent chapter.  

This specific structure has been chosen so that each chapter can be 

submitted for peer-reviewed publication with minimum modification. 

Furthermore, the thesis format has been chosen based on the fact that limited 

amount of available literature is currently available. The thesis outline has been 

structured as follows:  

 

• Chapter 1 contains a brief introduction to the research background, the 

project sponsorships and a brief review of existing literature about the 

additive manufacturing of tantalum and tungsten. Moreover, the research 

gaps, the research aim and objectives complete the research overview; 

 

• Chapter 2 contains the results of Paper A titled: “Effect of the shielding gas 

composition and welding speed on autogenous welds of unalloyed tungsten 

plates”. It describes the effect of the shielding gas composition and the 

welding speed on autogenous bead-on-plates welds of unalloyed tungsten 

plates. An operative working window has been designed based on these 

fundamental process parameters based on the occurrence of welding 

defects;  

 

• Chapter 3 contains the results of Paper B titled: “Process development of 

Wire + Arc Additive Manufacture for the production of large-scale unalloyed 

tungsten components”. It describes the process development of Wire + Arc 

Additive Manufacture for the production of large-scale unalloyed tungsten 

components. In particular, the process has been optimised with regards to 

the substrate orientation, with respect to the heat source, and the wire 

feeding orientation achieving defect-free fully-dense tungsten components; 

 

• Chapter 4 contains the results of Paper C titled: “Wire + Arc Additive 

Manufacturing process of unalloyed tungsten components and the correlation 
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between microstructure and thermal properties”. It is based on the 

characterisation of the thermal properties and the microstructure of as-

deposited and annealed tungsten structures produced via Wire + Arc 

Additive Manufacture. In particular, the linear coefficient of thermal 

expansion, the thermal diffusivity and the heat capacity over considerable 

temperate range have been measured for two orthogonal directions using 

dilatometry and laser flash analysis under an inert atmosphere;  

 

• Chapter 5 contains the results of Paper D titled: “Process development, 

microstructure and mechanical properties of two different unalloyed 

tantalum wires deposited via Wire + Arc Additive Manufacture”. It describes 

the process development, the microstructure and the mechanical properties 

of two different tantalum wires deposited via Wire + Arc Additive 

Manufacture. An anisotropic microstructure and mechanical properties 

have been found for the tantalum structure deposited;  

 

• Chapter 6 contains the results of Paper E titled: “Grain refinement in 

unalloyed tantalum structure deposited using Wire + Arc Additive 

Manufacture and vertical cold rolling”. It describes the effect of vertical cold 

rolling on the grain refinement of tantalum structures deposited using 

WAAM; Not only a great reduction in size has been achieved but also the 

refined microstructure presented completely random texture;  

 

• Chapter 7 contains the results of Paper F titled: “Investigation of Wire + Arc 

Additive Manufacture for the production of functionally graded structures by 

refractory and its characterisation”. It reports the results of the feasibility 

study and the characterisation of multiple functionally graded structures in 

refractory metals using Wire + Arc Additive Manufacturing.  A single 

structure made out of two functionally graded structures respectively 

between tantalum and molybdenum and between molybdenum and 

tungsten has been successfully deposited with a regular gradient in 
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composition and hardness;  

 

• Chapter 8 presents an overall discussion about the outcome of the whole 

research programme. In this chapter, the importance of the entire research 

programme and the contributions to knowledge are discussed. Moreover, 

the implications for both research and industrial applications are discussed. 

This chapter is completed with the main research conclusions.  

 

• The last section includes Appendices, which contain additional information 

to support the research. 
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2.1 Introduction 
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2.2 Experimental Procedure 

Table 2.1

W Mo Ta Ti V Cr Fe C N O K 

W 

Plates 
99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

<10 

ppm 

<10 

ppm 

<50 

ppm 

<10 

ppm 

Table 2.1: Elemental composition (wt %) of tungsten plates (W Plates). 

Figure 2.1: (a) Schematisation of the experimental set-up used for the production of the 

tungsten weldment. Photo of the experimental set-up taken from outside the enclosure (b) 

and from inside the enclosure (c).
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Figure 2.1

Figure 2.1a

Sample 

name 

TS 

 [mm/s] 

SGC 

He % Ar % 

1 1 0 100 

2 2 0 100 

3 4 0 100 

4 6 0 100 

5 1 25 75 

6 2 25 75 

7 4 25 75 

8 6 25 75 

9 1 50 50 

10 2 50 50 

11 4 50 50 

12 6 50 50 

13 1 75 25 

14 2 75 25 

15 4 75 25 

16 6 75 25 

17 1 100 0 

18 2 100 0 

19 4 100 0 

20 6 100 0 

Table 2.2: The combinations of welding speed (TS) and shielding gas composition (SGC) 

used for the study. 
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Table 2.2 

•

•

•

•

Figure 2.2

Figure 2.2: Schematic of the planes used to analyse the microstructure of the samples 

produced. In particular, longitudinal cross-section (a), transversal cross-section (b) and 

top section (c). 



38 CHAPTER 2: PAPER A 

2.3  Results and Discussion 

2.3.1 Operative window and bead morphology  

Figure 2.3a

Table 2.2

Figure 2.3: (a) Operative process window respect to SGC and TS; Weld bead morphology 

of the Good Weld (b), Transient (c), Humping (d) and No Weld samples (e). 

No Weld

Figure 2.3e Humping Figure 2.3d Transient Figure 2.3c Good Weld

Figure 2.3b

Figure 2.3a

No Weld

Humping
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Transient

Good Weld

Eq.(2.1)

(2.1)

in

Table 2.3

SGC [He%] Voltage [V] 

0 14.5 

25 16 

50 18.5 

75 20 

100 21.5 

Table 2.3: Average measured voltage for the different shielding gas compositions 

(I=350A). 
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2.3.2 Humping formation 

Figure 2.4

Figure 2.4a

Figure 2.4b

Figure 2.2 Figure 2.4a

Figure 2.4b
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Figure 2.4: Longitudinal cross-section (a) and top section (b) of the weld performed using 

a shielding gas composition of 50% of helium and 1 mm/s of welding speed.
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Figure 2.5: Time-resolved images of the weld performed using a shielding gas 

composition of 50% of helium and 1 mm/s of welding speed.

Figure 2.5

Figure 2.5a

Figure 2.5b

Figure 

2.5c



43 CHAPTER 2: PAPER A 

Figure 2.5d

2.3.3 Transient welding state 

Figure 2.6 

Figure 2.6a

Figure 2.6b

Figure 2.6c

Figure 2.6: Time-resolved images of the weld performed using a shielding gas 

composition of 75% of helium and 2 mm/s of welding speed.
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2.3.4 Good weld 

Figure 2.7

Figure 

2.7a

Figure 2.7b Figure 2.7c. 

Figure 2.7: Time-resolved images of the weld performed using a shielding gas 

composition of 100% of helium and 1 mm/s of welding speed.  

Good Weld

Figure 2.8 Figure 2.8a

Figure 2.8b

Figure 2.8c Figure 2.2
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Figure 2.8: Transversal cross-section (a), longitudinal cross-section (b) and top section 

(c) of the weld performed using a shielding gas composition of 100% of helium and 1 

mm/s of welding speed.
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Good 

Weld

Table 2.1 Figure 

2.1

2.4   Conclusions 

•
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3.2 Experimental Procedure 

Table 3.1

W Mo Ta Ti V Cr Fe C N O K 

Substrate 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
11 

ppm 
<10 
ppm 

<50 
ppm 

<10 
ppm 

Wire 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
33 

ppm 
<10 
ppm 

<50 
ppm 

<10 
ppm 

Large 

Wall 
99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

<10 
ppm 

<10 
ppm 

<50 
ppm 

<10 
ppm 

Table 3.1: Elemental composition (wt.%) of tungsten the substrate and the wire used and 

of the structures presented in this study.
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•

•

•

Figure 3.1

Figure 3.1a 

Figure 3.1b

Figure 3.1: Schematisation of all the components used for the clamping system (a) and the 

material used for each of them (b). 

Figure 3.2

3.2.1 Weld pool formation and geometrical stabilisation 
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Table 3.2

Table 3.3

Figure 

3.2b

TS 

[mm/s] 

I 

[A] 

Electrode-

workpiece 

Distance 

[mm] 

Electrode 

angle  

[°] 

Electrode 

Diameter 

[mm] 

Shielding 

gas 

composition 

[%] 

Gas 

flow 

rate 

[L/min] 

Oxygen 

Atmosphere 

[ppm] 

2 350 3.5 45 3.2 100 He 15 ≈100 

2 375 3.5 45 3.2 100 He 15 ≈100 

2 400 3.5 45 3.2 100 He 15 ≈100 

Table 3.2: Process parameters used for the autogenous welds of tungsten substrate. 

TS 

[mm/s] 

I 

[A] 

Steady 
Arc-on 

[s] 

Electrode-

workpiece 

Distance 

[mm] 

Electrode 

angle  

[°] 

Electrode 

Diameter 

[mm] 

Shielding 

gas 

composition 

[%] 

Gas 

flow 

rate 

[L/min] 

Oxygen 

Atmosphere 

[ppm] 

2 400 3.5 3.5 45 3.2 100 He 15 ≈100 

2 400 4.0 3.5 45 3.2 100 He 15 ≈100 

2 400 4.5 3.5 45 3.2 100 He 15 ≈100 

Table 3.3: Process parameters used for the stationary arc. 

3.2.2 Metal transfer from the wire to the weld pool 

Figure 3.2
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Figure 3.2a

Figure 3.2b

Figure 3.2: Set-up used for the development of the WAAM process for unalloyed tungsten 

when using side feeding (a) and when using front feeding (b). 

Figure 3.2a  Figure 3.2b,

Table 3.4

Table 3.2 Table 3.3

TS  

[mm/s] 

WFS  

[mm/s] 

I 

[A] 

Steady 
Arc-on 

[s] 

2 35 400 4.0 

Table 3.4: WAAM process parameters used for the deposition of unalloyed tungsten. 
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Table 3.5

Grinding and Polishing means Time [min] 

SiC Paper 240 grid 2 

SiC Paper 1200 grid 6 

SiC Paper 2500 grid 6 

Alpha alumina 0.3 µm suspension 15 

Alumina and silica 0.05 µm suspension 15 

Colloidal silica 0.02 µm suspension 15 

Table 3.5: Grinding and polishing procedures used for the microstructural preparation. 

3.2.3 Deposition of large-scale tungsten wall 

Table 

3.4

3.3 Results and Discussion 

3.3.1 Substrate orientation and clamping system

Figure 3.1
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3.3.2 Weld pool formation and geometrical stabilisation

3.3.2.1    Autogenous welds 

Table 3.2 Figure 

3.3 Figure 3.4 Figure 3.5
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Figure 3.3: Time-resolved images of the autogenous weld performed using an arc current 

of 350 Amperes with a frame time of 5.0 seconds. 
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Figure 3.4: Time-resolved images of the autogenous weld performed using an arc current 

of 375 Amperes with a frame time of 5.0 seconds. 

Figure 3.5: Time-resolved images of the autogenous weld performed using an arc current 

of 400 Amperes with a frame time of 5.0 seconds. 
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3.3.2.2 Stationary arc start 

Figure 3.6 Figure 3.7 Figure 3.8

Figure 3.6: Time-resolved images of the weld pool evolution under stationary arc for 3.5 

seconds. 
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Figure 3.7: Time-resolved images of the weld pool evolution under stationary arc for 4.0 

seconds. 

Figure 3.8: Time-resolved images of the weld pool evolution under stationary arc for 4.5 

seconds. 
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Figure 3.9: Time-resolved images of the steady welding process of unalloyed tungsten 

using an arc current of 400 Amps, a travel speed of 2 mm/s and a stationary arc for 4.0 

seconds. 

Figure 3.9

3.3.3 Metal transfer from the wire to the weld pool 

Figure 3.2a Figure 3.2b
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3.3.3.1 Wire side feeding 

Figure 3.10

Figure 3.10a

Figure 3.10c

Figure 3.10: Time-resolved images of the deposition performed using side-feeding 

configuration.
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Figure 3.11; Schematisation of different metal particle ejection during the deposition of 

tungsten using side feeding: ejection from the wire (a-c) and ejection from the weld pool 

(d-f). 

Figure 3.11
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Figure 3.11a Figure 3.11c

Figure 3.11d Figure 3.11f

Figure 3.11a

Figure 3.11b

Figure 3.11c

Figure 3.11f

Figure 3.12a

Figure 3.12b Figure 3.12c

Figure 3.12: Tungsten linear structure deposited using side feeding (a). Comparison of 

the wire feeding side (b) of the structure and the opposite one (c). 
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Figure 3.12b

Figure 3.12c 

Figure 3.12b

3.3.3.2 Wire front feeding 

Figure 3.13

Figure 3.13: Time-resolved images of the front-fed deposition process with a time frame 

of 4.0 seconds. 
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3.3.4 Microstructure 

3.3.4.1 Microstructure side-fed deposit 

Figure 3.14a

Figure 3.14: Microstructure of the linear structure deposited using wire side feeding (a). 

Details of the defects located on the side facing the wire feeder (b-d). Detail of the 

microstructure at the base of the linear structure (e). 

Figure 3.14a Figure 3.14e

Figure 3.14a Figure 3.14b

Figure 3.14b  Figure 3.14c
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3.3.4.2 Microstructure front-fed deposit 

Figure 3.15a

Figure 

3.15a Figure 3.15e

Figure 3.15a Figure 3.15c
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Figure 

3.15c

Figure 3.13

Figure 3.15: Microstructure of the linear structure deposited using wire front feeding (a). 

Details of the elongated grains found at the centre of the structure (b, d). Detail of the 

microstructure of the upper part of the structure (c). Detail of the microstructure at the 

base of the linear structure (e). 

3.3.5 Deposition of large-scale tungsten wall 

Figure 3.16a  Figure 3.16b

Table 3.4

 Figure 3.16c 

Figure 3.16b
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Figure 3.16d

Figure 3.16: Large-scale unalloyed tungsten linear structure deposited via Wire + Arc 

Additive Manufacturing process (a-b). Picture of the fracture from the outer surface (c) 

and SEM picture of the fractured surface (d). 

3.4   Conclusions 
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4.1 Introduction 
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Table 4.1

Manufacturing 

Route 

ρ 

[g cm-3] 

α 

[mm s-2] 

k 

[W m-1 K-1] 

CTE 

[µm m-1 K-1] 

CP

[J g-1 K-1] 

Theoretical [24] 19.30 -- 174 4.5 0.14 

P-S [25] Variable 34 - 88 -- -- -- 

CVD [26] 19.23 55 163 4.1 0.14 

Forged [26] -- 52.5 154 -- 0.15 

VPS [27] 17.03 48 110 -- -- 

Sintered [28] 18.60 -- 130 -- -- 

PM [29] 17.27 -- 135 -- -- 

PM + Rolling 

60% def.  [29] 
19.01 -- 175 -- -- 

Table 4.1: Values of density (ρ), thermal diffusivity (α), thermal conductivity (k), 

coefficient of linear thermal expansion (CTE) and specific heat capacity (CP) for different 

manufacturing routes of tungsten components. Every value refers to 293 K. 

Table 4.1
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Table 4.1

4.2 Experimental Procedure 
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Figure 4.1: Set-up used for the deposition of the tungsten structure via Wire + Arc 

Additive Manufacture. 

Figure 4.1

Table 4.2

Figure 4.5
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   TS [mm/s] 2 

   I [A] 400 

   WFS [mm/s] 35 

   Electrode-workpiece Distance [mm] 3.5 

   Electrode angle [°] 45 

   Electrode Diameter [mm] 3.2 

   Shielding gas composition [%] 100 He 

   Gas flow rate [L/min] 15 

   Oxygen Atmosphere [ppm] ≈100 

Table 4.2: Wire + Arc Additive Manufacturing process parameters used for the deposition 

of unalloyed tungsten. 

 Figure 4.2

Figure 4.2a

Figure 4.2b

Figure 4.2: Geometry and main dimensions of the coupon used for dilatometry (a) and the 

coupon used for laser flash analysis (b). 

Figure 4.3a Figure 4.3b
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Figure 4.3: Denomination and location of the coupons (a); Arrangement and extraction 

plan of the coupon with respect to the deposition direction (b). 

Figure 4.4

Figure 4.4: Location of the samples within the deposited structure (a). Plane analysed for 

the Front View (b), Side View (c) and Top View (d).
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Figure 4.4 

Front View Side View Top View Front View

Figure 4.4b Side View

Figure 4.4c Top View Figure 4.4d

o

t

Eq. (4.1)

(4.1)

0
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Eq. (4.2)

(4.2)

Eq. (4.3)

(4.3)

ρ sample 

Eq. (4.4)

(4.4)
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Eq. (4.5)

(4.5) 

p

4.3 Results and Discussion 

4.3.1 Appearance and chemical analysis 

Figure 4.5

Figure 4.5: Large-scale unalloyed tungsten linear structure deposited via WAAM process. 

Table 4.3
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W Mo Ta Ti V Cr Fe C N O K 

Substrate 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
11 

ppm 
<10 
ppm 

<50 
ppm 

<10 
ppm 

Wire 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
33 

ppm 
<10 
ppm 

<50 
ppm 

<10 
ppm 

Wall 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
<10 
ppm 

<10 
ppm 

<50 
ppm 

<10 
ppm 

Table 4.3: Elemental composition (wt%) of tungsten substrate, wire and wall used in this 

study.

4.3.2 Microstructure 

Figure 4.6

Front View

Figure 4.6b

Top View

Side View

Figure 4.7
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Figure 4.6: Microstructure of the Front View of the as-deposited (a) and the annealed 

structure (b). 

Figure 4.7: Microstructure of the (a) Top View and (b) Side View of the as-deposited 

structure. 

Figure 4.7a Top View
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Figure 4.7b Side 

View

Figure 4.8: Microstructural detail from the Top View showing porosity at the end of the 

deposition (a); Microstructural details from the Side View showing wavy grain boundaries 

(b). 

Figure 4.8

Top View Figure 4.8a Side View Figure 4.8b

Figure 4.8b

Figure 4.6 Figure 4.7

Figure 4.9
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Figure 4.9c

Figure 4.6a Figure 4.7a Figure 

4.7b Figure 4.9b Figure 4.9a Figure 

4.9c

Figure 4.9: Reconstructed microstructural schematic for the Top View (a), the Front View

(b) and Side View (d). Three-dimensional schematic representing the microstructure of 

unalloyed tungsten structure produced via WAAM (c). 

Figure 4.6a Figure 

4.6b
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s Figure 4.10

Figure 4.10a Figure 4.10c

Front View

Figure 4.10d Side View

Figure 4.10a

s 

Figure 4.10b

s 
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Figure 4.10: Schematics of the main heat flow components and of the formation the future 

gran boundaries for the Front View scenario when Ts ≈ RT (a), Ts > RT (b) and Ts >>RT (c), 

and for the Side View scenario (d). (Ts = substrate temperature) 

Figure 4.10c

Figure 4.10b

s 
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Figure 4.10b

Figure 4.10d

Side View

Figure 4.7b

4.3.3 Dilatometry 

Figure 4.11a 

Figure 4.11b

Figure 4.11a
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Figure 4.11: Typical thermal expansion curves of the tested samples in the as-deposited 

condition (a) and the annealed condition (b). 

Figure 4.11b
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Figure 4.12: The variation of the αt over temperature for the heating and cooling phase of 

the as-deposited samples (a) and annealed samples (b). 

t

Figure 4.12

t
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-6 -1 -1

-6 -1 -1

Figure 4.13: Grain structure of the base and the side of the cylindrical DIL sample 

indicated with respect to the expansion direction for the Vert As-Dep samples (a) and the 

Long As-dep samples (b). 
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Figure 

4.13a Figure 4.13b

Front View Figure 4.6a

Side View Figure 4.7b
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4.3.4 Laser Flash Analysis 

Figure 4.14

Figure 4.14a Figure 4.14b

Figure 4.14: Thermal diffusivity curves against temperate of the tested samples in the as-

deposited condition (a) and the annealed condition (b) with the associated error bars.
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Table 4.4

3 

R Table 4.4  Table 4.4

Eq. (4.4)

Samples 

Set 

Ave. ρ at 293 K 

[g/cm3] 

Standard 

Dev. 

Calc. ρ at 800 K 

[g/cm3] 

Calc. ρ at 1300 K 

[g/cm3] 

ρR

 [%] 

Long As-Dep 18.82 0.20 18.67 18.53 97.5 

Vert As-Dep 19.1 0.05 18.94 18.77 98.9 

Long Annealed 19.17 0.03 19.01 18.83 99.3 

Vert Annealed 19.18 0.07 19.04 18.86 99.4 

Table 4.4: Average density at 293 K for each sample set, the standard deviation of 

the measurements; the calculated density at 800 K and 1300 K; the density in percentage 

respect to the theoretical value. 

± 3

Figure 4.15

p

Figure 4.15a Figure 4.15b
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Figure 4.15: Specific heat capacity curves against temperate of the tested samples in the 

as-deposited condition (a) and the annealed condition (b) with the associated error bars.
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Figure 4.16

Eq. (4.5)

Figure 4.16

Figure 4.16: Thermal conductivity curves against temperate of the tested samples in the 

as-deposited condition (a) and the annealed condition (b) with the associated error bars. 
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Top View Figure 4.6 Front View

Figure 4.7a

Figure 4.16

2
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Table 4.1

Table 4.1

4.4 Conclusions 
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5.1 Introduction 

° -3 
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Table 5.1



116 CHAPTER 5: PAPER D 

Ta Grade 
Commercial 

pure EB* 

Commercial 

pure P/M** 

Soft 

annealed 

Cold-

worked 

Selective Laser 

Melting 

Modulus Elasticity [GPa] 185 185 186 186 na 

Yield Strength [Mpa] 165 220 na na 450 

Ultimate Tensile Strength [MPa] 205 310 200-390 220-1400 739 

Elongation [%] 40 30 20-50 2-20 2 

Vickers Hardness [Hv] 110 120 60-120 105-200 425 

*EB: electron beam melted; **P/M: powder metallurgy.  

Table 5.1: Overview of mechanical properties of pure Ta obtained via different 

manufacturing routes. 

Table 5.1

5.2 Experimental Procedure 
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Table 5.2

Table 5.2

Figure 5.1

Figure 5.1: Set-up used for the development of the WAAM process for unalloyed tantalum. 

Figure 5.1

Table 5.2
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Table 5.2

Table 5.3

Sample 

Name 

Number of 

Layers 
Wire used Analysis 

Wall1S 20 Wire1 
• Hardness interface 

substrate/wall; 

• Geometrical control; 

• Microstructure. Wall2S 20 Wire2 

Wall1 90 Wire1 
• Chemical analysis; 

• Oxide Layer; 

• Porosity; 

• Microstructure; 

• Tensile Tests. 
Wall2 90 Wire2 

Table 5.2: Summary of the samples produced and their domination. 

TS 

[mm/s] 

WFS 

[mm/s] 

I 

[A] 

Electrode-

workpiece 

Distance  

[mm] 

Electrode 

angle 

 [°] 

Electrode 

Diameter 

[mm] 

Shielding 

gas 

composition 

[%] 

Gas 

flow 

rate 

[L/min] 

Oxygen 

Atmosphere 

[ppm] 

4.0 40 300 3.5 45 3.6 100 He 15 ≈100 

Table 5.3: WAAM process parameters used for the deposition of unalloyed tantalum. 

Figure 

5.2a Table 5.4
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Grinding and Polishing means Time [min] 

SiC Paper 240 grid 2 

SiC Paper 1200 grid 6 

SiC Paper 2500 grid 6 

Alpha alumina 0.3 µm suspension 15 

Alumina and silica 0.05 µm suspension 15 

Colloidal silica 0.02 µm suspension 15 

Table 5.4: Grinding and polishing procedure used for the microstructural preparation. 

Figure 5.2a

Figure 5.2: (a) Extraction position and direction of the tensile coupons for each wall; (b) 

Main dimensions of the tensile coupon used for the tests; (c) Apparatus used for tensile 

tests and DIC recording. 

Figure 5.2b

2

Figure 5.2a
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Figure 5.2c

5.3 Results and Discussion 

5.3.1 Chemical analysis 

6 W Mo Ta Ti V Cr Fe C N O K 

Substrate <0.05 <0.05 99.99 <0.05 <0.05 <0.05 <0.05 33 ppm <10 ppm 60 ppm <10 ppm 

Wire1 <0.05 <0.05 99.98 <0.05 <0.05 <0.05 <0.05 36 ppm 11 ppm 190 ppm <10 ppm 

Wire2 <0.05 <0.05 99.87 <0.05 <0.05 <0.05 <0.05 20 ppm <10 ppm 86 ppm <10 ppm 

Wall1 <0.05 <0.05 99.97 <0.05 <0.05 <0.05 <0.05 48 ppm 13 ppm 226 ppm <10 ppm 

Wall2 <0.05 <0.05 99.73 <0.05 <0.05 <0.05 <0.05 29 ppm <10 ppm 164 ppm <10 ppm 

Table 5.5: Elemental composition (wt%) of tantalum Substrate, Wire1, Wire2, Wall1 and 

Wall2. 
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Table 5.5

5.3.2 Bead appearance and outer oxide layer 

Figure 5.3: (a) Linear structure made of unalloyed tantalum with the main dimensions; 

(b) Picture of the two linear structures deposited and studied in this investigation. 

Figure 5.3

Figure 5.3b

Figure 5.3a Figure 5.3b,
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Figure 5.4a Figure 5.4b

Figure 5.4c Figure 5.4d

Figure 5.4: Detail of the outer surface of the top (a) and the bottom (b) of the tantalum 

structure; Scanning electron microscope picture of the cross-section of the top (c) and the 

bottom (c) of the structure. 

5.3.3 WAAM process and geometrical control 



123 CHAPTER 5: PAPER D 

Figure 5.5

Figure 5.5: (a) Increment of the layer height against the layer number; (b) Total layer 

width against the layer number.

5.3.4 Porosity 

Figure 5.6

Figure 5.6a

Figure 5.6b

µ

µ Table 5.5
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Figure 5.6: Optical microscope picture of a section of the Wall1 (a) and Wall2 (b) after 

polishing. 

5.3.5 Microstructure and banding occurrence 

Figure 5.7

Figure 5.7a

 Figure 5.7b  Figure 5.7c
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Figure 5.7: Microstructure of Wall1S (a), Wall1 (b) and Wall2 (c). 

Figure 5.8: Banding between the layers in Wall1 and pores (a) and oxides within the band 

(b). 

Figure 5.8

Figure 5.8a

Figure 5.6a Figure 5.8b

Figure 5.6
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°

Figure 

5.8b

2 5 

Figure 5.6 

5.3.6 Hardness 

Table 5.6
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Hardness 

[Hv] 

Standard 

Deviation

Oxygen content

[ppm] 

Substrate 96.0 1.3 60 

Wall 1 114 0.8 226 

Wall 2 99.0 1.0 164 

Table 5.6: The average hardness value of the Substrate, Wall 1 and Wall 2 with the 

associated standard deviation and the oxygen content in ppm. 

Figure 5.9

Figure 5.9

Table 5.7



128 CHAPTER 5: PAPER D 

Figure 5.9: Hardness values of the tantalum Wall1S and Wall2S with respect to the 

distance from the top of the substrate. 

Substrate
Wall1S 

Zone1 

Wall1S 
Zone2 

Wall2S 
Zone1 

Wall2S 
Zone2 

Average 96 123 114 112 100 

Stand. 
Dev. 

1.15 5 2 4 3.5 

Table 5.7: Statistical study of the distributions of tantalum hardness values. 

Table 5.6 Table 5.7

5.3.7 Tensile properties 

Table 5.8

Figure 5.10

Wall1S 

Wall2S 
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Coupon 

Name 

YS 

[MPa]

St. 
Dev.

UTS 

[MPa]

St. 
Dev.

Elongation 
[%] 

St. 
Dev.

Substrate 182 3.7 265 7.8 62 2.5 

Wall1 V 216 10.0 241 10.0 27 1.0 

Wall1 H 234 7.0 261 3.0 36 6.0 

Wall2 V 194 1.9 218 8.2 35 3.0 

Wall2 H 208 14 226 9.8 32 7.0 

Table 5.8: Tensile properties of the Substrate, Wall1 and Wall 2 in both vertical and 

horizontal direction.

Table 5.1 Table 5.8

Figure 5.10: Representative stress-strain curves of Substrate (a), Wall1 and Wall2 in the 

vertical direction (b), Wall1 (c) and Wall2 (d) in the horizontal direction.
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Figure 5.10c Figure 5.10d
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5.3.8 Strain Localisation 

Figure 5.11

Figure 5.11: Strain maps produced with digital image correlation for (a) substrate, (b) 

vertical coupon Wall 1, (c) horizontal coupon close to the top of the Wall 2 (Wall2H1) and 

(d) horizontal coupon close to the bottom of Wall 2 (Wall2H2). 
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Figure 5.11c

Figure 5.11d

Figure 5.11d

5.3.9 Fractography 

Figure 5.12

Figure 5.12a  Figure 5.12b

Figure 5.12c  Figure 5.12d

Figure 5.12e  Figure 5.12f Figure 5.12b

Figure 5.12d

Figure 5.12e-f

Figure 5.12a Figure 5.12c Figure 5.12e
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Figure 5.12: Fracture surface of a coupon from Wall 1 (a-b), Wall 2 (c-d) and the substrate 

(e-f). 

5.4 Conclusions 

•
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•

•

•

•
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6.1 Introduction 
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6.2 Experimental Procedure 

Table 6.1

W Mo Ta Ti V Cr Fe C N O K 

Substrate <0.05 <0.05 99.99 <0.05 <0.05 <0.05 <0.05 
33 

ppm 

<10 

ppm 

60 

ppm 

<10 

ppm 

Wire <0.05 <0.05 99.98 <0.05 <0.05 <0.05 <0.05 
36 

ppm 

11 

ppm 

190 

ppm 

<10 

ppm 

Wall <0.05 <0.05 99.97 <0.05 <0.05 <0.05 <0.05 
48 

ppm 

13 

ppm 

226 

ppm 

<10 

ppm 

Table 6.1: Elemental composition (wt%) of tantalum substrate, wire and wall used in this 

study.

Figure 6.1
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Figure 6.1: Set-up used for the deposition of unalloyed tantalum using the WAAM process. 

Table 6.2

TS 

[mm/s] 

WFS 

[mm/s] 

I 

[A] 

Electrode-

workpiece 

Distance 

[mm] 

Electrode 

angle  

[°] 

Electrode 

Diameter 

[mm] 

Shielding 

gas 

composition 

[%] 

Gas 

flow 

rate 

[L/min] 

Oxygen 

Atmosphere 

[ppm] 

4 40 300 3.5 45 3.6 100 He 15 ≈100 

Table 6.2: WAAM process parameters used for the deposition of unalloyed tantalum. 

Figure 6.2
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Table 6.3

Figure 6.2: Schematic of the rolling rig used for the application of cold working between 

each successive layer. 

Load [kN] Roller Diameter [mm] Rolling Speed [mm/s] Rolling Temperature
50 100 10 RT

Table 6.3: Rolling parameters used for this study. 

Figure 6.3. 
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Figure 6.3: Schematic of the manufacturing route used to produce each sample analysed. 

The name of the samples extracted per each region is also reported.

Table 6.4

Grinding and Polishing means Time [min] 

SiC Paper 240 grid 2 

SiC Paper 1200 grid 6 

SiC Paper 2500 grid 6 

Alpha alumina 0.3 µm suspension 15 

Alumina and silica 0.05 µm suspension 15 

Colloidal silica 0.02 µm suspension 15 

Table 6.4: Grinding and polishing procedures used for the microstructural preparation. 
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6.3 Results 

6.3.1 Contour profiles 

Figure 6.4: Overlap of the total contour of the cross-section of sample 1R, 2R and 3R. 

Figure 6.4
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6.3.2 Microstructure 

Figure 6.5: Optical micrograph images of sample 1R (a), 2R (b) and 3R (c). High 

magnification of the recrystallised top part of sample 3R (d). 

Figure 6.5a  Figure 6.5b Figure 6.5c 

Figure 6.5a
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Figure 6.5b Figure 6.5c

Figure 6.5d

Figure 6.5d

Figure 6.6

Figure 6.6a



150 CHAPTER 6: PAPER E 

Figure 6.6: Optical micrograph of sample 4R (a). Detail of the microstructure from the 

recrystallised zone (b) with highlighted grain boundaries (c) and schematisation (d).  

Detail of the microstructure from the columnar as-deposited region (e) with highlighted 

grain boundaries (f) and schematisation (g).   

Figure 6.6b Figure 6.6g

6.3.3 Porosity and deformation bands 

Figure 6.7

Figure 6.7a

Figure 6.7b Figure 6.7c

Figure 6.8a Figure 6.7e

Figure 6.7d
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th th

Figure 6.7: Polished cross-sections showing the porosity within the sample 1R (a), the top 

of the sample 2R (b), the bottom of the sample 2R (c), the top of the sample 3R (d) and the 

bottom of the sample 3R (e).

Figure 6.8: Flattened pores found at the top of the sample 2R (a); Microscopic bands 

across grains in sample 2R (b-d). 
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Figure 6.8b Figure 6.8c Figure 6.8d

Figure 6.8c Figure 6.8d

6.3.4 Hardness 

Figure 6.9)

Figure 6.9a

Figure 6.9b

Figure 6.9c 
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Figure 6.9: Contour maps relative to the Vickers hardness measurements for sample 1R 

(a), 2R (b) and 3R (c). 
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6.3.5 Texture 

Figure 6.10: EBSD images of the columnar as-deposited region (a) and the recrystallised 

grains (b) of sample 4R. Legend with regards to colour and orientation (c).

Figure 6.11: Pole figures and inverse pole figures obtained from EBSD maps for the 

columnar as-deposited region (a-b) and the recrystallised grains (c-d) of sample 4R.



155 CHAPTER 6: PAPER E 

Figure 6.10

Figure 6.10a

Figure 6.10b

Figure 6.11 Figure 

6.11a Figure 6.11c

Figure 6.11b

microtextures rather than macro-textures.

6.4 Discussion 
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µ

6.4.1 Induced strain and the depth of recrystallisation 

6.4.1.1 Recrystallisation of unalloyed tantalum 

° °

°

° °
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°

° °

6.4.1.2 The relation between hardness and strain 

6.4.1.3 The relation between hardness and dislocation density 

Eq. 6.1

(6.1)
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ing

14 -2

Figure 6.9

Figure 6.9b

6.4.1.4 Effect of the thermal field on the hardness 

Figure 6.9c

Figure 6.5c  Figure 6.5d
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Figure 6.5d

Table 6.1

6.4.1.5 Dislocations density and oxygen content 

Eq. 6.1

14 -2
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14 -2

15 -2 Eq. 6.1

Eq. 6.1

6.4.2 Recrystallisation mechanism 

Figure 6.5

Figure 6.8c Figure 6.8d
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6.4.3 Porosity 

Figure 6.7a  Figure 6.7c

Figure 6.8a

Chapter 5

Figure 6.7d
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6.4.4 Texture 

Figure 6.10a

Figure 6.11a Figure 6.11b Figure 6.11b

Figure 6.10b Figure 6.11c  Figure 6.11d. 

6.5 Conclusions 
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Abstract



7.1 Introduction 







7.2 Experimental Procedure 

Table 7.1

Table 7.2

W Mo Ta Ti V Cr Fe C N O K 

W 

wire 
99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

33 

ppm 

<10 

ppm 

<50 

ppm 

<10 

ppm 

Mo 

wire 
99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

33 
ppm 

<10 
ppm 

59 
ppm 

<10 
ppm 

Ta 

sub 
99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

33 
ppm 

<10 
ppm 

60 
ppm 

<10 
ppm 

Table 7.1: Elemental composition (wt%) of tungsten wire (W wire), molybdenum wire 

(Mo wire) and tantalum substrate (Ta sub). 



K  

[Wm-1K-1] 

Tf

[°C] 

α  

[µm m-1K-1] 

E  

[GPa] 

W 174 3422  4.5 411 

Mo 138 2623 4.8 330 

Ta 57.5 3017 6.3 185 

Table 7.2: Typical values of thermal conductivity (K), melting point (Tf), the coefficient of 

thermal expansion (α) and elastic modulus (E) for tungsten, molybdenum and tantalum 

from [25].

Figure 7.1

Figure 7.1: Set-up used for the deposition of refractory metal FGS using the WAAM 

process.



Table 7.3

Table 

7.4

Electrode-to-workpiece distance 3.5 mm 

Tungsten electrode tip angle 45° 

Diameter of the electrode 3.6 mm 

Torch shielding gas composition 100% He 

Shielding gas flow rate 15 L min-1

Oxygen Atmosphere of Deposition <100 ppm 

Table 7.3: Values for the process parameters excluded from the factorization.

Layer Num. TS 

 [mm/s] 

WFS 

 [mm/s] 

I 

[A] 

1 4 20 300 

2 4 20 300 

3 4 20 300 

4 4 20 300 

5 4 20 300 

6 4 20 300 

7 4 20 300 

8 4 20 300 

9 4 15 300 

10 4 15 300 

11 4 15 300 

12 4 20 300 

13 3 20 300 

14 3 20 300 

Table 7.4: Procedure of deposition of the functionally graded structures. 



7.3 Results and Discussion 

7.3.1 Microstructure 

Figure 7.2

Figure 7.2: Microstructure of the entire deposited structure (a); Higher magnification 

micrographs of the tantalum to molybdenum interface (b) and the molybdenum to 

tungsten interface (c).



Figure 7.2

Figure 7.2a

Figure 7.2b

Figure 7.2c

Table 7.2



-

1 -1 -1 -1 

-1 -1 -1 -1 Table 7.2



Table 

7.4

7.3.2 Correlation between hardness and chemical composition 

Figure 7.3

Figure 7.3: Microhardness (black) of the graded alloys overlaid on W (green), Ta (blue) 

and Mo (red) composition versus the distance from the substrate top.



Figure 7.3



7.3.3 EDS maps and chemical analysis 

7.3.3.1 Interface between tantalum and molybdenum 

Figure 7.4a-c

Figure 7.4d-f

Figure 7.4: Back-scattered electron images (a)(d) and EDS elemental maps (b-c)(e-f) of 

the Ta-Mo interface.

Figure 7.4a,

Figure 7.4b Figure 7.4c



Figure 7.4d

Figure 7.4e Figure 7.4f

Table 7.2

-1 -1

-1 -1



7.3.3.2 Molybdenum to tungsten interface 

Figure 7.5

Figure 7.5b Figure 

7.5c

Figure 7.5: Back-scattered electron image (a) and EDS elemental maps (b-c) for the FGS 

between Mo and W; Back-scattered electron image (d) of the FGS between Mo and W and 

Table 7.5 with the elemental composition of the local chemical analysis (e). 



Figure 7.5d Figure 

7.6e  Table 7.5

Table 7.2

Figure 

7.3

Table 7.2

7.4 Conclusions 



•

•

•

•
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A1 Introduction 

Chapter 3

A2 Methodology 

A2.1 Experimental Set-up 

A2.2 Deposition Strategy 1 

Table A.1

Figure A.1

TS 

[mm/s]

I 

[A]

WFS 

[mm/s]

AGC 

[He%] 

Table A.1: Process parameters used for the Deposition Strategy 1. 
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Figure A.1: Substrate orientation with respect to the deposition for Deposition Strategy 1. 

A2.3 Deposition Strategy 2 

Table A.2

Figure A.2

TS 

[mm/s]

I

[A]

WFS 

[mm/s]

AGC

[He%]

Table A.2: c 

Figure A.2: Substrate orientation with respect to the deposition for Deposition Strategy 2. 

A2.4 Deposition Strategy 3 

Figure 

A.3
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Figure A.4

•

•

•

Figure A.3: Model of the clamping system used during the investigation (blue part: 

tungsten; red parts: copper/tantalum; orange part: copper).

Figure A.4: Description of the steps of the new strategy of deposition for tungsten. a) 

beginning of deposition onto the substrate; b) deposition of few layers of tungsten; 

c)deposition on top of the wall without substrate. 

Table A.3
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TS 

[mm/s]

I 

[A] 

WFS 

[mm/s]

AGC 

[He%] 

2 350 23.5 100 

Table A.3: Process parameters used for the Deposition Strategy 3. 

A3 Results 

A3.1 Deposition Strategy 1 

Figure A.5: Tungsten wall deposited using the Deposition Strategy 1.

Figure A.6: Different features found on the cracked features. 

Figure A.5

Figure A.6

Figure 

A.6a
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Figure A.6b

A3.2 Deposition Strategy 2 

Figure A.7: Tungsten wall deposited using the Deposition Strategy 2. 

Figure A.7

A3.3 Deposition Strategy 3

Figure A.8a Figure A.8b

Figure A.8c  FigureA.8d
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Figure A.8:  a) Top view of tungsten plate and copper lateral bars; b) Bottom view of 

tungsten plate and copper lateral bars; c) Top view of tungsten plate and tantalum lateral 

bars; d) Side view of tungsten plate and tantalum lateral bars.
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B1 Introduction 

B2 Methodology 

B2.1 Experimental Set-up 

Figure 4.1 Chapter 4

B2.2 Mechanical Properties 

Figure B.1

Figure B.1: Geometry and main dimensions of the 3-point bending test (a) and the Small 
punch test (b).
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B2.3 Residual Stresses 

Figure B.2a

Figure B.2b

b)a)

100 mm

25 mm

50 mm

Gauge volume locations

Figure B.2: Wire + Arc Additively Manufactured Tungsten Wall deposited on Tungsten 

substrate a); Microstructure of a Tungsten wall with suggested dimensioned Gauge 

Volumes b). 

Figure B.2b
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B3 Results 

B3.1 Mechanical Properties 

Figure B.3: Thin slices of tungsten structures cut using electro-discharge machining. 

Figure B.3

Chapter 4

Figure B.1

B3.2 Residual Stresses 
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C1 Introduction 

Chapter 5

C2 Methodology 

C2.1 Experimental Set-up 

Figure 5.1 Chapter 5

C2.2 Autogenous welds 

Table C.1

C2.3 Single-pass welds 

Table C.2
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Sample Name TS [mm/s] AGC [He%] I [A]

1 2 100 250

2 4 100 250

3 6 100 250

4 2 100 200

5 4 100 200

6 6 100 200

7 2 100 150

8 4 100 150

9 6 100 150

10 2 100 300

11 4 100 300

12 6 100 300

13 2 100 100

14 4 100 100

15 6 100 100

Table C.1: Process parameters for the tantalum autogenous bead-on-plate welds. 

Sample 

Name
TS [mm/s] I [A] AGC [He%] WFS [mm/s]

1B 4 250 100 20

2B 4 250 100 40

3B 4 250 100 60

4B 4 200 100 20

5B 4 200 100 40

6B 4 200 100 60

7B 4 300 100 20

8B 4 300 100 40

9B 4 300 100 60

Table C.2: Process parameters for the tantalum single layer depositions. 

C3 Results 

C3.1 Autogenous welds 

Figure C.1
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Figure C.1: Bead appearance of the tantalum autogenous bead-on-plates welds. 

C3.2 Single-pass welds 

Figure C.2: Bead appearance of the tantalum single layer deposition. 

Figure C.2
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D1. Introduction 

Chapter 6

D2. Methodology 

Figure D.1

Figure D.1: Scheme of the waveform of the current during pulsed deposition.
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Table D.1

Chapter 5.
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D3 Results 

Figure D.2: Comparison of the microstructure of the tantalum deposited structure using 

pulsed current. 

Figure D.2

Chapter 6 
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E1 Introduction 

Chapter 7

E2 Methodology 

E2.1 Experimental Set-up 

Figure 7.1 Chapter 7

E2.2 Tungsten on Molybdenum 

Table E.1
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Sample 

Name 

TS 

[mm/s] 

I 

[A] 

WFS 

[mm/s] 

AGC 

[He%] 

1Mo 4 350 10 100 

2Mo 4 350 15 100 

3Mo 4 350 20 100 

4Mo 4 350 25 100 

Table E.1: Process parameters used for the tungsten single layer deposition onto 

molybdenum substrate. 

Table E.2

Sample 

Name 

TS 

[mm/s] 

I 

[A] 

WFS 

[mm/s] 

AGC 

[He%] 

WMowall 4 350 20 100 

Table E.2: Process parameters used for the deposition of tungsten wall onto molybdenum 

substrate. 

E2.3 Tungsten on Tantalum 

Table E.3

Sample 

Name 

TS 

[mm/s] 

I 

[A] 

WFS 

[mm/s] 

AGC 

[He%] 

1Ta 4 300 5 100 

2Ta 4 300 10 100 

3Ta 4 300 15 100 

4Ta 4 300 20 100 

5Ta 4 300 25 100 

6Ta 4 300 30 100 

Table E.3: Process parameters used for the tungsten single layer deposition onto tantalum 

substrate. 

Table E.4
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Sample 

Name 

TS 

[mm/s] 

I 

[A] 

WFS 

[mm/s] 

AGC 

[He%] 

WTawall 4 300 20 100 

Table E.4: Process parameters used for the deposition of tungsten wall onto tantalum 

substrate. 

E3 Results 

E3.1 Tungsten on Molybdenum 

Figure E.1: Micrographs of the tungsten single layer depositions onto molybdenum 

substrate. 

Figure E.1

Figure E.2

Figure E.3

Figure E.4
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Figure E.2: Micrographs of the tungsten wall onto molybdenum substrate. 

Figure E.3: Micrographs of the fracture located at the fusion boundary of the tungsten 

wall onto molybdenum substrate. 

Figure E.4: Electron microscope image of the fractured surface between molybdenum 

substrate and tungsten wall. 
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E3.2 Tungsten on Tantalum 

Figure E.5: Micrographs of the tungsten single layer deposition onto tantalum substrate. 

Figure E.5

Figure E.6: Micrographs of the tungsten wall onto tantalum substrate. 

Figure E.6

Figure E.7
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Figure E.8

Figure E.7: Micrographs of the fracture located at the fusion boundary of the 

tungsten wall onto tantalum substrate. 

Figure E.8: Electron microscope image of the fractured surface between tantalum 

substrate and tungsten wall. 


