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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 pm 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.
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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.

Direct Energy Deposition

Powder Bed Fusion

I 1 I 1 1 ,—|—|
Electron Laser Laser + . Selective Electron
beam + ) Wire + Arc

wire Blown Wire AM Laser Beam
Powd Melti i
(sciaky) owder AM elting Melting

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

High geometrical

Limitations in the

volumetric build rate

accuracy
Electron Beam Melting High deposition speed Unrecyclable powder often
(EBM) Completely automated wasted
(2] Minimal residual Poor Surface finish
stresses and distortion Large maintenance
Small-scale components Require Vacuum
. Very high deposition Expensive equipment
Sciaky
[3] rate Large maintenance
Large-scale components Require Vacuum
As for Electron Beam
Selective Laser Melting
As for Electron Beam Melting but no vacuum or
(SLM)

(4]

Melting

large maintenance

required

Laser Blown Powder

Alloy composition can

be continuously varied

Large columnar grains
Anisotropic mechanical
properties

Distortion

High residual stresses

Entrainment of solid

(5] High deposition rate clusters into melt-pool
Flexible Porosity formation
Limitations on the tool
path for complex
components
Require Machining
High deposition rate
Wire + Arc Inexpensive equipment
As for Blown Powder
Additive Manufacturing Flexible
but no solid clusters and
(WAAM) Large-scale components

(6]

Theoretically no size

limitations

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.

Deuterium Helium
' 3
\ E
/ \ nergy
£ o
Tritium Neutron

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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2020

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.

Reactor First Wall Divertor Armour

coolant manifolds
(permanent)

16 TF coils
Divertor target plates with
modular thermal shield
(W alloy)

Dome and structure
(RAFM-ODS)

176 blanket
modules pol.
(5-6 yrs.

lifetime) tor. oo .
8 central b = [ ‘
ports - /
(modules)
rad.
vacuum vessel / 7
70 cm (permanent) /
4 p
divertor plates 8 lower ports Divertor cartrid,
(2 yrs. lifetime) > (divertor) (RAFM) .

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.
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Figure 1.6: Tantalum-tungsten phase diagram [30].
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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 (WOs), tungsten dioxide (WO2) and tungsten pentoxide
(W20s) [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 (Taz0s) [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, $-Taz0s is the low-temperature form, instead, a-Ta20s 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:
2WO03+3C—->2W+3CO2
WO03 +3 H2—> W + 3 H20

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)Taz20¢], columbite [(Fe,Mn)Nb20s¢] and tapiolite [(Fe,Mn)(Nb,Ta)20¢].
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

(Ta20s) 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.[6
total dimensions of the deposit.

1], reporting the

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 pm 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].

SEM HV: 1508V WO: 1480 rmen CAN SEM HV: 10.0 &V
SEM MAG: 200 x 200 pm SEM MAG: 200 x
View feld: 1.04 men  Date(mvdiy): 07241 or10or . I Panoe SEM MAG: 200 x Dete{midly): 04010

Flgure 1.11: SEM images showing the top surface of tungsten parts fabrlcated 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%] 0 [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.

Ivekovi¢ 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 Ivekovi¢ 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.

100pm
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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.

200 pm
]

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.

e 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,;

e 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;

e 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;

e 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:
e 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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e to design a suitable deposition strategy for large-scale tungsten
components developing appropriate process parameters and clamping

system;

e to characterise and understand the variation of the thermal properties of
tungsten structures over temperature and their relation with the

microstructure;

e 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;

e 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;

e 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:

22

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”. 1t 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

CHAPTER 1: INTRODUCTION



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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Paper A

“Effect of the shielding gas composition
and welding speed on autogenous welds of
unalloyed tungsten plates”

G. Marinelli* 3, F. Martina*, S. Ganguly*, S. Williams*
*Welding Engineering and Laser Processing Centre (WELPC), Cranfield University, Cranfield, MK43 0AL,
United Kingdom

Abstract

Tungsten is characterised by poor weldability and marked brittleness at room
temperature. For these reasons, tungsten welds are affected by the evolution of
cracks along the weld bead and a pre-heating step is required to reduce the
thermal straining. In this study, an operative window has been evaluated to
understand the working envelope for such refractory metal when using the
tungsten inert gas welding process. This has been achieved by varying the welding
speed and the shielding gas composition. In particular, five different gas mixtures
have been used, starting from 100% in argon to 100% in helium. The occurrence of
humping has been reported when using low-helium gas mixtures and when high
welding speeds were used. Furthermore, sound and defects-free autogenous welds
have been achieved without pre-heating and using a 100% helium arc. Thus, this
study has demonstrated that a helium-rich shielding gas is needed for the welding
of thick tungsten plates. Moreover, the low process-induced thermal shock coupled
with the purity of the alloy used aided to avoid the occurrence of any crack.
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2.1 Introduction

For many years, refractory metals and their alloys have been on the
attention of researchers because of their noteworthy properties and practicality
[1-3]. These unique aspects led the refractories to be considered valuable
materials for severe environment applications, as for example in the nuclear sector
[4-6]. Among the refractory metals, tungsten is considered a promising material
for its characteristic high melting point, good strength over a large temperature
range, high thermal conductivity and low thermal expansion. For these reasons,
tungsten has been identified to be one of the most capable to be used as structural
and confinement components of nuclear fusion reactors [5]. Moreover, tungsten is
considered suitable for aerospace applications including thermionic conversion

devices, re-entry vehicles and high-temperature fuel elements [7].

In spite of the high potential of tungsten, one of the biggest challenges for its
industrial application is the development of an effective joining technology [8], as
unalloyed tungsten generally exhibits limited weldability [9,10]. The main factors
that limit the weldability of this metal are the high melting point and density,
marked brittleness at low temperature, high reactivity over a wide temperature
range, the detrimental effect of impurities and the high residual stresses upon
cooling. Thus, processing of tungsten components depends markedly upon the
development of welding procedures able to produce sound and reliable joints in
order to ensure a robust integrity of large-scale tungsten structure, even in

complex configurations.

The high melting point and the high density lead to the necessity of a large
amount of heat in order to melt the metal and this could lead to marked grain
growth in the heat affected zone (HAZ) [8] and also to a marked depletion of the
welding equipment [9]. Most of the general advice with regards to the application
of various welding processes for refractory metals have been presented and
collected in the review of Scott and Knowlson [9] and the review of Olson et al.
[10]. Particularly regarding the application of tungsten inert gas (TIG) welding for
unalloyed tungsten, the joining must be performed in a high-purity inert

environment and all the surfaces of the material used should be properly cleaned
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in order to reduce the probability of failure due to contaminants [9,10].
Furthermore, the components to be joined need to be fixed for minimum restraint
and pre-heated, preferably above the ductile-brittle transition temperature

(DBTT), in order to overcome the limited plasticity of tungsten [9,10].

The manufacturing routes through which the tungsten components have
been manufactured also impact their weldability. In general, it has been reported
that parts produced via arc-casting (A-C) claimed a greater fabricability and higher
purity when compared to components manufactured via powder metallurgy route
(PM) and chemical vapour deposited (CVD) [9,11,12]. Joining tungsten
components manufactured via PM and CVD usually leads to the formation of
porosity [10]. The manufacturing route mainly influences the composition of the
component and so that the level of the interstitial element, the entrapment of
gasses and/or low-melting-point elements which lead to the formation of defects
[10].

Lessmann and Gold [12] have previously investigated the weldability of
unalloyed A-C tungsten and unalloyed PM tungsten sheets using TIG welding and
electron beam (EB) welding. Welding speeds between 1.5 mm/s and 20 mm/s
have been used in combination with no pre-heating, 250° C pre-heating and 700° C
preheating. The plates had a thickness of around 0.9 mm. They reported that the
pronouncedly higher thermal shock from the EB welding compared to the TIG
welding caused dramatic failures, including cracks transverse to the weld seam
and delamination of adjacent base metal [12]. The occurrence of cracks was
reported for both the manufacturing routes with the addition of porosity for the
PM tungsten sheets. The decreasing of process thermal shock seemed to have a
benefit on the welded structure through the weakening of occurrence in cracking.
In particular, this phenomenon is evident when using TIG welding coupled with

pre-heating at around 700° C [12].

The weldability of tungsten plates produced by A-C, PM and CVD was
evaluated using TIG welding in the work of Cole et al. [7]. The welds were
performed on 1.5-mm-thick plates in an inert atmosphere using a welding current

of 350 Amps, argon as a gaseous mean for the electric arc and a welding speed of
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around 4.0 mm/s. Welds on A-C material were free from porosity unlike the welds
performed on PM plates which were usually porous, particularly along the fusion
line [7]. The cracks were eliminated for single pass welds when using pre-heating
at around 150° C and it was reported that this temperature needs to be higher for

multi-pass welds.

Additional studies of welding of CVD, PM and vacuum A-C tungsten sheets
were reported by Farrell et al. [13]. They performed bead-on-plates welds on 1.5-
mm-thick plates using TIG welding in order to examine the occurrence of porosity
and cracks. The process employed the utilisation of complete inert atmosphere and
pre-heating at about 150° C. Pure argon was used as shielding gas, a welding
current between 310 Amps and 350 Amps and a welding speed of around 4.0
mm/s were used. Cracks were observed within the weld bead of PM and vacuum
A-C tungsten unlike the CVD tungsten plates, which presented cracks within the
HAZ. Their occurrence has been identified as intergranular hot cracks caused by

the growth and coalescence of grain-boundary pores [13].

Currently, there is few published research that describes the process
development and the weldment characteristics for unalloyed tungsten using TIG
welding. These investigations also mainly refer to the welding of thin tungsten
plates. Furthermore, no studies have been found to discuss the effect of different

gas mixtures as a gaseous mean for the electric arc for tungsten welding.

This study principally aimed to understand the correct process parameters
for tungsten welding when using TIG welding process and define an operative
window. In general, the intention of this study is to investigate the TIG welding for
the production of sound welds of unalloyed tungsten, without using pre-heating.
This has been achieved by exploring the relationship between two fundamental
welding parameters, welding speed and shielding gas composition, with the
weldment morphology. Moreover, an explanation regarding the causes of the
welding defects has been discussed and the microstructure of the tungsten welds

has been shown.
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2.2 Experimental Procedure

The autogenous welds were performed on commercially available
unalloyed tungsten plates. Each of the plates was 100.0 mm in length, 90.0 mm in
width and 5.0 mm of thickness and they were manufactured via powder
metallurgy. The chemical composition of the material used is listed in Table 2.1.
The surface of the material was ground and rinsed with acetone in order to
eliminate surface contamination before welding. Furthermore, high-purity argon

and high-purity helium were used as shielding gas.

w Mo Ta Ti \% Cr Fe C N 0 K
W 9999 <005 <0.05 <0.05 <0.05 <005 <005 <0 <10 <50 <I0
Plates ppm  ppm ppm  ppm

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

35 CHAPTER 2: PAPER A



Figure 2.1 shows the layout of the welding apparatus used in this study. In
particular, a conventional TIG torch and a power supply were used as welding
means. The heat source and the clamping system were attached to three linear
motorized high-load stages assembled in XYZ configuration. The tungsten plates

were held in position using the clamping system, also shown in Figure 2.1a.

A constant vertical force was applied along the long-side of the plates
achieved by applying the same torque to every screw of the clamping system. A gas
mixing system was used to study the effect of the shielding gas composition on
tungsten welding. In particular, two gas channels were used to mix argon and
helium in specific proportions. The two gasses were contained in two respective
gas cylinders, which were connected to the gas mixer. The outlet of the gas mixer
was directly connected to the welding torch. The apparatus was surrounded by a

heavy-duty enclosure used to ensure a low level of oxygen when purged with

argon.

Sample TS SGC

name [mm/s] 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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The process was recorded and monitored using a MC500S welding camera,
supplied by Redman controls & electronics, for the weld pool development and an
AMV 5000 for the arc voltage variations. An experimental plan was developed
considering shielding gas composition (SGC) and welding speed (TS) as variables
of the process while keeping constant the welding current (I) and equal to 350
Amps. Twenty 80-mm-welds on unalloyed tungsten plates were performed in this
study. In particular, four welds have been performed next to each other on the
same plate. Table 2.2 reports the main welding parameters for each weld. In order
to reduce the number of variables, some welding parameters were kept constant

throughout the experiments. These were:

e Electrode-to-workpiece distance = 3.5 mm;
e Tungsten electrode tip angle = 45°;
e Tungsten electrode diameter = 3.6 mm;

e Torch angle=90°.

A pre-heating step was not used in this study as it was difficult to integrate
a pre-heating mean within the experimental set-up used, preserving the integrity
of the manipulation system and of the plastic tent used for the argon confinement.
Furthermore, the continuous purging of cold argon would have led to uncontrolled
temperature variations of the work piece. Three sections of the weldments were
analysed as illustrated in Figure 2.2. All the metallographic samples were ground
and polished using paper discs of silicon carbide and then etched using the
Murakami’s reagent in order to study the occurrence of defects, the microstructure

and geometrical features of the melt zone.

a)
Longitudinal Transversal Top
Section Section Section

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).
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2.3 Results and Discussion

2.3.1 Operative window and bead morphology

Figure 2.3a shows the operative window explored in this study. In
particular, one variable was the shielding gas composition (SGC), indicated as a
percentage of helium within the mixture, and the other one was the welding speed
(TS). The black dots shown in the graph represent the single experiments,
according to the set of parameters reported in Table 2.2. The boundaries of each

region were drawn based on interpolated lines between the testing points.

d
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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).

Four main weld bead morphologies have been found for different
combinations of TS and SGC. These have been nominated for simplicity: No Weld
(Figure 2.3e), Humping (Figure 2.3d), Transient (Figure 2.3c) and Good Weld
(Figure 2.3b). The occurrence of each case has been illustrated as a coloured area

within the operative window of Figure 2.3a.

In general, the No Weld morphology occurred for relatively low-power
cases (low helium content) and it was characterised by the absence of clear and
visible melted surface. At these particular levels of power, the development of a
liquid pool did not occur during the process. Regarding the Humping morphology,

clear melted surfaces were visible but they were characterised by a periodical
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series of crests followed by depressions. A different weld bead morphology has
been encountered at relatively medium welding speeds and high content of helium.
In particular, the Transient case presented a visible transition from the humping
regime to a smooth weld within the same weld bead. The humps gradually
decrease their periodicity, eventually disappearing into a regular weld profile
towards the end of a weld. Confined at a high content of helium, from 75% to 100%
in composition, and low welding speed, between 1 mm/s and 2 mm/s, Good Weld
profiles have been recorded. Noteworthy were the absence of welding defects and

the absence of solidification cracks in these welds.

The occurrence of these morphologies has been directly related to the
process heat input and the arc characteristics of each specific mixture used. In
particular, it is well known that the heat input per unit length for the TIG welding
process is proportional to the welding current, the voltage drop of the arc column
and the welding speed, according to the following Eq.(2.1) [14]:

IV

Hipn =1 — (2.1)

Where Hin is the heat input per unit length, n is the process efficiency, I the

welding current, V the voltage and TS the welding speed. The process efficiency
was not measured in this study. The welding speed was directly varied as one of
the main parameters of the investigation instead, the voltage was changed
depending on the content of helium within the gas mixture. In fact, a helium arc is
characterised by an increased arc voltage when compared to an argon arc due to
its higher ionization potential [15]. In Table 2.3, the values of the average voltage
measured during the welding process for each gas mixture are reported and it is

possible to see that the voltage increased as the content of helium increased.

SGC [He%] Voltage [V]
0 14.5
25 16
50 18.5
75 20
100 215

Table 2.3: Average measured voltage for the different shielding gas compositions
(I=3504).

39 CHAPTER 2: PAPER A



The shielding gas composition can also affect the total heat flux of the TIG
welding process [16,17]. The influence of the gas physical properties on the
electric arc characteristics has been already investigated extensively [18]. In
particular, helium is characterised by a lower electrical conductivity, a higher
specific heat and a higher thermal conductivity with respect to argon [18]. The
mixtures of argon and helium have intermediate properties to those of the pure
gases [16,18]. Thus, the addition of a helium fraction to the argon increases the
thermal conductivity and the arc constriction promoting an increased heat flux and
current density to the workpiece [17]. Due to the high melting point and the
relatively high thermal conductivity of tungsten, a 100% helium arc and relatively
low welding speeds resulted to be essential for the formation and the development
of a regular weld pool. Higher welding speeds and lower helium content led to the

formation of humping defects mainly due to the reduction in heat input.

The efficiency of each gas mixture could have been estimated correlating
the weld pool dimensions or the hardness profile along the weld with the heat
input. These data have not been collected as the dimensions of the melted area and
of the heat affected zone were changing along the weld leading to a high degree of

inconsistency.

2.3.2 Humping formation

Figure 2.4 shows the microstructure of one of the samples produced and
characterised by the occurrence of humping defects. In particular, Figure 2.4a
refers to the longitudinal cross-section and Figure 2.4b refers to the top section of
the weld bead, as indicated in Figure 2.2. When analysing Figure 2.4a, it is
possible to notice that the average melting depth remained constant along the
weld although the occurrence of the humping. The average melting depth and the
average humping height resulted to be both equal to 0.7 mm with respect to the
top of the plate.

Moreover, the weld width and the humping pitch respectively were found to
be constant (Figure 2.4b) and equal to 3.8 mm and 6.0 mm. The humping mainly
occurred for a low content of helium over the entire range of welding speeds

employed and for high welding speed when a higher content of helium was
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employed. This means that the heat input was sufficiently high to melt the tungsten
plate but the liquid metal was pushed downwards and forced to flow towards the

rear of the weld pool, where it prematurely solidified.

Humping

’ ‘Melting
.- Width

; Humping
Pitch

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.

The constant humping pitch shows that this mechanism occurred regularly
along the weld. The occurrence of humping defects have already been reported for
high-speed and high-current welds [14,19-21] and it is defined as the occurrence
of an alternation of crests (humps) and valleys (undercut) on the top of the weld
[22]. In particular, increasing the welding speed beyond a certain critical limit
leads to the formation of the humping. This critical speed values decreases as the
welding current increases [23]. Furthermore, the composition of the arc gas

actually influences the total arc pressure, which contributes to the formation of the
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humping defects [23]. Generally, at high currents, the arc pressure causes a
marked depression on the weld pool surface [24], forming a thin layer of liquid
metal, called gouging region [19]. The humps start to form when the arc pressure
extends this region beyond the heat influence of the arc causing a premature

solidification of the thin liquid layer [20].
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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 shows a series of time-resolved images of the weld performed
using a welding speed of 1 mm/s and a shielding arc composition of 50% of argon
and 50% of helium. It is possible to notice the presence of a large depression on
the weld pool surface right underneath the arc column in Figure 2.5a. Here, the
weld pool has been reduced to a thin liquid layer that flows rapidly from the front
to the rear of the liquid pool (Figure 2.5b) through lateral channels [19]. For these
reasons, the liquid experienced an upwards deflection, forming the hump (Figure

2.5¢) and also, the lateral channels solidified as they were extended to a region
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away from the arc column [22]. In this situation, the depression located under the
arc column was not filled back with liquid metal and so the undercutting occurred
(Figure 2.5d) [14,19]. Thus, insufficient welding heat input causes humping as the
displaced metal under the arc pressure solidifies before completion of the flow.

This effect is enhanced at relatively high arc pressure and high welding speed.

2.3.3 Transient welding state

Figure 2.6 shows the evolution of the weld pool when using 75% of helium
within the gas mixture and a welding speed of 2 mm/s. It is possible to see how,
starting with the formation of humping (Figure 2.6a), the pitch of the humps
increased, after 12.0 seconds, as the weld progressed (Figure 2.6b). This occurred
until a transition to a regular weld profile was obtained (Figure 2.6c) specifically
toward the end of the weld, where the weld bead was not affected by the presence
of any defects. This scenario represents a transient welding state which was
mainly caused by three factors: the considerable variation in thermal gradient
caused by the decreasing in thermal conductivity of tungsten, the high content of

helium and the relatively low travel speed.

Welding

Direction
- Humping

Increment
Humping Pitch

4

L EEG

c)

be. A

Transition to Good Weld
Good Weld Profile

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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In particular, it is already known that the thermal conductivity of tungsten
decreases when the temperature increases [25-27]. In addition, the shear stress
exerted by the helium arc onto the weld pool was previously measured to be
smaller than argon and so that resulted to be for the arc pressure. [16,17,28].
Furthermore, it has been already seen that the frequency of the humping decreases
for relatively low welding speed, as a result of an increased heat input per unit
length [29]. For these reasons, as the weld progressed, the thermal gradient was
reduced, due to a constantly decreasing thermal conductivity. This led to an
increment with regards to the melting efficiency of the process towards the end of
the weld. The larger liquid volume was not completely displaced away from the arc
column, as occurred during humping, due to the higher metallostatic pressure and

the smaller arc pressure of the 75% helium arc [19,23].

2.3.4 Good weld

In Figure 2.7 is reported the weld pool evolution over time when 100%
helium shielding gas was used with a welding speed of 1 mm/s. It is clear that the
weld pool edges were clear and defined since the beginning of the process (Figure
2.7a). Furthermore, no occurrence of humping was registered for the entire weld

as shown in Figure 2.7b and Figure 2.7c.

L N

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.

The microstructure of the Good Weld achieved using 100% helium arc and 1
mm/s of welding speed is reported in Figure 2.8. In particular, Figure 2.8a shows
the transversal cross-section, Figure 2.8b shows the longitudinal cross-section
and Figure 2.8c shows the top section (Figure 2.2). An average melting depth of

1.45 mm and an average melting width of 6.3 mm were achieved in these
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conditions. No clear fusion line has been found at the interface between the melted
region and heat affected zone. Thus, a fusion boundary has been chosen according
to the sudden change in the grain dimensions and this has been used to measure
the average weld width and depth. The melted material seemed to be
characterised by numerous elongated grains extending from the bottom toward
the top of the weld pool. Each grain possibly nucleated from the smaller parental

metal grains and grew epitaxially toward the top of the weld pool.

Melting

Melting
Depth

Welding Direction

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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It has already been reported that elements like carbon, oxygen and nitrogen
tend to increase the brittleness of the welded material mainly due to their limited
solubility within tungsten [9,10]. In particular, they tend to segregate at the grain
boundaries promoting the formation of brittle compounds as carbides and oxides
[30]. Furthermore, the relatively low plasticity and the high modulus of elasticity
of tungsten lead to the development of a considerable level of residual stresses,
possibly causing the evolution of cracks upon cooling [10]. This is also influenced
by the main process parameters as welding speed and heat input. In fact, slower
welding speeds and higher heat inputs lead to a reduction of the process-induced
thermal shock [10]. Thus, the cracks in tungsten welding are mainly caused by the
high level of impurities and high process thermal shock, which causes high levels

of strain.

In this study, a great amount of energy has been used to achieve the Good
Weld condition. For this reason, the absence of cracks for the autogenous weld
performed in this study has been directly addressed to the extremely low level of
impurities (Table 2.1), the limited restraint from the clamping system (Figure

2.1) and the relatively low process-induced thermal shock.

2.4 Conclusions

In this research, the influence of the welding speed and the shielding gas
composition on the autogenous welds of tungsten plates has been investigated.
Furthermore, the occurrence of humping and the transient welding regime have
been also discussed referring the arc characteristic and the thermal properties of

tungsten. The summary of the main finding is reported below:

e The addition of helium to the shielding gas was necessary in order to
achieve effective melting of the 5-mm-thick plates using a welding current
of 350 Amps. In particular, a high content of helium is necessary in order to
develop a smooth and regular weld pool without any defects, for the

welding speeds studied;
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The occurrence of welding defects as humping was reported for high
welding speed or low content of helium within the shielding gas. In
particular, the humping defects were caused by the arc pressure and the
premature solidification of the weld pool rear. The occurrence of this type

of defect was associated with low heat input;

The transient welding state from the humping to the good weld profile has
been caused by the overall reduction of the thermal gradient, which is
associated with the reduction in thermal conductivity of tungsten with

temperature;
The absence of cracks within the good weld was mainly due to low thermal

shock, low level of restraining from the clamping system and the low level

of impurities of the tungsten plates.

This research has shown that it is possible to obtain defect-free welds of

tungsten plates without the use of pre-heating. The design of a proper heat source

is fundamental to preserve the weldments integrity. In particular, a low process

thermal shock and a high thermal energy resulted to be required to avoid the

occurrence of cracks within tungsten welds. An increased productivity could be

achieved by using pre-heating, which will lead to a further reduction of the thermal

gradient and thermal shock.

2.5
1.
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Abstract

The manufacturing of refractory metal components presents some limitations
induced by their characteristic low-temperature brittleness and high susceptibility
to oxidation. Refractory metal components are predominantly manufactured via
powder metallurgy route. Wire + Arc Additive Manufacture is a promising
manufacturing technique able to produce fully-dense parts at relatively low cost,
by using high-quality wire as feedstock. In this study, this technique has been used
for the production of large-scale tungsten linear structures. The orientation of the
substrate and that of the wire feeding have been optimised in order to achieve
defect-free deposits produced by fusion. Despite the repetitive thermal cycles, the
as-deposited structures were free from internal cracks and the layer dimensions
were stable during the entire deposition process. Based on the characterisation
and stabilisation of the process, a linear structure with the dimension of 210 x 75 x
12 mm has been successfully produced. This study has demonstrated that Wire +
Arc Additive Manufacture can be used to produce large-scale parts in unalloyed
tungsten by complete fusion, presenting a potential alternative to the powder
metallurgy manufacturing route.
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3.1 Introduction

For quite sometimes, the research has been focused on the development of
alternative energy generation sources, such as nuclear fusion [1]. In this
environment, the material selection is a key point to ensure an optimum service
life of the structural components of the reactor. Material with very high mechanical
properties, heat resistance and neutron load capacity are required for the
manufacture of high-quality components. Refractory metals and their alloys have
been on the attention of researchers because of their distinctive physical
properties, such as are the very high melting point, high density, and good thermal

and electrical conductivity.

Tungsten is one of the candidate materials for high performance and
advanced components in the field of innovative high-temperature energy
generation and conversion systems [1,2]. In particular, tungsten can be used as
plasma facing material in future fusion reactor [1,2]. This is directly related to the
attractive physical properties of tungsten. In fact, it is characterised by the highest
melting point among the metals, high density, relatively high thermal conductivity
at room temperature, low coefficient of thermal expansion, excellent mechanical
properties at elevated temperatures, high resistance to sputtering and erosion and

low tritium retention [3,4].

Due to their extremely high melting point, refractory metals, in particular
tungsten, are generally manufactured via powder metallurgy route and not
through melting or casting [5]. The combination of sintering and hot or cold
working plays a fundamental role in the powder consolidating and designing of the
final structure. The low fracture toughness, the high ductile-to-brittle-transition
temperature (DBTT) and the high recrystallization temperature, present also
significant challenges for the manufacturing and the structural application of
tungsten components [6,7]. Currently, there are three main manufacturing steps
that are being studied when referring to tungsten components for the application
in a nuclear reactor environment: the actual large-scale production of components,

the joining with other components and their efficient repair and maintenance.
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One of the most auspicious manufacturing technologies for such advanced
alloy can be Additive Manufacturing (AM), which is leading to a new industrial
revolution [8,9]. Three-dimensional structures can be promptly deposited starting
from 3D-model designs using a layer-by-layer approach [10]. The practical
advantages are the cost reduction, the freedom of design and the control of
mechanical properties [10]. Numerous researches have already reported the
potential of AM techniques for metallic materials, some of them are summarised in
[11,12].

The employment of an additive manufacturing process can definitely
address some of the manufacturing issues related to tungsten components,
possibly open for the development of new designs and approaches. In particular,
the tungsten tiles for the divertor can be produced in a more efficient way and
their properties can be fine-tuned for the final application. Functionally graded
structures produced with AM can lead to a controlled gradient, with regards both
composition and properties, which can enhance the structural integrity of the
components. Finally, due to the modularity and the extreme flexibility of some AM
techniques, the repair and the maintenance of tungsten plasma facing components
can be accomplished directly in-situ. This would markedly decrease the costs

related to the entire cycle of production of these components.

In the past, tungsten has been reported to exhibit limited weldability
[13,14]. Issues for fusion processes mainly are the pronounced cold brittleness, the
high melting point and the marked reactivity with environmental gasses over a
large range of temperature [15,16]. Fusion processes, as for instance arc welding,
would lead to the production of components with a high density of defects, as

cracks and pores, and heavy contamination, if not properly shielded [17].

Different studies of AM of tungsten have already been reported which
employed laser as the heat source and tungsten powder as the feedstock [18]. The
main challenges reported for the selective laser melting (SLM) process for
tungsten mainly are the high melting point, the low wettability and the brittleness
at low temperature [18]. For these reasons, most of the investigations available in

the literature were unable to the achieve fully-dense deposits, avoiding the
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predominant occurrence of micro-cracks and pores [19-22]. Tungsten
components for nuclear application should be characterised by a density as close
as possible to the theoretical density of tungsten, without any defects such as pores

or cracks, in order to increase their lifetime under neutron radiation.

In the feasibility study of Nie et al. [19], tungsten cubes were produced
using SLM, in particular, using a femtosecond laser as the heat source. The
components were characterised by the presence of discontinuities and porosity
throughout their volume. Wang et al. [20] reported about the production of pure
tungsten components using SLM, achieving density as high as 96% of the
theoretical tungsten density. Their study showed that when using polyhedral
tungsten powder there was a marked occurrence of balling resulting in large
defects and pores while using a spherical powder, continuous tracks were

achieved although a dense network of micro-cracks and porosity were present.

Furthermore, Ivekovic¢ et al. [21] also reported that extensive cracking was
observed for tungsten component produced via SLM, even when a pre-heating of
the substrate at 400°C was employed. They attributed the occurrence of cracks to
thermal stress build-up during the solidification, which is usually rapid for laser
processing, and to the presence of interstitial contaminants such as oxygen,
nitrogen or carbon. The solidification dynamics of tungsten powder were studied
by Zhou et al. [22] during the deposition using SLM. They found that tungsten high
surface tension and viscosity induced a relative slow wetting and spreading speeds

enhancing the balling phenomena.

Wire-feed technologies are emerging among the vast range of AM
technologies mainly because of their ability to produce large-scale components
[23,24]. Wire + Arc additive Manufacture (WAAM) is a novel AM process which
employs an electric arc as the heat source and high-quality metal wire as the
feedstock [25]. WAAM can directly fabricate fully-dense metallic large 3-D near-
net-shape components with a much higher deposition rate, in the order of several
kg/h, than most other metal additive manufacture processes [23,25]. The WAAM
process has been demonstrated to successfully produce large-scale parts in

stainless steel [26], Inconel [27], titanium [28] and aluminium [29], achieving even
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complex geometries. WAAM is considered to be a technique suitable for the
manufacture of large and engineered components because of its high deposition

rate, relatively low cost and high flexibility in the design [25,30].

However, there are no reported investigations on the Wire + Arc Additive
Manufacturing process of unalloyed tungsten. The main aim of this research is to
investigate the WAAM process for unalloyed tungsten. In particular, develop a
process which would lead to the production of defect-free fully-dense tungsten
components on a large scale. The design of a proper heat source, the study and
monitoring of the metal transfer and the characterisation under the
microstructural point of view are the main steps of process development
discussed. A design-scale structure has also been produced in order to understand
the issues related to the scaling up and the implementation of the process as an

innovative way to manufacture unalloyed tungsten functional parts.

3.2 Experimental Procedure

Unalloyed tungsten wire with a diameter of 1.0 mm was used for the Wire +
Arc Additive Manufacturing process. Unalloyed tungsten plates produced using
powder metallurgy route were used as substrates for the deposition. The plates for
the initial trials of deposition had dimensions of 80.0 mm in length, 10.0 mm in
width and 30.0 mm in height while, the plate used for the deposition of the large
tungsten linear structure had dimensions of 210.0 mm in length, 10.0 mm in width
and 30.0 mm in height. The surface of the plate was ground and rinsed with
acetone prior to deposition in order to remove most of the contaminants. The
composition of the materials used and of the linear structures deposited has been

reported in Table 3.1.

w Mo Ta Ti v cr Fe c N ) K
11
Substrate 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <10 <0 <10
ppm  ppm  ppm  ppm
Wire 9999 <005 <005 <0.05 <005 <0.05 <005 > <10 <0 <10
ppPmM  ppm  ppm  ppm
Large

& 99.99 <005 <005 <0.05 <005 <005 <005 X0 <10 <0 <10
Wall ppm ppm ppm 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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The study presented can be divided into three main parts with regards to
the development of the deposition process. They can be summarised as follows:
e Weld pool formation and geometrical stabilisation;
e Metal transfer from the wire to the weld pool;

¢ Deposition of large-scale tungsten wall.

All of the experiments were performed using the same clamping system and
the same welding apparatus. Figure 3.1 shows the clamping system used to hold
the substrate in the correct position. Figure 3.1a shows the complete assembly,
indicating each element of the system. The substrate was firmly held by two bars
and a lateral force was applied using a series of screws, which were pushing one of
the bars. These parts were connected to the main support and two lateral supports
which were fixed to the plate connected to the motorised stages. Figure 3.1b
shows the material of each element of the system. Copper has been chosen as a

backing plate and side clamping bars for its intrinsic high thermal conductivity.

a ) Screws for b) Tungsten

cub Lateral Force
ubstrate / Copper Copper

Copper Copper Copper

Main support —

4 9 '
fﬂ ‘
Steel
. Steel Steel
Lateral Support
\

Aluminium

|

Side Clamping Bars Stages connection

Figure 3.1: Schematisation of all the components used for the clamping system (a) and the
material used for each of them (b).

Furthermore, a conventional tungsten inert gas (TIG) welding torch, a
power supply and a controlled wire feeder were used for the deposition. The heat
source, the wire delivery system and the substrate were attached to three linear
motorized high-load stages assembled in XYZ configuration (Figure 3.2). The
apparatus was completely surrounded by a heavy-duty enclosure used to ensure a

low level of oxygen by purging with high-purity argon.

3.2.1 Weld pool formation and geometrical stabilisation
During this stage, the weld pool formation and its geometrical stabilisation

were studied, optimising the welding process parameters. In particular,
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autogenous welds were performed (without the addition of the wire) in order to
obtain the proper parameters to achieve a consistent melting of the tungsten plate.
Three autogenous welds of 80.0 mm in length have been performed using the
parameters reported in Table 3.2. In order to stabilise the thermal flow and,
consequently, the weld pool dimensions, a stationary arc was used. In particular,
the electric arc was left on and stationary at the beginning of the welding process
for different times according to the parameters in Table 3.3. This set of
experiments were performed using the set-up configuration reported in Figure

3.2b but without the addition of wire.

Electrode- Shieldi G
TS | w::kr(;ecee Electrode Electrode 1easmg ﬂ::v Oxygen
. P angle Diameter 8 . Atmosphere
[mm/s] [A] Distance ] [mm] composition rate [ppm]
[mm] [%] [L/min] PP
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.

El - hieldi

Stead ectr(Tde Electrode Electrode Shielding Gas Oxygen
TS I Y workpiece ) gas flow

Arc-on . angle Diameter . Atmosphere

[mm/s] [A] [s] Distance ] [mm] composition rate [ppm]
[mm] [%] [L/min] PP

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

During this stage, a wire was added to the welding process in order to study
the metal transfer to the weld pool. In particular, a study with regards the
orientation of wire feeding and its impact on the formation of eventual defects was
investigated. The wire feeding orientations used were the side-feeding and the
front-feeding approach. The layers were progressively deposited onto the
substrate using a single bead. The direction of deposition was always kept constant
for each successive layer. Two short walls were deposited using respectively wire
side feeding and wire front feeding. Figure 3.2 shows the layout of the apparatus

used for the deposition. The main coordinates are kept constant for both the
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schematics reported. Figure 3.2a shows the configuration of deposition for the
linear structure produced using wire side feeding and Figure 3.2b shows the
configuration for the wire front feeding approach. The deposition orientation was
adapted simply rotating the whole block of clamping and substrate as the wire
feeding system was kept fixed. In particular, deposition was performed parallel to

the Y-axis for the side feeding and parallel to the X-axis for the front feeding.

B TIG Welding Torch Z-axis
~
o
clled | e
0.0 oo
° r{ MR

Y-axis Clamping + Substrate Rail Y-axis Clamping + Substrate Rail

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).

In both Figure 3.2a and Figure 3.2b, the arrow placed close to the
substrate represents the movement of the substrate under the torch and wire
feeding system so that the actual deposition direction is considered opposite to the
arrow. The orientation of the camera was also changed for the two configurations
keeping the camera always pointed and focused on the side of the wall. The camera
was used to monitor the weld pool dimension and the metal transfer from the wire
to the weld pool. The two short walls were produced using the parameters shown
in Table 3.4. The parameters were kept constant throughout the entire process.
The parameters of deposition not shown were kept constant to the values reported

in Table 3.2 and Table 3.3.

TS WFS I Zteady
rc-on
[mm/s] [mm/s] [A] [s]
2 35 400 4.0

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

The microstructure and the nature of eventual defects were examined using

the cross-section perpendicular to the deposition direction for both side-fed and
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front-fed sample. The samples were polished using the procedure in Table 3.5 and

Murakami’s reagents were used as etching solution for 20 seconds each sample.

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 pm suspension 15
Alumina and silica 0.05 pm suspension 15
Colloidal silica 0.02 um suspension 15

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

3.2.3 Deposition of large-scale tungsten wall

A large-scale tungsten wall was built using the optimal set-up and
parameters developed during the previous phases of the investigation. In
particular, the linear structure was produced using the parameters shown in Table
3.4 and employing the front-feeding configuration. This was performed in order to
prove the scalability of the Wire + Arc Additive Manufacturing process. The wall
produced was characterised by the dimensions of 120.0 mm in length, 75.0 mm in
height and around 12.0 mm in thickness. The parameters were kept constant
throughout the entire process and the average layer height was measured to be

around 1.25 mm.

3.3 Results and Discussion

3.3.1 Substrate orientation and clamping system

The selection of the substrate orientation with respect to the heat source
and the utilisation of a proper clamping system was crucial aspects of the process
development. These were chosen based on previous experimental results which
were showing consistent substrate cracking caused by the thermal shock and the
residual stresses developed during the deposition. Therefore, a specific substrate
orientation and clamping system were used in this study in order to prevent the
development of lateral cracks and to achieve an even distribution of heat and
stresses during the process (Figure 3.1). A lateral clamping system was acting on
the lower side of the substrate in order to allow the substrate to just be held in
position. In this configuration, the upper part of the substrate was left free to

thermally expand or contract with regards to its length. In fact, the upper side of
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the substrate was not constrained by any colder surrounding metal, therefore, no
regions interested by dissimilar thermal shock were in direct contact during the
deposition process. Furthermore, this particular orientation of the substrate was
simulating a wall-like structure and this aspect made the layer geometry to be
more consistent since the beginning of the deposition as the total heatsink was

almost unchanged for the entire process.

3.3.2 Weld pool formation and geometrical stabilisation

A complete control of the weld pool dimensions and their preservation for
the entire duration of the deposition are required for an accurate prediction of the
layers’ geometry and to ensure the total stability of the process. Thus, the design of
a steady-state thermal flow is needed and it was achieved by studying the

interaction of the electric arc with the substrate, without the addition of the wire.

3.3.2.1 Autogenous welds

The time-resolved images of the autogenous welds of the tungsten
substrate using the three different arc currents (Table 3.2) are reported in Figure
3.3, Figure 3.4 and Figure 3.5. A frame time of 5.0 seconds has been used to
monitor and characterise the formation and the dimensions of the weld pool. In
each picture, the electrode tip, the arc column and the substrate are shown. For all
three autogenous welds, it is shown that there was melting of the tungsten
substrate after 5.0 seconds but no weld pool edges were visible from the side.
Clear weld pool edges and a constant weld pool size were achieved after 20.0
seconds when using a welding current of 350 and 375 Amps and after 15.0
seconds, when using a welding current of 400 Amps. This clearly showed that all
tests performed were characterised by a transient welding state. In particular, the
weld pool dimensions continuously increased from the beginning of the welding
process until reaching a constant state. Predictably, the weld pool size, measured

at the steady state, increased as the welding current was increased.

The presence of a transient welding state at the beginning of the process is
directly related to the transient thermal flow through the volume of the substrate

per unit of time. This is caused by the characteristic variation of thermal
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conductivity of tungsten. In fact, it is known that the thermal conductivity of
tungsten decreases as the temperature increases [31]. At the beginning of the
process, the substrate was cold and the material was characterised by a relatively
high thermal conductivity. This means that the material was able to efficiently
conduct the heat away from the surface facing the arc toward to the bottom of the
substrate. The temperature of the material surrounding the weld pool did not rise

because of the high-temperature gradient established.

As the process progressed in time, the temperature of the material
surrounding the weld pool increased as the system was not connected to an
infinite heat sink. This led to a progressive decreasing in thermal conductivity due
to the heat accumulation. The heat loss through conduction from the weld pool
progressively decreased allowing the weld pool to expand and increase its

dimensions.

Electrode

Arc

/

Substrate

15.0 sec 20.0 sec
B
B
Weld Pool Edg 4

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.
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15.0 sec 20.0 sec 25.0 sec

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.

This led to an equilibrium with regards to the heat flow as well as the weld
pool dimensions. Regarding the weld pool produced using 400 Amps, as more
power was used, the stabilisation of the weld pool dimensions occurred faster

when compared to the other two cases. This welding current was chosen for
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further investigations due to the larger weld pool dimensions respect with to the
other cases. In fact, a shallower weld pool would have been an unfavourable

condition for the addition of the wire.

3.3.2.2 Stationary arc start

The achievement of the steady-state heat flow was studied by involving an
additional step of weld pool formation and stabilisation. A stationary arc was used
at the beginning of each weld for different time durations. The weld pool evolution
under stationary arc is reported in Figure 3.6, Figure 3.7 and Figure 3.8
respectively for 3.5 seconds, 4.0 seconds and 4.5 seconds. All of the time-resolved
images present a liquid pool that formed at around 1.0 second from the arc strike
and progressively grew in width and in depth until solidification, when the electric
arc was turned off. A weld pool depth of 2.45 mm, 2.7 mm and 2.95 mm were

achieved respectively for 3.5 seconds, 4.0 seconds and 4.5 seconds stationary arc.

a) e 0.0sec

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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—
Welding Direction

20.0 sec

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 shows the time-resolved images of the autogenous weld
performed combining an arc current of 400 Amps, a travel speed of 2 mm/s and a
stationary arc for 4.0 seconds. It is clear that the weld pool depth was constant
since the beginning of the process. In particular, the weld pool depth was stabilised

around 2.75 mm between 4.0 and 8.0 seconds for the beginning of the process.

3.3.3 Metal transfer from the wire to the weld pool

The addition of the feedstock, wire in this case, to the weld pool was the
natural following step for the development of the AM process. The effect of the
wire feeding orientation on the deposited structure was studied using side feeding
and front feeding configurations (Figure 3.2a and Figure 3.2b). In particular, the
side feeding was obtained delivering the wire in the direction orthogonal to the
deposition direction, while, for the front feeding, the wire feeding direction and the
deposition direction were parallel. The study on the orientation of feeding was
fundamental in order to understand the potential and the flexibility of the process

developed.
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3.3.3.1 Wire side feeding

Figure 3.10 shows a sequence of time-resolved images of the tungsten
WAAM process when using the side-feeding configuration. It is important to note
the time frame length. A continuous liquid metal transfer from the wire to the weld
pool was kept constant for the whole layer deposition. The process was
characterised by the ejection of small particles for the entire deposition. In
particular, it seemed that these spattered particles were caused by two main

ejection mechanisms.

In Figure 3.10a, an arrow has been used to point out an ejection stream,
which was assumed to be caused by spattered particles coming directly from the
liquid pool. Contrarily, in Figure 3.10c the spattered particles seemed to have
been ejected from the liquid metal at the end of the wire. Spattered particles were
already seen for tungsten tiles exposed to helium plasma. Coenen et al. [32]
suggested that tungsten erosion may occur during high-temperature exposures by
evaporation and macroscopic mass losses from the melt, such as spraying or

splashing.

9.03 sec 9.06 sec

Ejections
from
' _weld pool

Ejections
from
wire

9.09 sec 9.12 sec 9.15 sec

Figure 3.10: Time-resolved images of the deposition performed using side-feeding
configuration.
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The droplets or macroscopic mass losses, localised predominantly along the
melted surface, were indicated to arise because of the Kelvin-Helmholtz instability
[32-34]. This phenomenon occurs when there is a difference in velocity across the
interface between two fluids. In the case of tungsten WAAM deposition, the
ejection of particles occurred due to the Kelvin-Helmholtz instability caused by the
different relative speeds and different densities of the liquid tungsten and the
helium plasma which created a velocity shear at their interface. Furthermore, it
has been reported that the Kelvin-Helmholtz instability can also lead to the
evolution of shock waves along the surface of the fluid causing a breakup of the

melt surface into droplets [35].
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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).
In order to understand the occurrence of the spattered particles, two simple
schematics, which describe the two different ejection modes during the deposition

of tungsten when using the wire side feeding, are reported in Figure 3.11. In
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particular, the ejection of the particles from the liquid metal at the end of the wire
is schematised from Figure 3.11a to Figure 3.11c, while, the ejection from the

melt pool from Figure 3.11d to Figure 3.11f.

When the arc welding process is performed on a wall-like workpiece, lateral
plasma plumes forms on each side of the workpiece due to the high plasma
velocity (Figure 3.11a). The effect is more pronounced when using helium instead
of argon as shielding gas due to the higher gas velocity at the core of the arc [36].
When the wire approaches the arc column from the side, the hot plasma gasses
from the arc plumes start to heat up and eventually melt the wire (Figure 3.11b).
The particle ejections occur when the liquid tungsten at the tip of the wire faces
the high-velocity stream of plasma gasses near the centre of the arc, due to the

Kevin-Helmotz instability (Figure 3.11c).

The particle ejections deriving from the weld pool could be caused by a
combined effect of the Kevin-Helmotz instability and a high level of disturbance on
the weld pool caused by the wire. This led shock waves to develop within the liquid
pool. The impact of the waves could have been high enough to overcome the
surface tension, resulting in the ejection of particles from the back of the weld pool

(Figure 3.11f).

In Figure 3.12a is reported the picture of the linear structure deposited
using side feeding. The silver surface denoted the complete absence of oxidation.
Both sides of the deposited structure using wire side feeding are compared in

Figure 3.12b and Figure 3.12c.

o

Wire Feeding Side Wire Feeding Opposite Side ¥

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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In particular, Figure 3.12b shows the wall appearance of the side from
which the wire was delivered to the weld pool, while, Figure 3.12¢ shows the wall
appearance of the opposite side. A large number of irregularities and small defects
were found on the outer surface of the wire feeding side (Figure 3.12b). The
occurrence of spattered particles, localised on this side of the structure, clearly
enhanced the formation of defects like voids and lacks of fusion. Further
investigations about the nature and the formation of these defects are reported

later within the microstructural analysis section.

3.3.3.2 Wire front feeding

Figure 3.13 reports a time-resolved image sequence of the tungsten WAAM
process employing wire front feeding. It can be clearly seen that the process was
characterised by a constant bridge transfer of liquid tungsten from the wire to the
weld pool. During the bridge transfer, the contact between the weld pool and the
tip of the wire was kept constant and this produced a smooth metal transition.
There was no presence of spatter or weld pool perturbation during the deposition.

The wire was constantly melted and transferred at a controlled rate.

§ 12.00 sec

Figure 3.13: Time-resolved images of the front-fed deposition process with a time frame
of 4.0 seconds.

The accurate management of all the fundamental parameters and strategy
of deposition lead to the full exploitation of the WAAM process potential for the
production of tungsten structures. The ejections from the liquid tungsten at the
end of the wire were considerably reduced when the front-fed approach was used.
This occurred because the wire was promptly transferred to the liquid pool,

without interfering with the lateral streams of high-velocity plasma gasses.
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3.3.4 Microstructure

The two linear structures deposited respectively by using wire side feeding
and wire front feeding were also the objects of microstructural characterisation.
The cross-section of the structures parallel to the deposition direction was used to
observe the presence of any defects and the crystal structure developed after

solidification.

3.3.4.1 Microstructure side-fed deposit

Figure 3.14a shows the microstructural features of the entire deposited
structure manufactured using the side feeding. The left-hand side corresponded to
the wire feeding side. In general, the absence of large columnar grains, typical of

other metal when deposited via WAAM [28,29], can be observed.
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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).

The microstructure was composed of equiaxed crystals near the bottom of the
structure (Figure 3.14a and Figure 3.14e) and larger elongated grains on the
upper part of the structure (Figure 3.14a and Figure 3.14b). The left-hand side,
the wire feeding side, was characterised by a high presence of defects as: lack of
fusion, porosity and micro-cracks among the pores as well as grain with a much

finer grain size (Figure 3.14b and Figure 3.14c).
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Starting with a cold substrate and cold clamping system surely enhanced a
faster solidification as the thermal conductivity of tungsten is relatively high at
room temperature. Furthermore, the rapid solidification rate of tungsten increased
the likelihood to form nuclei for the solidification within the liquid and at the
surface of the weld pool. These lead to a multidirectional solidification from
different nuclei during cooling, instead of epitaxial growth, which resulted in an

equiaxed-like microstructure.

As the deposition progressed, the structure gradually became hotter so that
it was characterised by a relatively lower value of thermal conductivity and also a
lower thermal gradient. Under these conditions, the actual solidification time
slightly increased and epitaxial growth occurred for some grains. After the
solidification, the heat was retained for a marginally longer time so that some
grains experienced grain growth resulting in a coarser grain size. These are the
reasons why coarser and elongated grains were formed in the microstructure of
the upper layers. The irregular distribution and asymmetry of the grains could be
attributed to the disturbance induced by the wire feeding from the side. The grains
around the defects on the left side were found to be considerably smaller than the
rest of the structure indicating that the wire feeding resulted in a local
temperature variation. The liquid metal delivered from the wire to the weld pool
also opposed or interfered with the internal flow of the weld pool. The occurrence
of porosity and lack of fusion may be addressed to the particles ejected from the
liquid tungsten at the wire-weld-pool interface and, also, to pores or voids within
the wire feedstock. The presence of these defects and the repetitive process
thermal cycles led to the formation of network of micro-cracks among the pores

and the lack of fusion.

3.3.4.2 Microstructure front-fed deposit

Figure 3.15a reports the microstructure of the entire deposited structure
produced using the front feeding. The crystallisation followed the same trend
already seen for the side-fed structure. In particular, finer equiaxed grains (Figure
3.15a and Figure 3.15e) were found in the initial layers of the structure and

coarser elongated grains (Figure 3.15a and Figure 3.15c) in the upper part of the
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deposit. The grains of the upper part seemed to be the result of multiple specular
dendritic structures propagating and meeting at the centre of the deposit (Figure
3.15c). The complete absence of pores and lacks of fusion within the front-fed
structure resulted to be directly correlated to the absence of spattered particles
shown in Figure 3.13. Thus, avoiding the formation of spatter is required in order

to preserve the structural integrity of the tungsten wall deposited via WAAM.

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 and Figure 3.16b show the large-scale tungsten structure
produced via WAAM using the parameters reported in Table 3.4 and the wire
front feeding approach. The wall reported represents one of the first large-scale
structures deposited in unalloyed tungsten using complete fusion by an additive
manufacturing technique. The unique aspects of this structure were the absence of
any large network of grain boundary cracks within the volume deposited, almost
absence of discolouration and oxidation from the fusion process and the constant
layer geometry achieved. Figure 3.16c¢ shows the detail of the surface of the linear
structure with a crack in the middle. In particular, this crack is also visible in

Figure 3.16b in the middle of the structure’s length extending from the baseplate
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to one-third of the deposit’s height. The crack was characterised by an
intergranular fractured surface and no additional intra-layer micro-cracks were
observed (Figure 3.16d). The occurrence of this single large crack was connected
to the deposition procedure. In particular, this structure was deposited on two
consecutive days, leaving the structure to completely cool down to room
temperature overnight. When the deposition process was restarted, severe
thermal shock developed within the already deposited part. Thus, the crack might

have been caused by the thermal shock of the first deposition of the second day.

12 mm
<>

a)

C) Macro crack
e

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

In this study, it has been proven that the Wire + Arc Additive Manufacturing
process is suitable and able to produce large-scale refractory metal components by
complete fusion. In particular, high-purity tungsten walls have been successfully

deposited without oxidation and with a high structural integrity and density. The

73 CHAPTER 3: PAPER B



design of a proper heat source allowed overcoming some limits of manufacturing

typical of unalloyed tungsten as its brittleness at room temperature and its high

melting point. The main finding of this study can be summarised as:

3.5

74

A controlled steady-state heat flow was required in order to obtain constant
and predictable weld pool dimensions. This has been achieved using a
stationary arc for 4.0 seconds which allowed the weld pool to fully develop

before starting the deposition;

The orientation of the wire feeding has a severe impact on the occurrence of
spatter and structural defects, such as pores and lacks fusion. In particular,
a defect-free tungsten structure was deposited when using the wire front

feeding approach;

The microstructure of the deposit was also influenced by the orientation of
wire feeding. A symmetrical and regular grain distribution has been
observed for the structure deposited using wire front feeding, unlike, the

structure produced using wire side feeding;

The Wire + Arc additive Manufacturing technology could be considered a
real candidate to replace the current method of manufacturing of tungsten,

ensuring the possibility to produce fully-dense large-scale components.
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Abstract

Tungsten is considered one of the most promising materials for the utilisation in a
fusion nuclear reactor chamber. A controlled production of large-scale tungsten
components could be beneficial to produce parts able to withstand irradiation in a
nuclear chamber as long as the integrity of the material is preserved during the
deposition process. Wire + Arc Additive Manufacture has been demonstrated to be
able to deposit defect-free large-scale tungsten structures, with considerable
deposition rate. In this study, the microstructure of the as-deposited and annealed
deposited material was characterised. Furthermore, the linear coefficient of
thermal expansion, the thermal diffusivity and the heat capacity were measured
for two orthogonal directions using dilatometry and laser flash analysis under
inert atmosphere. The thermal conductivity was also calculated. The annealing
process resulted in having a negligible effect on the microstructure. However, the
annealing step seemed to have reduced the residual stresses of the tungsten
structures. Thus, the heat treatment of the unalloyed tungsten structures after
deposition could be greatly beneficial. The results showed that Wire + Arc Additive
Manufacturing can be considered as a suitable technology for the production of
tungsten components for the nuclear sector.
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4.1 Introduction

The development of innovative sources of energy has always been
accompanied by an improvement with regards to the material fabrication and
material properties in order to ensure optimal energy conversion rates. The
controlled extraction of energy from the fusion nuclear reaction is one of the major
challenges of the time within the energy sector [1]. Considering this critical and
aversive environment of operation, the selection and production of advanced
materials play a crucial role in the final application of the new fusion reactors [1,2].
In this sense, tungsten has been considered for several years as the major
candidate to be used for both structural and confinement components [2-4]. In
particular, the helium-cooled divertor and helium-cooled first wall of the future
fusion reactors [1,2,5]. A suitable material for these specific applications should be
characterised by excellent mechanical properties over a wide range of

temperature, adequate heat resistance and high neutron load capacity [1,6].

The reason why tungsten is considered so valuable for nuclear applications
lies in its unique properties. In fact, it is characterised by the highest melting point
among metals, high density, relatively high thermal conductivity at room
temperature, low coefficient of thermal expansion and excellent mechanical
properties at elevated temperatures. Nonetheless, tungsten is also characterised

by a high resistance to sputtering or erosion and low tritium retention [7,8].

Nowadays, tungsten is almost exclusively manufactured via powder
metallurgy route and hot forming processes because casting would be difficult to
accomplish due to the extremely high melting point [9]. Coupling sintering and hot
or cold working with these manufacturing technologies, the powder consolidation
and the microstructure of the tungsten products can be finely controlled [9].
However, some physical properties of this metal, as the high ductile-to-brittle-
transition temperature (DBTT) and the high recrystallization temperature, can
represent a limiting factor and can also increase the cost of the production.
Furthermore, machining is necessary for the production of complex-shaped parts
[1]. This can also restrict the applications of tungsten components due to its

hardness and brittleness.
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An innovative way of manufacturing components is by using Additive
Manufacturing (AM), which can revolutionise the sector [10,11]. Building a
component layer after layer can give substantial results on the cost reduction, the
freedom of design and the control of mechanical properties [12,13]. Numerous
researches have already reported the potential of the AM of metallic materials,
some of them are summarised in [14,15]. Within the range of potential
technologies developed for AM, wire-feed technologies are strongly characterised

by the ability to produce large-scale components [16].

In particular, Wire + Arc additive Manufacture (WAAM) is a novel AM
process which employs an electric arc as the heat source and high-quality metal
wire as the feedstock [17]. WAAM can directly fabricate fully-dense large 3-D near-
net-shape components with a much higher deposition rate, within the order of
several kg/h, than most other metal additive manufacture processes [16,17]. The
WAAM process has been demonstrated to successfully produce large-scale parts in
stainless steel [18], Inconel [19], titanium [20] and aluminium [21] achieving even
complex geometries of deposition. Thus, a new way of designing and
manufacturing tungsten parts can be achieved by exploiting the benefit of the

WAAM process applied to unalloyed tungsten.

Rieth at al. [1] illustrated in their review the fabrication and the joining
approaches of tungsten components for nuclear fusion applications. The problem
of the mass production of large-scale components and the utilisation of brazing
were indicated as main points of improvement. The production of defect-free fully-
dense tungsten components on a large scale could favour the production and the
testing of prototypes in the nuclear reactor environment, decreasing the timeframe
for implementation. In particular, the main parts of the nuclear fusion divertor
could be entirely and promptly built in relatively short time. They could also be
assembled with the surrounding components possibly eliminating brazing through

the utilisation of controlled gradients in compositions.

Lastly, projecting this technology to the complete operating system of the
nuclear reactor, a flexible AM technology could be used to repair in-situ large areas

of the consumed tungsten armours without the necessity to disable and take out
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each of them from the main reaction chamber. The nuclear sector can definitely
benefit from a new modular and flexible manufacturing technology for tungsten

components.

The requirements for the best application in the nuclear fusion
environment of tungsten structural components are the following [1]: high thermal
conductivity; high-temperature stability; high recrystallization temperature;
sufficient ductility to operate under constant neutron irradiation. Furthermore,
isotropy of the microstructure and, in particular, the alignment of the grain can

greatly influence the behaviour of the tungsten tiles under high-heat fluxes [22].

The control of these microstructural features can possibly lead to the
optimum stress distribution and so the best operating condition avoiding failures
[1,22]. Heat flux tests reported that the maximum operating temperature of the
helium-cooled divertor should be around 1000 K - 1200 K for the lowest armour
temperature, above 2000 K for the armour surface and 800 K for the blanket first
wall [1]. Furthermore, the analytical expressions for some tungsten thermos-
physical properties relevant for fusion application have been reviewed in the work
of Tolias et al. [23]. Some of the thermal properties of tungsten manufactured via

different route are reported in Table 4.1.

Manufacturing p o k CTE Cr
Route [g cm3] [mm s-2] [W m1K-1] [wm m-1 K-1] [J g1 K1]
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
19.01 -- 175

60% def. [29]

Table 4.1: Values of density (p), thermal diffusivity (a), 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.

From Table 4.1, it can be seen that a strong relation lies between the
thermal properties and the density of tungsten components, particularly with the

thermal conductivity and diffusivity. The values of both thermal conductivity and
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thermal diffusivity at 293 K decrease when the density decrease. The relation

between linear thermal expansions and density is not clearly shown in Table 4.1.

None of the investigations available in the literature discusses the
employment of WAAM for the production of unalloyed tungsten or the thermal
properties of tungsten after deposition using an AM technology. In this study, the
microstructure and the thermal properties of unalloyed tungsten structures were
characterised in the as-deposited and annealed conditions. In particular, the
microstructure along three principal directions was analysed in order to obtain a
three-dimensional profile of the grains. The coefficient of linear thermal expansion,
the thermal diffusivity and the heat capacity were measured over temperature
using respectively dilatometry and laser flash analysis under an inert atmosphere.
The thermal conductivity was calculated from the diffusivity, heat capacity and
density, measured with hydrostatic weighing. The ultimate scope of this study was
to prove that the Wire + Arc Additive Manufacturing process is able to

manufacture large-scale unalloyed tungsten components for nuclear applications.

4.2 Experimental Procedure

Unalloyed tungsten wire with a diameter of 1.0 mm was used for the Wire +
Arc Additive Manufacturing process. An unalloyed tungsten plate, with dimensions
of 210.0 mm in length, 10.0 mm in width and 30.0 mm in height, produced by
powder metallurgy was used as substrate for the deposition. The surfaces of the
plate were ground and rinsed with acetone prior to deposition in order to remove
most of the contaminants. The analyses of the composition of all the materials used
in addition to the linear structure deposited were commissioned externally. In
particular, X-ray fluorescence (XRF) spectroscopy was used for the detection of the
major metallic atoms (W, Mo, Ta, Ti, V, Cr and Fe). LECO combustion analysis was
used for the measurement of the concentration of carbon, nitrogen and oxygen.
Finally, inductively coupled plasma optical emission spectroscopy (ICP-OES) was

used for the detection of potassium.
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Y-axis Clamping + Substrate Rail

Figure 4.1: Set-up used for the deposition of the tungsten structure via Wire + Arc
Additive Manufacture.

Figure 4.1 shows the layout of the apparatus used for the deposition. The
substrate was firmly held by a clamping system connected to the X-axis and the Y-
axis motorised linear stages. In particular, a lateral force on the substrate was
applied by two copper bars, using a series of screws. The wire was fed from the
front of the weld pool and deposited layer by layer onto the substrate using a
single bead. The direction of deposition was always kept constant for each
successive layer. A conventional tungsten inert gas (TIG) welding torch, a power
supply and a controlled wire feeder were used for the deposition. The heat source,
the wire delivery system and the substrate were attached to three linear motorized
high-load stages assembled in XYZ configuration. The apparatus was completely
surrounded by a heavy-duty enclosure used to ensure a low level of oxygen when
purged with high-purity argon.

The parameters of deposition were kept constant throughout the entire
process. They are reported in Table 4.2. The acronym TS refers to the travel speed
instead, WFS refers to wire feed speed. A large straight structure in tungsten was
produced with the dimensions of around 120.0 mm in length, 75.0 mm in height

and 12.0 mm in average thickness (Figure 4.5).
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TS [mm/s] 2

1[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.

Different coupons for the measurement of thermal properties were
extracted from the structure. In particular, twelve samples for laser flash analysis
(LFA), twelve samples for dilatometry (DIL) and six samples for microstructural
analysis. The geometry and the main dimensions of the LFA and DIL coupons are
reported in Figure 4.2. The DIL coupons had a cylindrical shape with a total length
of 20.0 mm and a radius of 2.5 mm (Figure 4.2a). The coupons used for the LFA
tests were small tiles of 10.0 mm in height, 10.0 mm in width and 3.0 mm in

thickness (Figure 4.2b).

10mm

Figure 4.2: Geometry and main dimensions of the coupon used for dilatometry (a) and the
coupon used for laser flash analysis (b).

The extraction plan of the coupons from the structure deposited and their
denomination is reported in Figure 4.3a. Additionally, Figure 4.3b shows their
position with respect to the deposition direction. The extraction of the samples
was conducted using electrical discharge machining (EDM). Half of the coupons
were tested in the as-deposited condition (As-Dep), while the other half was tested

after a thermal treatment (Annealed). In particular, after being cut by EDM, six LFA
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coupons, six DIL coupons and one microstructural sample were annealed to 1273

K for 6 hours under vacuum with a heating rate of 5 K per minute as stress-relief

annealing [30]. The temperature was constantly measured using two N-type

thermocouples. This temperature was chosen in order to simulate the annealing

step for defect recovery and aggregation of the tungsten tiles, after being exposed

to the nuclear fusion reaction[31,32]. In fact, a previous study showed that

dislocation density was decreased and voids were recovered by annealing the

tungsten samples at 1173 K [31-33]. In particular, Markina et al. [32] suggested

that higher annealing temperature than 1173 K could possibly be more beneficial.
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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).

The microstructure of the component in the as-deposited and annealed

condition was examined using three different cross-sections. In Figure 4.4, the Z-

axis is oriented parallel to the building direction, the X-axis parallel to the

deposition direction and the Y-axis perpendicular to the deposition direction.
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b) Front View C) Side View d) Top View

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 also reports explicitly the cross-sections used for the analysis.
They were called respectively Front View, Side View and Top View. The Front View
showed the microstructural features of the YZ plane (Figure 4.4b), the Side View of
the XZ plane (Figure 4.4c) and the Top View of the XY plane (Figure 4.4d).

The thermal analysis was performed by Swansea University. The linear
thermal expansion of the DIL samples was measured using a Netzsch DIL 402
dilatometer. The initial length of each sample was measured using a micrometre
and then, each sample was heated from 293 K to 1473 K at a rate of 10 K/min
under an argon atmosphere. Then, each sample was cooled at a rate of 10 K/min
back to room temperature at 293 K. The variations in length during the expansion
and the contraction cycles were recorded using the NETZSCH Proteus software. A
known alumina standard was used as a correction sample to remove the effective
thermal expansion of the sample carrier. The change in length with the
temperature with respect to the original length was indicated as dL/Lo and these
values were directly measured by the testing machine. The true coefficient of the
linear thermal expansion (at) was calculated by using the derivative dL/dT at a
single temperature according to Eq. (4.1). This is the slope of the tangent to the
curve of length against temperature. The calculations were performed using the

specific function of the Netzsch Proteus software.

1 (0L
a.(T) = I (5)19 (4.1)
Where Lo is the length at 300 K, T is the single temperature analysed and L

is the length of the specimen at that temperature.

The thermal diffusivity of each sample was measured using a Netzsch LFA
457. The thickness of each sample was measured using a micrometre and then
coated with a layer of graphite to increase the absorption of the laser radiation and
reduce reflection. Each sample was placed in a sample holder made of aluminium
titanate with a silicon carbide cap. In particular, a three position sample holder
was used and it was filled with two tungsten samples and a Pyroceram 9606
reference standard. Successively, the sample holder was inserted in the high-

temperature furnace chamber which was evacuated and backfilled with argon. A
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sustained flow of 100 ml per minute of argon was used throughout the experiment.
The temperature change of the sample was detected using an InSn IR detector
cooled by liquid nitrogen. Temperature steps of 50 K were taken within the
temperature range from 293 K to 1273 K. Five shots were performed at each
temperature step and the individual diffusivity results measured and then
averaged as well as the standard deviation. The thermal diffusivity of each shot
was calculated using the Cowon method with pulse correction applied [34]. This
model takes into account heat loss from all surfaces of the sample. The values of
thermal diffusivity for different temperature were calculated using the NETZSCH
Proteus software. From the thermal diffusivity data, the specific heat capacity was
also calculated using the Pyroceram reference and the ratio method. In particular,
the Netzsch Proteus software analysed the infinite time extrapolated, heat loss
corrected voltage of the detector signal corrected by the amplification factors and

calculated the heat capacity according to the following relation (Eq. (4.2)):

CSample _ Tolgef. QSample VSample pRef..DRef. dz,sampleOrifice CRef- T 42
p _TSample' QRef. ' yRef. 'pSample.DSample' d2.Ref.Orifice *~p ( ) ( - )

0

The bulk density of each sample was measured using the method of
hydrostatic weighing, employing Archimedes' principle [35]. A tensiometer was
used to determine the weight of the sample in air and in distilled water. From the

Aweight, the density can be calculated using the Eq. (4.3):

w
Psamp = Z W (4.3)

Where p sample is the density sample, Z is the water density, W is the sample
weight in air, AM is the difference between weight in air and weight in water. The
air and water density values at 300 K were used for calculation. The change in
density during heating was also taken into account by using the thermal expansion
data from the DIL measurements. The temperature-dependent density was

calculated using the Eq. (4.4):

p(T) = ("— (4.4)

AL
1+E(T))3

88 CHAPTER 4: PAPER C



Thermal conductivity was calculated from the thermal diffusivity, the
specific heat and the bulk density as measured and calculated, according to the

Laplace relation (Eq. (4.5)):

K(T) = «(T). p(T). C,(T) (4.5)

Where k is the thermal conductivity, a is the thermal diffusivity, p is the
density and Cp, is the specific heat capacity.

4.3 Results and Discussion

4.3.1 Appearance and chemical analysis

Figure 4.5 shows the tungsten structure built for the study. The layers
were regular and smooth. Despite a marked propensity of tungsten to the
oxidation at high temperature, the effectiveness of the inert argon atmosphere to
prevent contamination and oxidation can be assessed by the shiny silver surface of

the deposit.

\“w‘o
N

URTEE)

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

The composition of the materials used and of the linear structure deposited
is reported in Table 4.3. The data reported refers to the bulk composition of the
material analysed. The results of the chemical analysis clearly assessed that the

tungsten structure manufactured via Wire + Arc Additive Manufacturing has a
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high-purity of 99.99 wt.%. Comparing the composition of the wire and the wall, it
is possible to assess that no additional contamination was registered due to the

deposition process.

W Mo Ta Ti V C Fe C N 0 K
11

Substrate 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <10 <50 <10
ppm  ppm  ppm  ppm
33 <10 <50 <10

Wire 99.99 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
ppm ppm ppm ppm

<10 <10 <50 <10
ppm ppm ppm ppm

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

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

study.

4.3.2 Microstructure

Figure 4.6 reports the microstructure of both as-deposited and annealed
structure in the YZ plane (Front View). The bottom of both samples presented was
located around 10.0 mm away from the substrate. The two samples were extracted
from the same structure and only one of them (Figure 4.6b) was successively
subjected to thermal treatment. It can be seen that the annealing process at 1273 K
for 6 hours did not have any significant effect on the microstructure. The shape, the
size and the orientation of the grains are similar for both cross-sections.
Furthermore, it is possible to underline a marked symmetry with regards to the
grain shape and orientation respect to the centre of the structure. In particular,
two specular arrays of columnar grains inclined at around 45° both pointing
toward the centre of the structure were formed during the solidification. The
presence of these grains was more predominant on the upper part of both samples.
A few conglomerates of finer equiaxed grains were also found and located close to

the lower part of the samples.

To fully understand the development of the microstructure of tungsten
after deposition, two other additional planes of the only as-deposited structure are
reported due to the negligible effect of the heat treatments on the microstructure
seen in the annealed sample. In particular, the plane XY (Top View) and the plane
XZ (Side View) have been polished and etched in order to reveal the

microstructure, which is reported in 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).

Deposition Direction

Deposition Direction
—_— —

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

Figure 4.7a shows the shape and orientation of the grains for the Top View

and, in particular, the visible region is represented by the last 27.0 mm of the layer
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located at 60.0 mm from the substrate. Once again, two specular arrays of grains
appeared to have developed during the solidification. The grain observed seemed
to be part of a regular pattern in which each grain elongated from the side toward
the centre of the layer. Furthermore, each grain seemed to be slightly inclined with
respect to the deposition direction. Toward the very end of the deposit, the
elongated grain progressively changed the orientation and the presence of few
finer grains was also observed. Figure 4.7b reports the microstructure of the Side
View. A consistent array of long and parallel columnar grains has been observed. In

particular, each grain was also inclined to around 45° pointing toward the

direction of deposition.

(oun T o
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 reports details of the microstructure found respectively on the
etched surface for the Top View (Figure 4.8a) and the Side View (Figure 4.8b). A
few localised pores were found around the very end of the deposit also
accompanied by few finer grains. Furthermore, wavy grain edges were observed
(Figure 4.8b) which was possibly caused by the progressive remelting of various
layers’ deposition.

Based on the observation of the grains shape and orientation from the
different views already reported (Figure 4.6 and Figure 4.7), the microstructure
of unalloyed tungsten after the deposition has been reconstructed and schematised
in Figure 4.9. In particular, the shape and volume of a single grain have been

initially reconstructed in three dimensions in order to resemble the appearance
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shown on the different planes reported and successively, a complete assembly has
been constructed using two specular arrays of the single grain. The full schematic
of the microstructure has been reported in Figure 4.9c. A strong similarity exists
among the three views of the real sample (Figure 4.6a, Figure 4.7a and Figure
4.7b) and the corresponding schematic (Figure 4.9b, Figure 4.9a and Figure
4.9c¢). Thus, the microstructure of the unalloyed tungsten after deposition using
WAAM can be described as composed of two main series of large columnar grains

related by a specular symmetry with respect to the structure centreline.

Top View Cross Section
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Front View Cross Section Side View

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).

The recrystallization temperature of metals typically ranges between 50%
and 70% of their melting temperature. The recrystallization temperature of
tungsten is reported to be above 1500 K [36]. In this study, the annealed sample
was heat-treated at a lower temperature so that neither crystal reorientations nor
grain boundary migrations occurred during the treatment. The temperature and
time of the post-deposition heat treatment have been chosen in order to
accomplish a stress relieving treatment. For this reason, a negligible effect of the
heat treatment on the microstructure was expected (Figure 4.6a and Figure

4.6b). The change in size and the distribution of the grains showed along the
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height of both as-deposited and annealed structures has been mainly caused by a
progressive change of both the thermal properties of the material and substrate
temperature (Ts) before the deposition of each layer. Figure 4.10 illustrates four
schematics in order to correlate these variations with the formation of the
microstructure. In particular, the schematics from Figure 4.10a to Figure 4.10c
represent how the solidification mode changes with the temperature of the
substrate and the concurrence of conduction and radiation to the total heat flux

through the structure. These three schematics refer to the plane YZ (Front View),

the heat fluxes are indicated as q.')_G> and their direction with a dashed arrow.
Furthermore, Figure 4.10d shows the Side View of a weld pool during the process

and the solidification of the grains starting from the back of the weld pool.

The scenario reported in Figure 4.10a refers to the deposition of one of the
initial layers when the substrate is cold with a temperature around room
temperature (Tsx RT). The heat is greatly dissipated from the weld pool bottom
toward the bottom of the substrate due to the high thermal gradient and the
relatively high thermal conductivity of tungsten at around room temperature. This
leads to obtain an increased amount of nucleation sites within the weld pool.
Furthermore, the flow of the plasma arc slightly cools the surface of the weld pool
enhancing the formation of additional solidification nuclei due to the fast
solidification rate of tungsten. For these reasons, the entire liquid volume was
pervaded by numerous nucleation sites which promoted the heterogeneous
nucleation and multidirectional solidification. This is the reason why finer
equiaxed grains have been found near the interface between the substrate and the

deposited structure.

In Figure 4.10b reports the situation in which a few layers have already
been deposited and so that the heat starts to accumulate, increasing the
temperature of the substrate (Ts > RT). The major heat flow is pointing
predominantly in the same direction of the previous case, but it is characterised by
a slower heat flow rate. This is caused by the smaller temperature gradient
between weld pool and substrate, and the lower thermal conductivity of tungsten

at that temperature. In fact, it is already known that the thermal conductivity of
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tungsten decreases with increasing the temperature [25-27]. The thermal
conductivity has been also measured in the current study and it is reported in the
next section about the results of the LFA analysis. Under these conditions, the front
of solidification advances linearly and parallel to the main heat flow direction.
Columnar grains start to grow epitaxially onto the partially-melted grains at the

bottom of the weld pool.

Front View
solidification Solidification Epitaxial solidification Change direction
nuclei from nuc.lei from from previous layer solidification
a) Weld Pool weld pool surface ~ Previous layer b) Weld Pool C) Weld Pool
%
be<---1/
| I" e
| be N re !
1 v 1 1
_ Ts>RT
Future gr.ain Future grain Future grain
boundaries boundaries boundaries
Substrate Substrate Substrate
Higher Thermal o Lower Thermal
Conductivity “" Conductivity
d_); = Heat Flux d ) Electrode
_ _, Direction Weld Pool Wire

Heat Flux Epitaxial
solidification
from back of the
weld pool

7/
P bg Future grain
boundaries

Deposition Direction

Side View
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 reports the schematic relative to the evolution of the case in
Figure 4.10b when an “N” number of layers have been deposited and the
substrate reached a temperature largely higher than room temperature (Ts>> RT).
The thermal conductivity of the material located below the weld pool is interested
in a significant drop and the thermal gradient resulted to be additionally
decreased. At very high temperatures, radiation starts to play a considerable role
in the dissipation of the heat from the weld pool. In particular, the radiation heat
transfer effectiveness increases with increasing temperature according to the
Stefan-Boltzmann Law and also tungsten is characterised by a relatively high
emissivity [37]. During the deposition, only the material around the weld pool

reaches an enough high temperature in order to consider radiation effective. Thus,
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the sides of the structure close to the weld pool are cooled slightly more than the
bulk of the material below the weld pool so that locally higher-thermal-
conductivity regions establish on the side of the weld pool. For this reason, lateral
additional heat flows compete with the main flow through the bulk causing the
heat to be extracted slightly more efficiently toward the side of the structure. As
the front of solidification usually advances following the direction of the heat
extraction, the columnar grains start to solidify with a different orientation with

respect to the case in Figure 4.10b.

Figure 4.10d reports the usual shape of the weld pool during deposition
from the Side View. As the deposition process involved a moving heat source, the
back of the weld pool usually results to be inclined. Under these conditions, the
main heat flow points toward the “coldest” part of the structure, the substrate. The
inclination of the columnar grains clearly visible in Figure 4.7b has been caused
by the direction of heat flow of a process involving a moving heat source. The
deposition of tungsten via WAAM with a short and constant time interval between
the deposition of each layer led to the formation of a microstructure characterised
by the crystal structure reported due to the changes in heat transfer. This was
mainly caused by the heat accumulation and the variation of the thermal

conductivity of tungsten with temperature.

4.3.3 Dilatometry

The typical thermal expansion curves from 300 K to 1473 K for the as-
deposited and annealed samples are reported respectively in Figure 4.11a and
Figure 4.11b. For both graphs, the black curve is associated with the longitudinal
samples (Long) and the red curve to the vertical samples (Vert). Furthermore, the
solid line refers to the heating phase of the measurement cycle instead the dotted
line refers to the cooling phase. Both as-deposited and annealed material expanded
almost linearly with increasing temperature.

Figure 4.11a reports the typical thermal expansion of the samples tested in
the as-deposited condition in vertical and longitudinal direction. It is possible to
observe a marked difference between the testing cycles for the two directions. The

samples extracted in the vertical direction (Vert As-Dep) presented a narrow
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hysteresis loop unlike the samples extracted in the longitudinal direction (Long As-
Dep), which presented a much wider hysteresis loop. Furthermore, the heating
curve of the Long As-Dep sample recorded a change in slope at around 1050 K.

This also led to a residual strain of 4.55 mStrain at around 450 K after cooling.

As-Deposited Samples
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9.00 4
8.00 4
7.00 4
6.00 4
5.00 4

dL/L,

[mStrain] 40 1
3.00 4
2.00 4
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0.00 + T T T T - T
250 450 650 850 1050 1250 1450
-1.00 -
Temperature [K]
--Vert Cooling Curve  —Vert Heating Curve  —Long Heating Curve  --Long Cooling Curve
Annealed Samples
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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 reports the typical thermal expansion curves of the samples
tested in the annealed condition in both vertical and longitudinal direction. A
marked consistency and similarity can be promptly highlighted in term of
hysteresis width, maximum levels of strain at 1470 K and the average slope of both
heating and cooling curves. Furthermore, the maximum strain at 1470 K recorded
for the annealed samples was similar to the maximum strain achieved for the Vert

As-Dep samples.
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Figure 4.12: The variation of the a; over temperature for the heating and cooling phase of
the as-deposited samples (a) and annealed samples (b).

The variation of the true coefficient of thermal expansion (at) between 300
K and 1473 K is reported in Figure 4.12 for the as-deposited and annealed
samples. It can be seen that all samples were characterised by a negative true
coefficient of thermal expansion at the beginning of the test. This is due to the
initial heating stage within the instrument where the sample carrier is heated
before the sample due to the radial furnace. This is measured as the sample
effectively shrinking. Then, the ot started to stabilise at around 450 K. On the other
end of the temperature spectrum, between 1050 K and 1473 K, pronounced

variations were recorded, especially for the Long As-Dep samples. On average, the
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linear coefficient of thermal expansion resulted to be between 4.5x10-¢ um m-1 K-1
and 6.8x10-¢ um m-1 K-1,

In general, no major or sudden changes with regards to the slope of the
thermal expansion curves have been recorded within the temperature range
examined a part of the Long As-Dep samples. The higher maximum strain on
heating and the higher residual strain on cooling of the Long As-Dep samples with
compared to the Vert As-Dep samples could have been caused by the formation of

cracks within the volume of the longitudinal samples.

Tungsten is characterised by a ductile-to-brittle temperature transition
(DBTT) which depend on the manufacturing route and it lies in broad temperature
intervals [38]. It is known that the utilisation of an additive manufacturing
technique almost inevitably leaves some degrees of residual stresses within the
volume of the deposited structure [39]. Typically type II residual stresses remain
also after cutting as they particularly refer to intergranular stresses [40].
Furthermore, the grain boundaries are known to be the preferred sites of crack
nucleation in tungsten [38,41]. Thus, three main factors that could have had
contributed to the development of cracks during testing mainly for the Long As-
Dep samples are: the brittleness of tungsten at relatively low temperature, the
presence of residual stresses due to the deposition process and the orientation and

density of the grain boundaries with respect to the direction of expansion.

Base of the Side of the
Cylinder Cylinder

a) laVava ert As-De
\\ Vert As-Dep

* () [T weson

EXPANSION DIRECTION

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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The reconstruction of the microstructure of the longitudinal and vertical
samples with respect to the expansion direction is reported respectively in Figure
4.13a and Figure 4.13b. Referring to the orientation of the microstructural planes
already analysed, for the Vert As-Dep samples the side of the DIL cylindrical
coupon corresponding to the Front View (Figure 4.6a) instead, for the Long As-

Dep, the side of the coupon corresponded to the Side View (Figure 4.7b).

It is possible to notice that the Long As-Dep samples were characterised by
a series of long and parallel grain boundaries oriented at around 45° with respect
to the expansion direction unlike the Vert As-Dep samples, which presented two
series of grains in specular symmetry. The as-deposited samples were likely to
have higher residual stresses from the deposition compared to the annealed
samples. For this reason, the additional level of strain applied during the
dilatometry could have led to the formation of micro-cracks. The presence of these
volumetric features could have abruptly increased the length of the specimen
registering a pseudo increase in the level of strain. The cracks and the voids may
have started to develop and successively grow around 1050 K when the change in
slope occurred for the Long As-Dep samples. This has occurred only for the
longitudinal samples and not for the vertical samples due to a marked difference in
microstructure in these two directions. The cooling curve of the as-deposited
samples was not affected by these phenomena because the residual stresses of the
samples were redistributed during heating due to the formation of the cracks and

voids.

The absence of abrupt changes in strain for the annealed samples has been
addressed to the heat treatment. In particular, the annealing process seemed to
have eliminated a significant part of the residual stresses decreasing the risk of
cracks development during expansion. Additionally, the heat treatment could have
promoted the dissolution of interstitial from the grain boundaries to the tungsten

bulk.

The eventual occurrence of micro-cracks was clearly visible from the trend
of the true coefficient of linear thermal expansion. In the Long As-Dep samples, the

curve started to be heavily affected by high-amplitude fluctuation after 1050 K.
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The occurrence of micro-cracks upon heating recorded for all the samples needs to
be investigated in depth. Based on the characterisation presented in this study,

these aspects were not clearly understood.

4.3.4 Laser Flash Analysis

Figure 4.14 reports the trend of thermal diffusivity over temperature
ranging from 300 K to 1300 K. The red line refers to the vertical samples (Vert)
and the black line refers to the longitudinal (Long) samples for both as-deposited
(Figure 4.14a) and annealed (Figure 4.14b) coupons.
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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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A decrease in thermal diffusivity of around 44% from 300 K to 1300 K has
been registered for all the testing conditions. The measured values of thermal
conductivity at room temperature and their variation over temperature seemed to
be unaffected by the annealing process. Furthermore, the thermal diffusivity
values of the two main directions tested were relatively close so that the material
exhibited a marked isotropy. It is also noticeable that the two curves associated
with the Annealed samples were characterised by an appreciably smaller gap

between themselves when compared to the as-deposited samples.

Table 4.4 reports the values of the average density (p) corresponded to the
sample tested for the LFA measurements. The theoretical density of tungsten at
300 K is 19.3 g/cm3and the difference in percentage between this value and the
measured ones (pr) are also reported in Table 4.4. In Table 4.4 are also reported
some of the calculated values of density, in particular, at 800 K and 1300 K. The
values of each condition over temperature were calculated starting from the
density at room temperature and taking in account the data from the dilatometry
using Eq. (4.4). As result of the calculation, a global reduction of around 2.0% from

300 K to 1300 K was registered for all testing condition.

Samples Ave.pat293K  Standard Calc. pat 800 K Calc. pat1300K PR
Set [g/cm3] Dev. [g/cm3] [g/cm3] [%]

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.

The error associated with the measurements of the density using the
Archimedes’ principle is usually around + 1 g/cm?3 and for this reason the values
recorded can be considered within the error limit [42]. Figure 4.15 reports the
variation of the specific heat capacity at constant pressure (Cp) over the range of
temperatures from 300 K to 1300 K. Once again, the red line refers to the vertical
samples (Vert) and the black line refers to the longitudinal (Long) samples for both

as-deposited (Figure 4.15a) and annealed (Figure 4.15b) coupons. In general, for
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all of the conditions tested, the heat capacity tended to increase as the temperature
increased. Furthermore, the curves of the heat capacity over temperature for the
samples extracted in the vertical direction increased progressively with no abrupt
variations unlike the curves obtained from the longitudinal samples. The abrupt
increment in heat capacity occurred at around 873 K for both as-deposited and
annealed. Considering the values of heat capacity at 300 K and at 1300 K, a total
increment of around 14% has been registered in the vertical direction and an
increment of around 25% has been registered in the longitudinal direction for both

as-deposited and annealed.
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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 reports the thermal conductivity (k) calculated over the range
of temperature from 300 K to 1300 K using Eq. (4.5). The colour code used in the
previous graphs has also been applied to the graphs in Figure 4.16. In general, a
decreasing trend was registered for the thermal conductivity when the testing
temperature increased for all the condition tested. Thus, there was a reduction of
around 35% for both as-deposited and annealed samples within the range from
300 K to 1300 K. The abrupt variations measured with respect to the heat capacity
were obviously found in the thermal conductivity trends as the last ones were

calculated directly from the heat capacity data.
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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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The microstructural planes facing the laser during the analysis were the
Top View (Figure 4.6) for the samples in the vertical direction and the Front View
(Figure 4.7a) for the samples in the longitudinal direction. From the data shown in
Figure 4.16, the microstructure resulted to have a negligible effect of on the
thermal properties measured. In particular, the effect of the grain boundaries

density and the grain orientation was not appreciable.

The annealing heat treatment had not greatly affected the actual values of
thermal diffusivity measured over temperature. The absolute value of thermal
diffusivity at room temperature resulted to be similar for all cases analysed with
around 66.5 mm/s2. The slightly large gap between the curves relative to the as-
deposited samples is mainly due to the differences in density between the two set
of samples so that it is not associated with the heat treatment. Overall, the trends
reported resulted to be in accordance with other measurements of thermal

diffusivity for unalloyed tungsten [25-27].

The average density of these samples was greatly affected by a localisation
of small process defects and should not be considered as densification due to the
annealing process. Nonetheless, the difference in density relative to the as-
deposited samples and the annealed samples is considered significant. During the
heat treatment, the annihilation of volume defects or the desorption of some
gaseous means could have possibly promoted a modest densification. Certainly,

these aspects need to be accurately investigated in further work.

The abrupt change with regards to the heat capacity registered for the as-
deposited samples could have possibly been caused by some physical changes
occurred after 873 K. On average, the change was smaller for the annealed
samples. The variation in the trend could have been possibly caused by the
recovery of the crystal defects. The rearrangement of the atoms to eliminate point
or line defects, as a thermally activated process, could have required energy
without increasing the total temperature of the metal. Thus, an increment in heat
capacity was registered. Regarding the annealed samples, the fluctuation was
relatively smaller than the as-deposited ones because a pronounced recovery

could have already occurred during the thermal treatment.
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The results of the heat capacity measurements directly affected the
calculation of the thermal conductivity over the temperature range analysed. The
reduction in thermal conductivity has been registered in trend with the data
reported in the literature [26,27]. The relatively higher values of thermal
conductivity registered for the as-deposited sample were directly affected by the
higher heat capacity of the same samples respect to the annealed samples. In both
cases analysed, the thermal conductivity resulted to be characterised by a small

anisotropy.

From the data reported in Table 4.1, the thermal diffusivity and the
thermal conductivity greatly depend on the density of the tungsten components. In
particular, a higher sample density corresponds to a higher thermal conductivity.
In fact, it has been already reported that thermal conductivity can be influenced by
volume defects [43,44]. It has also been reported that a high number of dislocation
and/or grain boundaries can decrease the thermal conductivity [29]. All of these
features increase the interfacial area of tungsten. In this study, it is unexpectedly
shown that as-deposited samples are characterised by a slightly lower density and
a higher thermal conductivity when compared to the annealed samples.
Furthermore, the thermal conductivity of the WAAM deposited tungsten structure
resulted to be higher than other manufacturing methods (Table 4.1). The high
purity, the high density, and the lower number of grains boundaries could have
represented the main factor which influenced the thermal conductivity. This also

requires further clarifications.

4.4 Conclusions

In this research, the microstructure and its correlation with the thermal
properties of tungsten WAAM deposits were characterised. The microstructure in
the as-deposited condition has been schematised using a three-dimensional model
and the variation over temperature of the linear coefficient of thermal expansion,
thermal diffusivity and thermal conductivity have been measured for both as-

deposited and annealed conditions. The main results can be summarised as:
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The deposition strategy and the variation in thermal conductivity of the
tungsten substrate promoted the formation of a microstructure formed by

two specular arrays of columnar grains;

The annealing process resulted to have a negligible effect on the
microstructure but effectively relieve the residual stress of the structure
from the deposition process or promote the dissolution of interstitial

elements;

The annealing process did not majorly influence the values and the

variation over temperature of the thermal diffusivity;

This study demonstrated that the WAAM process can produce good quality

tungsten components for the nuclear industry. Further characterisation of the

effect of post-deposition heat treatments on the residual stresses will be needed in

order to understand the best production route of tungsten components. Additional

metallographic tests are needed in order to understand the recovery of the

structure deposited after heat treatment.
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Abstract

In this study, an innovative way of producing large-scale unalloyed tantalum parts
has been developed by using Wire + Arc Additive Manufacture. Two different
unalloyed tantalum wires have been used to deposit 200-mm-long structures in
tantalum and the effect of the wire chemistry on microstructure, porosity and
mechanical properties has been investigated. Furthermore, the effect of the
deposition process on surface discolouration and on the mechanical properties has
been discussed. The as-deposited structures were characterised by a stable layer
geometry during the whole process. Tantalum structures have been deposited with
high integrity and excellent mechanical properties. Improved yield strength has
been achieved for the deposited structures when compared to commercially
available tantalum, even though the grains within the deposited materials were
large and had a high aspect ratio. Wire + Arc Additive Manufacture has clearly
shown the potential to produce tantalum components with relatively low cost,
exploiting the characteristic freedom of design, offering a robust alternative
manufacturing route.
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5.1 Introduction

Additive Manufacturing (AM) has been identified as a very promising
technology with the capability to reinvigorate and remodel the manufacturing
sector [1,2]. The technology is based on the simple concept of depositing three-
dimensional structures using a layer-by-layer approach [3]. Cost and time
reduction, design freedom and engineered materials properties are the main

fundamental principles on which AM is based [3].

Among the different AM techniques known today, wire-feed technologies
are emerging for the possibility to produce large-scale components [4]. Wire + Arc
additive Manufacture (WAAM) is a novel AM process which employs an electric arc
as the heat source and high-quality metal wire as the feedstock [5]. WAAM can
directly fabricate fully-dense large 3-D near-net-shape components with a much
higher deposition rate, typically kg/h, than most other metal additive manufacture
processes [4,5]. The WAAM process has been demonstrated to successfully
produce large-scale parts in stainless steel [6], Inconel [7], titanium [8] and
aluminium [9], achieving even complex geometries of deposition. WAAM is
considered a technique suitable for the manufacture of large components because
of its high deposition rate, relatively low cost and high flexibility in the design
[5,10].

With a melting point of 3017°C and a density of 16.69 g cm-3[11], tantalum
is a useful material for specialised applications because of its stability at high
temperature, high corrosion resistance and high melting point [12]. Unlike other
refractory metals, such as tungsten and molybdenum, tantalum is characterised by
a high ductility at room temperature [13,14]. For these reasons, tantalum finds its
utilisation within a large range of applications when a combination of all these
particular properties is required. For example, tantalum finds major utilisation
within the defence sector as well as the electronics, aerospace and chemical

industry sector [11-13].

The employment of tantalum has been restrained by some difficulties
related to metallurgical, fabrication and cost-related issues [15]. For this reason,

investigations of the development of additive manufacturing of unalloyed tantalum
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could lead to an improvement and a larger demand for components within many
industries. Different studies of AM for tantalum have already been reported which

were using, a laser as the heat source and tantalum powder as the feedstock.

A complete study of the selective laser melting (SLM) process,
microstructure and mechanical properties of tantalum powder has been conducted
by Zhou et al. [16]. Micro-pores and micro-cracks were found within the build
when the laser power was not optimised and a high hardness and tensile
properties were observed after the deposition. A large loss in ductility was also
reported accompanied by a brittle-like fracture. It is important to note that the raw
materials used in this study had a concentration of 0.18 wt.% of oxygen. These
oxygen levels are considered considerably high so that oxygen lead to a

strengthening of the tantalum components [17].

In the work of Thijs et al. [18], the SLM process was studied for pure
tantalum, focusing mainly on the microstructural evolution and mechanical
properties. 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 was also found to be reflected on the

mechanical properties.

Furthermore, a tantalum coating has been successfully deposited onto
titanium using engineered net shaping (LENS) in order to produce controlled
porous components with enhanced bio-properties [19]. A further study on porous
tantalum parts is reported in the study of Wauthle et al. [20], in which SLM was
used effectively to produce porous tantalum implants with fully-interconnected

open pores.

Unlike other bcc metals, 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 [12,14]. Despite this aspect, the
mechanical properties of tantalum are highly influenced by the purity, the
temperature and the strain rate [11,14,21]. In particular, interstitials such as
nitrogen and oxygen have a strong effect on hardness and yield strength. The

manufacturing route has also a large effect. In Table 5.1, mechanical properties of
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unalloyed tantalum are compared for various production techniques. These data
have been taken from the comparison reported in [18] and integrated with the

results of [16].

Ta Grade Commercial Commercial Soft Cold- Selective Laser
pure EB* pure P/M** annealed worked 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.

Commercially pure tantalum components produced using electron beam
melting and powder metallurgy have similar mechanical properties which are
mainly influenced by the grain size. It is also clear that cold work impacts
predominantly the hardness and the elongation (Table 5.1). The data reported for
selective laser melting depict unusual properties that are predominantly

influenced by the content of oxygen, up to date.

Most of the research reported aimed to develop small-size complex
tantalum structures for medical applications. There are currently no studies on the
production of large-scale unalloyed tantalum components using additive
manufacturing. Furthermore, no studies have been reported on the WAAM process
for tantalum and the mechanical properties of the structure obtained. In this study,
optimal manufacturing parameters were found showing a great repeatability and
consistency for the main geometrical parameters. The impact of the chemistry of
two different wires on the evolution of porosity, the microstructure, the hardness

and the mechanical properties of the deposited structures has been analysed.

5.2 Experimental Procedure

Two different unalloyed tantalum wires with a diameter of 1.2 mm were
used for the WAAM process. Cold-rolled tantalum plates with dimensions of 210 x

50 x 4 mm were used for the initial trials of deposition and for the production of
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two twenty-layer walls (Table 5.2), used for the investigation of the
microstructure and hardness. Larger plates, 400 x 60 x 8 mm-plates, were used for
the deposition of two large structures (Table 5.2), from which the tensile coupons
have been extracted. The surface of the plate was ground and rinsed with acetone
prior deposition in order to remove most of the contaminants. Figure 5.1 shows

the layout of the apparatus used in this study.

Wire Feeding System

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

A conventional tungsten inert gas (TIG) welding torch, a power supply and
a controlled wire feeder were used for the deposition. The heat source, the wire
delivery system and the substrate were attached to three linear motorized high-
load stages assembled in XYZ configuration. The tantalum wires were deposited
layer by layer onto the substrate using a single bead. The direction of deposition
was always kept constant for each successive layer and the wire was fed from the
side of the weld pool. The apparatus was surrounded by an enclosure used to
ensure a low level of oxygen when purged with argon. A MC500S welding camera
was used to study and monitor the process during the deposition of each layer. The
camera was located opposite to the direction of wire feeding as shown

schematically in Figure 5.1.

Table 5.2 reports a summary of all the samples produced and analysed
within this study. In particular, four straight walls were produced and analysed.

They were labelled as Wall1S, Wall2S, Walll and Wall2. The first two were walls
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made of twenty layers each. The last two walls were produced with the dimensions
of 230 mm in length, 110 mm in height and 10 mm in thickness. Each structure
was deposited using the same wire within the entire build (Table 5.2). The walls
were produced using the parameters shown in Table 5.3. The parameters were

kept constant throughout the entire process.

Sample Number of
Wire used Analysis
Name Layers
Wall1S 20 Wirel e Hardness interface
substrate/wall;
e  Geometrical control;
Wall2s 20 Wire2 e  Microstructure.
e  Chemical analysis;
Walll 90 Wirel
e Oxide Layer;
° Porosity;
Wall2 90 Wire2 ° Microstructure;

e  Tensile Tests.

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

Electrode- hieldi
TS WFS 1 workpiece Blectrode  Electrode lea(:mg t(l;:vsv Oxygen
. angle Diameter g . Atmosphere
[mm/s] [mm/s] [A] Distance . [mm] composition rate [ppm]
[mm] 1 (%] [L/min] (PP
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.

The microstructure was examined using a cross-section perpendicular to
the deposition direction (extracted from the region reported in purple in Figure
5.2a). The samples were polished using the procedure shown in Table 5.4. The
composition of the etchant used for this investigation was under nondisclosure
agreement being proprietary of H.C. Starck. The presence and thickness of the
oxide layer on the outer surface of the walls were measured using a scanning
electron microscope (SEM) operating at 20 kV electron beam power. The same
instrument was used for the analysis of the fractured surfaces of selected tensile
coupons. Vickers microhardness was measured using an automatic hardness

testing machine. The main parameters for the hardness acquisition were 500g load
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and 10 seconds indentation time for each testing point. A three-line scan with 0.5
mm spacing and thirteen points each was performed through the height of each
wall and they have been averaged for Walll Wall2 and Substrate. Furthermore, an
analysis of the hardness at the interface between substrate and wall was

conducted only for Wall1S and Wall 2S.

Grinding and Polishing means Time [min]
SiC Paper 240 grid
SiC Paper 1200 grid
SiC Paper 2500 grid

Alpha alumina 0.3 pm suspension 15
Alumina and silica 0.05 pm suspension 15
Colloidal silica 0.02 um suspension 15

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

Tensile coupons were extracted parallel and perpendicular to the build
direction (Figure 5.2a), according to the requirements of BS EN ISO 6892-1-2009

standard.

LED Light Source I Tensile Test
Machine
/

i

\ 7*£—

High Speed Cameras

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.

The tensile specimens (Figure 5.2b) had a dogbone shape with a gauge
length of 27 mm, a gauge width of 6 mm and a thickness of 4 mm, resulting in a
cross-sectional area of 24 mm?2. The overall length of the specimen was 88.82 mm
and the radius of the fillet was 12.0 mm. Length and width of the grip section were
both equal to 20 mm. Four control specimens were also extracted from a
commercially available tantalum plate, the same as used as the substrate material,
and tested in order to provide a baseline for comparison. Six samples were

extracted and tested from each of the two builds as shown in Figure 5.2a. Each
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tensile coupon was painted in order to create a speckle pattern for the digital

image correlation (DIC).

Tensile tests were carried out with an Instron 5500R electromechanical
machine equipped with a 20kN load cell. No extensometer has been used during
testing. The cross-head displacement speed was 1.0 mm/min. Two high-speed
cameras were set up in the front of the sample on a stable tripod, as shown in
Figure 5.2c, coupled with a LED light source. LED illumination was used to
overcome interference from surrounding light. The cameras were equipped with a
filter in order to capture and analyse only the reflected green light. The distance
between the camera and the specimen was adjusted to the area to be measured.
The random speckle pattern was sprayed on the coupon surface using, first, a
white paint and, secondly, a black paint for the displacement measurements. The
cameras were connected to a computer and the data was recorded using the

software ISTRA 4D from Dantec Dynamics.

The same software has been used for the post-processing of the digital
image correlation and for the calculation of the yield strength, ultimate tensile
strength and elongation. Oxygen and nitrogen levels, as well as other main metallic
and non-metallic contaminants, within the deposited wall materials, the parent

welding wires and the substrates were determined via chemical analysis.

5.3 Results and Discussion

5.3.1 Chemical analysis

6 w Mo Ta Ti \% Cr Fe C N 0 K

Substrate <0.05 <0.05 9999 <0.05 <0.05 <0.05 <0.05 33ppm <10ppm 60 ppm <10 ppm

Wirel <0.05 <0.05 9998 <0.05 <0.05 <0.05 <0.05 36ppm 11 ppm 190 ppm <10 ppm

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

Walll <0.05 <0.05 9997 <005 <0.05 <0.05 <0.05 48ppm 13 ppm 226 ppm <10 ppm

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

Table 5.5: Elemental composition (wt%) of tantalum Substrate, Wire1, Wire2, Wall1l and
Wall2.
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Table 5.5 shows the results of the chemical analysis of the substrate, the
two wires and the two walls used for mechanical testing. These analyses were
commissioned externally. X-ray fluorescence (XRF) spectroscopy was used for the
detection of the major metallic atoms (W, Mo, Ta, Ti, V, Cr and Fe). LECO
combustion analysis was used for the measurement of the concentration of carbon,
nitrogen and oxygen. Finally, inductively coupled plasma optical emission
spectroscopy (ICP-OES) was used for potassium. All the materials used were high-
purity unalloyed tantalum products. The substrate had the lowest content of
nitrogen and oxygen respectively with a concentration of <10 ppm and 60 ppm.
The two wires mainly differ in the oxygen level. This is reflected directly in the
composition of the two walls built. The content of oxygen in the atmosphere of
deposition was constantly monitored and kept around 100 ppm so the content of
oxygen slightly increases in both cases. This is an indication of the high solubility
and affinity of oxygen with tantalum [17]. More relevant is the difference of 62
ppm of oxygen between the two walls. The effect on the hardness and on the

porosity is reported later.

5.3.2 Bead appearance and outer oxide layer

Tantalum Wall 1 Tantalum Wall 2
a) = b)
A g T —— o h; Sl .
o -~ ™ =3 ) =
" —

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 shows the two walls deposited for the mechanical testing and
their main dimensions. Noteworthy is the complete absence of distortion after
unclamping the substrate, clearly visible in Figure 5.3b. This is mainly due to two
factors: a high geometrical stiffness of the wall-plus-substrate component and to a
localised plastic deformation of both substrate and the lower part of the wall

material while still clamped. From Figure 5.3a and Figure 5.3b, it can also be seen

121 CHAPTER 5: PAPERD



that both structures exhibit a more pronounced opacity on the lower part with
respect to their top. In particular, this layer developed for the lower layers, always
leaving the top layers of a shiny silver appearance. This region of the outer surface
has been characterised using scanning electron microscope in order to verify the

nature of this opaque layer.

Figure 5.4a and Figure 5.4b show the different appearances of the
structure outer surface at the top and the bottom respectively, underlying a
marked darkening of the bottom surface. Figure 5.4c and Figure 5.4d show the
investigation of the cross-section of the structure after polishing for both top and
bottom. The bottom part of the wall presents a layer with an average thickness of
around 1.7 pm unlike the top part. During the deposition of each wall, the top
layers have always presented a silver surface despite lower layers began to darken.
This is likely to be an oxide accumulation on the surface but it is not clear the
reason why this occurs. In general, this feature is not considered detrimental

because it will be machined away after the deposition.

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
The geometry of each deposited layer characterises the WAAM process for

unalloyed tantalum. In particular, layer height and the layer width have been used
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as the main parameters of evaluation [22]. Four measurements were taken along
the length of the wall after every layer, averaging the small-scale discrepancies.
Figure 5.5 shows the variation of the increment of layer height and layer width
during the initial ten layers for both Wall1S and Wall2S. The geometrical values for
the successive layers are not reported because a permanent geometrical stability
in height was observed. Generally, as the number of layers increases, there is a
decrease in layer height accompanied by an increase in the layer width for the
initial layers. A constant layer height of around 1.2 mm was recorded for both
walls after the fifth layer. The average constant width was measured to be around

10.0 mm for both structures, also after the fifth layer.

a) b)
Increment \\/~ — P ) Layer
Layer Width
Height —e—Wall 1 {mm] —e—Wall 1
{mm] wall 2 4 wall 2

Layer Number Layer Number

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

A transient condition with regards to the heat sink dimensions faced by
each layer was the main factor influencing the geometry of the initial layers [22].
When stability was reached with respect to the size of the heat sink and the
corresponding heat transfer, the same stability was reported for the geometrical

features.

5.3.4 Porosity

Figure 5.6 shows the cross-section of Walll and Wall2 after polishing. The surface
of Wall1l presented some scattered porosity throughout its height (Figure 5.6a). In
contrast, the porosity within Wall2 was completely absent (Figure 5.6b). The
largest pores had an average diameter of 200 um instead, the scatter porosity had
the average diameter of 80-100 pm. Referring to Table 5.5, the wire used for the
deposition of Walll had a higher concentration of oxygen with respect to the wire

used to produce Wall2. The content of oxygen can possibly be directly linked to the
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presence of porosity. The occurrence and formation of the porosity are discussed

later.

a)

1 mm

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 shows the typical microstructure of the as-deposited tantalum
structures produced using WAAM. Figure 5.7a shows the microstructure of
Wall1S, used to show the interface between substrate and wall. The grain structure
of Walll and Wall2 along the structure is shown in Figure 5.7b and Figure 5.7c. It
can be seen that columnar grains developed during the solidification and grew in
the direction parallel to the building direction for all the structures deposited. This
is typical epitaxial growth along the building direction that some materials develop
when processed with an AM process. Thijs et al. reported the evolution of
columnar grain for tantalum processed by SLM [18] and the same grain
development can be found for Ti-6Al-4V structures processed using WAAM [22]. In
particular, the columnar grains increased in size with the height of the wall. The
peculiar columnar grains can be seen for both Walll and Wall2 so that the different
chemistry of the wires has not influenced the solidification mode of the crystals.
Furthermore, all structures present an unusual macroscopic banding between each
deposited layer. Similar cases have been seen for Ti-6Al-4V [8]. In the case of
titanium, the banding is due to a localised change of the a-grains due to the re-
heating when depositing the successive layer [8,23]. In the case of unalloyed
tantalum, secondary phases or sub-grain structures did not develop when exposed

to cyclical re-heating.
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Figure 5.8: Baning between the layrs in a111 and pores (a) and oxides within the band
(b).

Figure 5.8 shows the nature of the banding in Walll between two
consecutive layers, which was also observed in Wall2. Scattered void-like
structures were distributed along a line (band) across the interface between two
successive layers (Figure 5.8a). These voids were remarkably smaller than the
porosity in Walll (Figure 5.6a). Figure 5.8b shows how these features were lined
up on successive and almost equidistant line. Additionally, few larger pores were
also found within the banding regions. Noteworthy is also the appearance of the
banding regions only after etching. As Figure 5.6 shows, none of these regions was
observed after polishing only. A reasonable hypothesis is that these void-like
features forming the bands are caused by the detachment, caused by the etching, of

fine oxide particles, which possibly formed during the solidification of the liquid
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pool. The average banding distance resulted to be similar to the layer height for all
the structures. Thus, this phenomenon seemed to be directly connected to the

solidification of each layer.

Oxygen may be present in two chemical states within a tantalum
component, oxygen in solid-solution or oxide precipitate [24], and their occurrence
depends on process temperature, cooling rate and oxygen concentration [24]. The
oxygen in solid-solution mainly impacts the average hardness of the material, as it
has also been reported later in this study. The oxide precipitates are volatile above
1600°C [25] and some studies reported the formation of these particles even at a
very low concentration of oxygen [26]. Furthermore, they are strongly attacked by
the etchant leaving surface features similar to a void-like feature [24]. In fact,
Stecura et al. [26] also found these voids not only at the grain boundaries but also
within the grains with the same morphology and features of the voids in Figure

5.8b.

This sustains the hypothesis of the formation of oxide particles for the
concentration of oxygen within the walls and the wires. Thus, the bands could be
possibly caused by the presence of a regular dispersion of tantalum oxides
particles, in particular, Ta20sas most stable compound [27], and they were visible
due to the strong attack by the etchant because of the high reactivity of these
regions. Furthermore, the disperse porosity seen in Figure 5.6 could have been
caused by the vaporization of a large accumulation of oxide particles when
temperatures as high as 3000°C have been seen at the bottom of the weld pool
while depositing the successive layer. In general, the complete understanding of

this phenomenon would require further investigations.

5.3.6 Hardness

The average hardness was evaluated for the Substrate, Walll and Wall2;
instead, WalllS and Wall2S have been used to evaluate the hardness at the
substrate-wall interface. For all the measurements, hardness values have been
measured along the centreline of the structure. Table 5.6 reports the average

hardness values for each condition associated with the oxygen composition in
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ppm. In particular, the values for Walll and Wall2 have been measured along their

height between 60.0 mm and 70.0 mm from the substrate.

Hardness Standard Oxygen content

[Hv] Deviation [ppm]
Substrate 96.0 1.3 60
Wwall 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.

The hardness shows a trend when compared to the oxygen content of the
three samples. Higher was the content of oxygen and higher resulted to be the
average hardness value. This is a common trend in the literature [17], particularly,
nitrogen and oxygen are strong hardeners of unalloyed polycrystalline tantalum. In
the work of Stecura [26] is shown that the hardness of tantalum increased almost
linearly when increasing oxygen content in solid solution. Furthermore, it has been
reported that the hardness of unalloyed tantalum is mostly governed by the
content of oxygen in solid solution and, contrarily, the oxide precipitates have no
considerable effect due to their incoherence with the crystals [24]. Spitzig et al.
[28] reported about the solid solution hardening due to oxygen as interstitial for
vanadium, niobium and tantalum. The effect has been associated with the misfit
between the oxygen and the metal atoms. The different average hardness values
for the deposited walls, Walll and Wall2, can be attributed mainly to the oxygen
content in solid solution because the grain structure was almost identical, and no

large variation of hardness has been measured at the band regions.

Figure 5.9 represents the variation of the hardness from the bottom of the
substrate to the top of Wall1S and Wall2S. The origin of the X-axis has been chosen
as the top surface of the substrate. From Figure 5.9, it is possible to underline
three different regions of interest: Substrate, Zonel and Zone2. The average
hardness values for each region and for both Wall1lS and Wall2S are reported in

Table 5.7.
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Figure 5.9: Hardness values of the tantalum Wall1S and Wall2S with respect to the
distance from the top of the substrate.

WalllS wall1S Wwall2S Wall2S

Substrate Zonel Zone2 Zonel Zone2
Average 96 123 114 112 100
Stand. 115 5 2 4 3.5
Dev.

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

The average hardness of Zonel was measured to be always higher than the
hardness of Zone2Z for both WalllS and Wall2S. This difference can be possibly
addressed to the considerable effect of thermal straining, which induced strain
hardening. Unalloyed polycrystalline tantalum is known to be subject to great
work hardening when a consistent amount of stress is applied [29]. When pure
materials are subjected to cyclical deformation, they exhibit an initial hardening
which stabilises for any further deformations [30]. In general, for a soft pure metal,
the dislocation density is low but, after cyclic plastic straining, the dislocation
density increases rapidly which causes a strengthening. This effect is defined
cycling hardening. This is confirmed by comparing the values of the average

hardness in Table 5.6 and the hardness of Zone2 in Table 5.7 for both walls.

5.3.7 Tensile properties
In Table 5.8 are summarised the main tensile properties for Substrate,
Walll and Wall2 in both vertical (V) and horizontal (H) direction. Figure 5.10

shows the representative stress-strain curves for these conditions. It is evident
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that for both deposited structures and direction of testing, a higher yield strength

compared to the Substrate has been measured. Contrarily, a clear reduction in total

elongation can be seen for both Walll and Wall2 with respect to the Substrate.

Additionally, an evident anisotropy has been observed for both walls.

Coupon YS st. UTS  St. Elongation St
Name [MPa] Dev. [MPa] Dev. [%] Dev.
Substrate 182 3.7 265 7.8 62 2.5
WalllVv 216 10.0 241 10.0 27 1.0
Walll 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, Walll and Wall 2 in both vertical and

horizontal direction.

DIC usually over-estimates the elongation of the material [31], which is

evident when comparing Table 5.1 and Table 5.8. The major contributions to the

high yield strength of the deposited structures were the higher content of oxygen.

As already reported in the literature, the yield stress has been seen to increase

linearly with increasing amounts of nitrogen or oxygen [17]. This can also be seen

when comparing the yield strength of Walll over Wall2 in both testing directions.
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Figure 5.10: Representative stress-strain curves of Substrate (a), Walll and Wall2 in the
vertical direction (b), Wall1 (c) and Wall2 (d) in the horizontal direction.
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The impurity level in tantalum can have a much higher influence on the
mechanical strength compared to the grain size [16,32]. The interstitial atoms
obstacle the movement of the dislocations, increasing the absolute stress for
plastic deformation [32]. The large reduction in elongation has been addressed
mainly to the differences in grain size and shape between substrate and walls. The
substrate was characterised by fine equiaxed microstructure, unlike the deposited
structures, which was formed by large columnar grains. For a relatively small grain
size under uniaxial load, grain rotation and grain sliding become likely [33,34]. The
high mobility of the fine equiaxed grains has possibly confined or stopped the
formation and growth of the voids within the gauge volume. The strain

accumulation and the features of the fractured surfaces are reported later.

The yield strength and the ultimate tensile strength were higher for the
vertical samples compared to the horizontal ones for both structures. A similar
scenario has been reported by Fude et al. [8] and Brandl et al. [23] for Ti-6Al-4V
deposited using Wire + Arc and Wire + Laser Additive Manufacture. Baufeld et al.
[35] also reported a consistent anisotropy when testing vertical and horizontal
samples extracted from an AM component. Thijs et al. [18] reported a marked
anisotropy with regards the mechanical properties for tantalum structure
deposited using SLM. The anisotropy has been directly connected to
crystallographic texture, grain shape and size developed during the deposition of
the directional columnar growth. In particular, considering the long columnar
grains with high aspect ratio, the grain size within the gauge volume for the
horizontal direction was smaller on average than in the vertical direction. The
higher amount of grain boundaries influenced considerably the tensile properties
[35].

From Figure 5.10c and Figure 5.10d, it is possible to see that the
horizontal coupons extracted from the top of the structures (WalllH1 and
Wall2H1) presented a larger elongation with respect to the coupons extracted
from the root of the deposits (Wall1H3 and Wall2H3). The effect related to the
location of the coupon within the structure has been attributed to the thermal

straining, already reported for the hardness.
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5.3.8 Strain Localisation

Figure 5.11 shows the strain maps under tensile load recorded using
digital image correlation (DIC) for different samples. A scale between 0 mStrain
and 500 mStrain was used for all the cases to facilitate the comparison. The
distance covered after a specific time by the cross-head of the tensile machine was
used as global displacement and it is reported in millimetres. The strain maps
shown represent the evolution of the strain from the beginning of the test until
about uniform elongation. After this point, the speckle pattern was damaged by the
heavy necking and the values of the strain were not acquirable. Comparing the
strain maps, it is possible to see that the tensile coupons extracted from the walls
presented a faster strain localisation when compared to the substrate coupons.
This has been attributed to their different microstructure.

a)  Global Displacementin mm b) Global Displacementin mm
0 25 5 75 10 125 15 175 0 2.5 5 7.5 10

mStrain
mStrain

c) Global Displacementin mm d) Global Displacementin mm
0 2.5 5 7.5 10 0 2.5 5 7.5

mStrain
mStrain

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 (Wall2ZH1) and
(d) horizontal coupon close to the bottom of Wall 2 (Wall2H2).

As discussed previously, for fine microstructure the mobility of the grains

under uniaxial load is high. The re-orientation and sliding of the grains within the
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substrate led to a much more uniform distribution of the strain through the all
gauge length. For the vertical specimen from Walll, the formation of voids
happened predominantly within the large grains leading to a high concentration of
strain and a much smaller uniform elongation. Furthermore, the fracture and the
formation of micro-voids have possibly been enhanced by the presence of the
oxide particles forming the bands. As already reported, the coupon in Figure 5.11c
and Figure 5.11d had similar values of yield strength and ultimate tensile strength
but a large difference in elongation. The sudden localisation of the strain for the
sample Wall2H2 (Figure 5.11d) corroborates the explanation reported before for
the discrepancies in elongation. It appears that the abrupt strain localisation has
been enhanced by a percentage of strain already present before the test for the

cyclic straining effect.

5.3.9 Fractography

Figure 5.12 reports the typical surface features found on the fractured
surfaces of the coupons used for the tensile tests. The fracture of a specimen from
Walll is reported in Figure 5.12a and Figure 5.12b, a specimen from Wall2 in
Figure 5.12c and Figure 5.12d and the fracture of the Substrate specimen in
Figure 5.12e and Figure 5.12f Parabolic-like (Figure 5.12b) and spherical
(Figure 5.12d) dimples have been found for samples from the walls. In contrast,
the analysis of the fractured surface of the substrate (Figure 5.12e-f) has not
revealed a dominant presence of dimples, unlike for the deposited structures.
Figure 5.12a, Figure 5.12c and Figure 5.12e report the all area of the coupon
which comprehends the fracture surface and the lateral side from the necking. The
coupons from the deposited structures experienced a necking along the only gauge
thickness unlike the substrate, which presented necking along both gauge
thickness and width. It can be deduced that the grains size of the substrate allowed
the grains to slide on each other during the testing leading to a reduction for both

gauge thickness and width and the almost absence of micro-voids and dimples.
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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

In this research, the Wire + Arc Additive Manufacturing process for
tantalum has been studied and proven. The chemistry of two different unalloyed
tantalum wires has been correlated to the microstructure, porosity and mechanical
properties of the as-deposited structure. The main findings of this study can be

summarised as follows:

e The high flowability of unalloyed tantalum, the high ductility and good

thermal conductivity gave a high processability via Wire + Arc Additive
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Manufacturing. Furthermore, the control of the process parameters has led
to the development of a robust deposition process with an average layer

height of 1.2 mm and an average layer width of 10.0 mm;

An anisotropic microstructure has been found for the tantalum deposited
via WAAM. Large columnar grains grew epitaxially from the substrate
through the entire height of the deposit. The presence of macroscopic bands
associated with the deposition of each pass was also observed and
associated with small craters caused by the removal of dispersed fine oxide

particles;

The content of oxygen within the two different wires has been found one of
the main causes to influence the porosity and the average total hardness.
Particularly, a larger content of oxygen led to the development of micron-

size porosity and higher hardness values;

The tensile properties of the deposited walls were comparable to the
substrate material, unlike the total elongation. The high yield strength of
the walls has been addressed to the material chemistry, in particular, to the
content of oxygen. The loss in elongation has mainly been addressed to the

shape and size of the grains;

Thermal straining due to the deposition of the successive layers and so the
cyclic thermal cycles have been seen to markedly influence the deposited
structures. A cyclic hardening effect has been seen using the hardness
profile at the substrate-wall interface. A cyclic plastic strain has also
influenced the mechanical properties along the height of the structure for

the horizontal samples.
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Abstract

Components manufactured via Wire + Arc Additive Manufacturing are usually
characterised by large columnar grains. Vertical cold rolling is a known technique
used to induce local plastic deformations which can lead to a reduction of
distortion, reduction of residual stresses and refinement of the microstructure in
additively manufactured parts. The refinement usually occurs with the subsequent
layer deposition, which is used as heat treatment. Inter-pass rolling was applied
with a load of 50 kN to a tantalum linear structure to understand its effectiveness
in refining the grains structure, obtaining a transition from columnar to equiaxed
grains. An average grain size of 650 pm has been obtained after five cycles of
rolling and deposition. When the rolled layer was reheated during the subsequent
deposition, recrystallisation occurred leading to the growth of new strain-free fine
equiaxed grains. The depth of the refined region has been characterised and
correlated to the hardness profile developed after rolling. A reduction of porosity
was also registered. Furthermore, a random texture was formed after rolling,
which would result in generating isotropic mechanical properties. Wire + Arc
Additive Manufacturing process demonstrated the ability to deposit sound
refractory metal components and the possibility to improve the microstructure
when coupled with cold inter-pass rolling.
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6.1 Introduction

One of the most promising manufacturing technologies is Additive
Manufacturing (AM) [1,2]. Three-dimensional structures can be promptly
deposited starting from 3D-model designs using a layer-by-layer approach [3]. The
practical advantages are the cost reduction, freedom of design and engineered
mechanical properties [3]. Numerous rewarding researches have already reported

the potential of the AM of metallic materials, some of them are summarised in [4].

Wire-feed technologies are emerging among the vast AM technologies
mainly because of their ability to produce large-scale components [5]. Wire + Arc
additive Manufacture (WAAM) is a novel AM process which employs an electric arc
as the heat source and high-quality metal wire as the feedstock [6]. WAAM can
directly fabricate fully-dense large 3-D near-net-shape components with a much
higher deposition rate, in the order of several kg/h, than most other metal additive
manufacture processes [5,6]. The WAAM process has been demonstrated to
successfully produce large-scale parts in stainless steel [7], Inconel [8], titanium
[9] and aluminium [10] achieving even complex geometries of deposition. WAAM
is considered to be a technique suitable for the manufacture of large and
engineered components because of its high deposition rate, relatively low cost and
its potential disruptive capability in bringing significant changes in the design
philosophy [6,11].

Tantalum represents one of the most promising materials for high-
temperature applications due to its high melting point and its inertness at high
temperatures [12]. The stable oxide layer that immediately covers tantalum
components is the main reason for its chemical stability against corrosion [13].
Furthermore, tantalum is characterised by a large ductility at room temperature
unlike other refractory metals as tungsten and molybdenum [14,15]. These
peculiar properties made tantalum a great candidate for the production of
components for the aerospace sector as well as the defence, the electronics and

chemical industry sector [12,14,16].

A few studies have been reported with regards to the development of an

additive manufacturing process for unalloyed tantalum, mainly employing a laser
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as the heat source and tantalum powder as the feedstock. Selective laser melting
(SLM) has been used by Zhou et al. [17] to produce one of the first additively
manufactured structures of unalloyed tantalum. In the work of Thijs et al. [18], the
SLM process was studied for unalloyed tantalum focusing mainly on the
microstructural evolution and mechanical properties. Furthermore, tantalum
coating has been successfully deposited on titanium using engineered net shaping
(LENS) in order to produce controlled porous components with enhanced bio-
properties [19]. A further study on porous tantalum parts is reported in the study
of Wauthle et al. [20], in which SLM was used effectively to produce porous

tantalum implants with fully-interconnected open pores.

Most of the metallic materials processed using an additive manufacturing
technique present unique microstructural features that can lead to marked
anisotropy, such as the formation of columnar grains [3]. Different researchers
have reported a clear connection between the columnar grain structure and the
anisotropy of mechanical properties [18,21]. Usually, when the processing speed is
relatively low or the thermal conductivity of the material is relatively low, the
solidification of the weld pool slows down [22]. In such case, long columnar grains
form because of a positive thermal gradient is seen at the solidification front and
an epitaxial growth onto the partially-melted grains of the previous layer occurs
[22]. For most alloys and AM processes, this is the preferred and predominant

mode of solidification.

Evolution of columnar grains was regularly seen for Ti-6Al-4V when
processed using directed energy deposition (DED) [23], electron beam melting
(EBM) [24] and WAAM [9]. Large columnar grains were also observed for the
deposition of graded structures between iron and aluminium using WAAM [25]. In
the work of Thij et al. [18], epitaxial grain growth through the layers was observed
in SLM of tantalum components. This led to the formation of large columnar grains
with the development of a strong texture and a marked anisotropy with regards to
the yield strength. The presence of the epitaxially-grown columnar grains has also

been observed for nickel-based superalloys [26,27].
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The refinement of the microstructure of AM as-deposited materials can be
achieved through modification of the solidification regime or altering the alloy
chemistry with the addition of specific elements [28]. These methods are not
suitable when the stability of the process must be controlled constantly, and the
purity of the alloys used must be preserved. The operative process window may
need continuous modifications to keep the intrinsic variables, which control the
final product properties, constant. The addition of further elements for grain
refining can also enhance the segregation and the formation of brittle second

phases, which would lead to detrimental effect.

However, refining can be obtained using successive steps of high-level
deformation and successive heat treatment at controlled temperatures [21]. For
tantalum components, investigations regarding the effect of rolling, high-pressure
torsion and equal-channel angular pressing on the microstructural refinement
have already been reported [29-33]. In particular, ultrafine and nanostructured
tantalum components can be produced by applying severe plastic deformation
steps to conventional coarse-grained metals achieving from micron- to nanometre-
size grains [31,34].

The effectiveness of cold working coupled with the additive manufacturing
deposition has been already proven. In particular, cold rolling has been used for Ti-
6Al-4V for the improvement of the large columnar B-phase microstructure and
decrease the strong texture typically seen after deposition using wire-based AM
processes [21]. With the application of cold rolling, small deformation steps are
introduced between the deposition process leading to an induced refining due to
the combination of the rolling strain and thermal energy from the successive
deposition [21].

The properties of a metal at room temperature are usually influenced by the
grain size and shape. Thus, the achievement of a fine equiaxed microstructure
with, possibly, the random texture is vital for some application of tantalum. If
tantalum is used as structural material for high-temperature applications, small
grain size and isotropy in mechanical properties would be needed in order to

achieve the optimal performances. If tantalum is used as a sputtering target, a
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strong texture would lead to an inconsistent erosion rate through the surface of

the target [35,36].

In this paper, the eventual refinement of the microstructure of tantalum
linear structures has been investigated. In, particular, the aim of the study was to
verify whether sufficient plastic strain could be induced by inter-pass rolling and
reformation of the deformed grains occur during successive deposition. The
impact of the rolling load on the depth of refining and grain size has been
evaluated and correlated with different hardness profiles of the structures. The
influence of the recrystallisation on the crystallographic texture developed was

also characterised.

6.2 Experimental Procedure

Unalloyed tantalum wire with a diameter of 1.2 mm was used for the Wire +
Arc Additive Manufacturing process. Cold-rolled tantalum plate with dimensions of
210 x 50 x 4 mm was used for the deposition of the linear structure. The surface of
the plate was ground and rinsed with acetone prior to deposition in order to
remove most of the contaminants. The composition of the materials used and of

the linear structure deposited is shown reported in Table 6.1.

w Mo Ta Ti \% Cr Fe C N 0 K
33 <10 60 <10
ppm ppm ppm ppm
36 11 190 <10
ppm ppm ppm ppm
48 13 226 <10
ppm ppm ppm ppm
Table 6.1: Elemental composition (wt%) of tantalum substrate, wire and wall used in this
study.

Substrate <0.05 <0.05 9999 <0.05 <0.05 <0.05 <0.05

Wire <0.05 <0.05 9998 <0.05 <0.05 <0.05 <0.05

Wall <0.05 <0.05 9997 <0.05 <0.05 <0.05 <0.05

Figure 6.1 shows the layout of the apparatus used for the deposition. The
principal axes of coordinates have been kept constant for all the schematics
reported. In particular, the Z-axis was oriented parallel to the building direction,
the Y-axis parallel to the deposition direction and the X-axis parallel to the
substrate width. A conventional tungsten inert gas (TIG) welding torch, a power

supply and a controlled wire feeder were used for the deposition. The heat source,
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the wire delivery system and the substrate were attached to three linear motorized

high-load stages assembled in XYZ configuration.

TIG Welding Torch

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

=

The direction of deposition was always kept constant for each successive
layer and the wire was fed from the side of the weld pool. The apparatus was
surrounded by a heavy-duty enclosure used to ensure a low level of oxygen when
purged with high-purity argon. The linear structure was produced using the

parameters shown in Table 6.2. TS refers to the travel speed and WFS to the wire

feed speed.
Electr(?de- Electrode Electrode Shielding Gas Oxygen
TS WFS I workpiece . gas flow
. angle Diameter . Atmosphere
[mm/s] [mm/s] [A] Distance ] [mm] composition rate [ppm]
[mm] [%] [L/min] PP
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.

For the application of inter-layer cold working, a rolling rig was used to load
and move the roller at a constant travel speed onto the structure deposited. A
schematic diagram of the rolling equipment is shown in Figure 6.2. The actual
force applied by the roller was calibrated with a load cell before the experiments.
The roller was lowered until it touched the sample and, as the load was built up,

moved onto the desired part of the structure. Every rolling step has been
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conducted when the material was cooled down to room temperature. The main

rolling parameters are reported in Table 6.3.

7 Tl

Roller fork

—

X “[Roller fork q;rLoadcell 1 v

N

Rolling Direction
—_—
r Roller

L - Linear beanng Clamps |
S e —— W =
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.

The structure was deposited within an inert atmospheric chamber and then
placed on the rolling rig after the deposition of each layer, in order to perform the
cold rolling step. The deposition of the next layer started inside the atmospheric
chamber only after the oxygen content was below 100 ppm. These two set-ups
were used as two separate machines because of the difficulties related to the
building of an inert atmosphere chamber around the entire rolling rig keeping the
low level of oxygen and, also, avoiding any contamination from the oil of the
hydraulic system. The substrate and the wall were always kept clamped for the all
process of deposition and rolling and they were unclamped only after the
deposition of the last layer, which was not rolled. A straight wall was produced
with the dimensions of 190 mm in length. All the samples analysed within this

study were extracted from the same build.

The location and the manufacturing route for each sample are shown in
Figure 6.3. Four main samples were produced using a different combination of
deposition and rolling. The sample called 1R was manufactured only after the
deposition of fifteen layers of unalloyed tantalum without the application of any
rolling steps. The sample 2R was extracted from the portion of the wall that was
normally deposited for fifteen layers and just rolled once. The sample 3R had the

same history of samples 2R but with an additional single layer deposited on top,
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right after rolling. The sample 4R was produced with fifteen layers of the deposited
structure without rolling plus five layers between which inter-pass rolling was
applied. The regions from which sample 1R, sample 2R and sample 3R were
extracted were 40 mm long and the sample 4R was extracted from the remaining
70-mm-long structure. The structure was produced gradually decreasing the

deposition and the rolling path length.
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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.

The four samples from the structure were characterised for porosity,
hardness, grain size and texture. The microstructure was examined using the
cross-section perpendicular to the deposition direction. The samples were
polished using the procedure in Table 6.4. The composition of the etchant used for
this investigation was under nondisclosure agreement being proprietary of H.C.
Starck. The presence and distribution of porosity were characterised before
etching. Vickers hardness contour maps were produced using the measurements
collected using an automatic hardness testing machine. The main parameters for

the hardness acquisition were 500g load and 10 seconds dwell time for each

testing point.
Grinding and Polishing means Time [min]

SiC Paper 240 grid 2

SiC Paper 1200 grid
SiC Paper 2500 grid 6
Alpha alumina 0.3 pm suspension 15
Alumina and silica 0.05 um suspension 15
Colloidal silica 0.02 pm suspension 15

Table 6.4: Grinding and polishing procedures used for the microstructural preparation.
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Several line-scans with 1 mm spacing were performed through the height
and width of each portion of the wall in order to obtain the relative contour maps.
The microstructure of the sample 4R was characterised by using a scanning
electron microscope (SEM) operating at 20 kV electron beam power. In particular,
the grain size and grain orientation were measured using an electron backscatter
diffraction (EBSD) detector within the SEM. Polar contour maps were used to
analyse the texture of the local microstructure. The sample 4R was chosen as it
was the sample that showed the most evident contrast in microstructure within
the same build. The root and the top of the samples were measured to understand

the variations within the microstructure.

6.3 Results

6.3.1 Contour profiles

J 3R

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

Figure 6.4 shows the overlap of the cross-sectional contour profiles for the
sample 1R with fifteen as-deposited layers (red), the sample 2R with fifteen as-
deposited layers plus one rolling pass on top (blue) and the sample 3R with fifteen
as-deposited layers plus one rolling pass and one deposited layer on top (green). It
can be clearly seen that rolling with the load of 50 kKN had a great effect on
deforming the upper part of the sample 1R both in vertical and lateral direction.
The variation in the total height and width due to the rolling was measured using
the main dimensions of sample 1R and 2R. The noise in the dimensional data
associated with the deposition process and the surface roughness of the structure

was reduced by averaging four measurements along the same samples for both the
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height and width. The total height reduced from 14.6 mm of sample 1R to 14.0 mm
of sample 2R with a reduction of 0.6 mm. The total width increased from 10.0 mm
in sample 1R to 11.0 mm of sample 2R, with an increment of 1.0 mm. When a
further layer was deposited (sample 3R), the total width remained almost

constant, with only an increment in the total height by 0.95 mm.

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).

The microstructure of the three samples as called 1R, 2R and 3R are
reported in Figure 6.5a, Figure 6.5b and Figure 6.5c respectively. All the samples
produced presented a smaller total width near the baseplate due to a transient
heat flow condition, which stabilised for the upper layers as reflected in the almost
consistent total width. The sample 1R (Figure 6.5a) demonstrated large columnar

grains, which grew epitaxially from the base plate toward the top of the sample
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parallel to the building direction. It can be reported that the dendrites were in
average 1.0 mm wide and extended from the base plate to the top of the deposit.
The size and the morphology of the grains appeared to be almost identical for the
sample 2R as the only rolling pass just flattened the upper surface, plastically
deforming the structure (Figure 6.5b). The sample 3R (Figure 6.5c) presented a
significant reduction of the grain size and a change in morphology localised to the
upper region. It can be indicated that the majority of the refined equiaxed grains
had a grain size between 250 pm and 350 um, unlike few larger grains which were
found to have a size between 600 pm and 850 pm.

Figure 6.5d shows a higher magnification micrograph of the refined region
of sample 3R. The borderline indicated in Figure 6.5d were individuated following
the geometrical features of the outer surfaces. The last four layers were chosen to
illustrate the depth and the width of the refined region. In particular, the top 7.35
mm of the structure were reported, and three different zones of the microstructure
can be distinguished: the last deposited layer (1) which is in the as-deposited
conditions, the refined region (2) and the layers (3) where was not visible the
effect of rolling. Near the top of the structure, fine columnar grains were found to
compose the microstructure of the last deposited layer, growing epitaxially onto
the refined grains. The refined region extended from 1.75 mm in depth until 6.05
mm in depth, which protracted across three layers below the last one (from the
fifteenth to the thirteenth layer) and was localised at the middle of the structure.
From 6.05 mm in depth until the baseplate, large columnar grains were left
unchanged, typical of the as-deposited material.

The microstructural features of the sample 4R have been reported in
Figure 6.6. The sample 4R represents the evolution of sample 3R as it was
produced coupling fifteen as-deposited layers and, on top of them, five additional
inter-pass rolled layers leaving the last layer unrolled (sample 3R + four inter-pass
layers). Figure 6.6a shows the global microstructure of the sample 4R pointing out
the marked change in microstructure for the upper layers. The boundaries of each
layer were not clear due to the considerable lateral and vertical deformation

occurred during the inter-pass rolling. This also resulted in an average larger
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width for the upper layers. The large columnar grains typical of the as-deposited

condition extended from the substrate until 7.25 mm in height.

7.25mm

[EniL =5 85 & A

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).

The refined region extended for around 6.4 mm in height and it had a total
width of around 7.6 mm. The average grain size has been measured according to
standard ASTM E112-96 (2004) and resulted to be around 650 um. The top 2.2
mm presented a typical microstructure of the as-deposited layer without any
rolling after deposition, similar to the top of sample 3R. The images reported from
Figure 6.6b to Figure 6.6g reports details of the microstructure of the refined
region and columnar region. It is important to note the change in scale. These
figures have been used to highlight the grain boundaries and report a
schematisation of the structure in order to have a much more comprehensible

perception of the grain structures analysed.

6.3.3 Porosity and deformation bands

Figure 6.7 reports the optical images of the polished surface for samples
1R, 2R and 3R focusing the attention on the presence of porosity within the
samples. Figure 6.7a shows some micron-size pores in sample 1R. A similar
distribution of porosities was found in sample 2R near the top and bottom of the
structure (Figure 6.7b and Figure 6.7c). In the upper part of samples 2R, some
pores resulted to be elongated due to the rolling (Figure 6.8a). Figure 6.7e shows
the porosity found in the bottom part of sample 3R and it resulted to be similar to

sample 1R and sample 2R. Figure 6.7d reports, in particular, the boundary
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between the 16t layer as deposited and the 15t layer of sample 3R, which has
been deposited, rolled and refined. It is clear that the refined region had smaller
and fewer pores that the last as-deposited layer, which was characterised by the

presence of larger porosity as for samples 1R and 2R.

a ) 16" layer as-deposited
1 mm 15" layer recrystallised

Figure 6.7: Polished cross-sections showmg the porosity w1th1n 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).

d)

Deformation Bands Deformation Bands

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 and Figure 6.8d show some distinctive features
found on the surface of sample 2R within the same grain and across multiple
grains. In particular, in Figure 6.8c and Figure 6.8d is shown an unusual banding
seen across some grain boundaries. Each line of the bands was pointing in the
direction of around 30° to 45° compared to the Z-axis. These deformation bands

were associated with the high degree of lateral deformation.

6.3.4 Hardness

The hardness contour maps for the three fundamental samples (sample 1R,
sample 2R and sample 3R) were constructed from the Vickers hardness
measurements in order to visualise the strain localisation and its magnitude due to
the rolling (Figure 6.9). A scale between 100 Hv and 210 Hv was used for all the
samples to facilitate the comparison. The lower and the upper limits in the scale
have been chosen considering the hardness of the as-deposited material and the
maximum value of hardness found. The fundamental unit of the X-axis and the Y-
axis is reported to be equal to 1 mm. The origin of the X-axis has been placed at the
width centerline of each sample, while the origin of the Y-axis has been set at the

top for each sample.

Figure 6.9a reports the hardness distribution for the sample 1R, which
represents the control as-deposited material. The hardness was found to be
consistent with small fluctuation around a mean value of 114 Hv across the width
and height. Figure 6.9b reports the hardness map for the sample 2R, after the
single rolling pass. The impact of rolling on the hardness values and distribution

can be clearly seen.

The application of the load increased the hardness of the whole structure
up to 10.0 mm in depth from the top. A predominant high-hardness region
developed from 1.0 mm to 6.5 mm in depth and its width was around 4.0mm. The
hardness almost doubled reaching the value of 205 Hv at its peak. Figure 6.9c
shows the hardness distribution of the sample 3R. The overall hardness of the
structure was reduced compared to the rolled structure. From the top up to a
depth of 1.75 mm, the hardness reduced and returned similar to the average

hardness of 1R, the as-deposited material. The region between 1.75 mm and 6.0
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mm in depth is characterised by slightly higher average hardness around 118 Hv.
The lower region going from 6.0 mm to 9.0 mm in depth was characterised by the

highest hardness with an average hardness of 125 Hv.
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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

111

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).

{101}
| I
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D
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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.
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In order to analyse the change in texture from the columnar structures to
the refined equiaxed grains, electron backscattered diffraction (EBSD) images
were analysed. The images reported in Figure 6.10 are maps of tantalum acquired
at the columnar and refined grain structure region of sample 4R. The orientation of
the crystals is indicated in the direction parallel to the building direction (Z-axis).
The columnar region (Figure 6.10a) was characterised by the absence of
columnar grains oriented in the <101> direction, showing some preferential
directions of crystallisation. The EBSD map for the refined region (Figure 6.10b)
presents much more refined grains with random orientation. The columnar grains
were completely refined to equiaxed grains, and the preferred orientation of
crystals developed during deposition was eliminated.

The change in texture is shown in Figure 6.11. When comparing Figure
6.11a and Figure 6.11c, the change in texture when rolling was applied is evident.
The columnar as-deposited region showed pole intensities peaking at 12 x random,
while for finer equiaxed grains the peak intensities were around 5 x random. A
marked scatter of the signal from different crystallographic planes was also clear
for the refined region. It is important to note that the columnar grains were not
characterised by a strong texture but showed a preferred orientation in the <111>
direction (Figure 6.11b). In order to have a much more precise estimation of the
texture, a larger amount of grains should be taken in the analysis. The main aim of
this analysis was to verify whether cold rolling and the resulting plastic straining
followed by the heat from successive deposition are also effective in reducing the

texture. The pole figures represent microtextures rather than macro-textures.

6.4 Discussion

All the industrial sectors which employ tantalum components aim to obtain
fine equiaxed microstructure with the reduction or elimination of the
crystallographic texture so that they can benefit from improved mechanical
properties and complete isotropy. The results showed above surely prove that
deformation, by using rolling in this case, at room temperature applied in between

the deposition of each layer lead to a large refinement of the grain structure as well

155 CHAPTER 6: PAPER E



as reduction of porosity and texture. In the samples studied, the rolling load
applied caused a compressive strain within the previously-deposited layers and
the thermal field of the subsequent deposition allowed new recrystallised grains to
form and grow. The recrystallisation occurred within the centre of the deposited
structure, where the peak of strain was located and was extended as deep as three
layers below the last deposited one. Successive steps of rolling and deposition led
to a progressively larger area of fine equiaxed grains with an average grain size of

650 um after five inter-pass rolling steps.
6.4.1 Induced strain and the depth of recrystallisation

6.4.1.1 Recrystallisation of unalloyed tantalum

The process that leads to the formation of new strain-free grains, which
nucleate from deformed parent grains, is defined as recrystallisation. The
formation of these new grains is driven mainly by the energy stored within the
metal from the deformation, and the temperature, as it is a thermally activated
mechanism. In general, the deformation increases the density of crystal
imperfections, as for instance dislocations, which act as nucleation sites for new
grains when the recrystallisation temperature is reached. Thus, temperature and

strain regulate the nucleation rate and the grain growth rate.

Unalloyed polycrystalline tantalum is characterised by a recrystallisation
temperature that varies within the range from 900°C to 1450°C, depending on the
level of impurities and, predominantly, on the level of strain/deformation [29].
Usually, a high content of impurities increases the recrystallisation temperature.
Kock et al. [12] reported that the deformation of arc-melted tantalum components
can be pronouncedly influenced by metalloids, as carbon, nitrogen and oxygen. In
the work of Mathaudhu et al. [37], the reported recrystallization curves showed
that all tantalum specimens were fully-recrystallize at 1100°C but some of the
samples recrystallised between 900°C and 1000°C according to the degree of
deformation applied. A typical range of strain level in unalloyed tantalum, in order
to obtain recrystallisation, was indicated to range from 1.2 to 4.6 [38]. The

recrystallisation temperature associated to different strain levels was also
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indicated: samples with a strain of 1.2 recrystallised at 1100°C, with a strain of
2.32 recrystallised at 1000°C, instead, with a strain of 3.48 recrystallised at 900°C
[38].

6.4.1.2 The relation between hardness and strain

As the application of strain gauges on the external surfaces of the wall was
not possible due to the surface roughness and the extremely high thermal fields
from the deposition, the hardness profile was used to evaluate the strain
distribution within the bulk of the structure. This because it is well known that
tantalum components are subjected to considerable strain hardening when cold
working is applied due to a high dislocations density formed by the plastic
deformation [38,39]. Thus, the change in hardness after rolling can be directly

associated with the strain.

In the work of Aditya et al. [30] about cold rolling of tantalum sheets, a
trend between cold reduction (strain) and Vickers hardness was clearly shown. An
increasing of average hardness was seen until cold reduction superior to 65%,
where the hardness stabilised around 200 Hv. In the work of Mathaudhu et al. [37],
the hardness of an arc-melted tantalum ingot was reported to increase after
rolling. In particular, a hardness of 170 Hv was reached after one rolling cycle and
a hardness of 210 Hv after two rolling cycles. In other studies on rolling of
tantalum plates, micro-hardness values reached maximum levels around 230 Hv
after only two rolling cycles with a strain of 2.3 [33]. In general, a plateau of
hardness was always seen around 210 Hv - 220 Hv for the studies already
reported, even for a high level of deformation. This saturation in formability and
hardness was reported to be associated with the high density of dislocation which

obstacle the further motion of themselves [30].

6.4.1.3 The relation between hardness and dislocation density
An empirical relation has been proposed in the literature [40] which
correlated dislocation density (p) to the variation of Vickers hardness for cold

worked tantalum. The equation is reported as following (Eq. 6.1):

p=16x10°(m2) (w)2 (6.1)

M Pa
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Where H is the Vickers hardness after cold working and Hing is the hardness
of the as-received material prior to deformation. Stuwe et al. [40] also proposed a
minimum critical dislocation density in order to have spontaneous nucleation,
which was indicated to be equal to 3x101* m-2. From the equation reported, the
corresponding Vickers hardness to the critical dislocation density is equal to 130
Hv [30,40]. When considering the hardness distributions reported in Figure 6.9, it
is possible to assess that the rolling step clearly induced a certain amount of strain
within the bulk material associated with an increase in hardness to values as high
as 210 Hv. The deformation localised around the hardness maximum should also
be considered characterised by a considerable dislocation density, enough to
induce recrystallisation. Furthermore, the hardness contour map reported in
Figure 6.9b for samples 2R can be clearly considered a representation of the prior

history of plastic deformation within the height and the width of the sample.

6.4.1.4 Effect of the thermal field on the hardness

The measurements of the thermal field evolution during and after the
deposition have not been recorded with the use of thermocouples. The difficulties
faced during the preparation of the experiments were the selection of
thermocouples able to record a range of temperatures as high as 3000°C and also
capable of being attached to the tantalum surface. The oxide layer on the tantalum
surface made the attachment of the thermocouples difficult. Temperature
measurements and thermal 3D-modelling would be needed for further
developments of the study. This would help to understand if the depth of
recrystallisation was mainly influenced by the strain or by the temperature.
Although the lack of thermal data, the grain refinement achieved in sample 3R
shows that the thermal field developed after the deposition clearly covered the

range of recrystallisation temperature of tantalum.

The contour map of sample 3R (Figure 6.9c) shows how the thermal field
developed from the deposition affected the hardness of the entire structure. There
were particularly three main regions characterised by the hardness and the
location. These regions corresponded precisely with the three regions of

microstructure reported in sample 3R (Figure 6.5c and Figure 6.5d). The region
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at the top extended from the top until 1.75 mm in depth which corresponded
precisely to the fusion boundary location of the last layer (Figure 6.5d). The
hardness was found to be very close to the as-deposited material and it was
influenced only by the content of oxygen within the wire material. In fact, it is
known that nitrogen and oxygen are strong hardeners of unalloyed polycrystalline
tantalum [41]. In the work of Stecura [42], it is shown that the hardness of
tantalum increased almost linearly when increasing oxygen content in solid
solution. Samples with a different concentration of oxygen have been tested
finding a hardness value of around 120 Hv for a tantalum specimen with a purity of
99.95 wt.% and a hardness value of around 500 Hv at about 1000 ppm of oxygen.
The hardness of 114 Hv for the as-deposited differs from the typical hardness of a
tantalum structure of 90 Hv mainly due to the 226 ppm of oxygen within the wire
(Table 6.1). The region below this one corresponded entirely to the recrystallised
region. The hardness was explained by the size and shape of the new recrystallised
grains. Even if the strain was almost totally relieved by the formation of these new
defect-free grains, the density of grain boundaries locally increased when
compared to the parent columnar grains. The grain boundaries impeded the
dislocation movements. This has led to a local strengthening effect according to the

Hall-Petch relation.

Successively, the lower part of the sample 3R was characterised by a
general decreasing in hardness when compared with the same portion of sample
2R but showing a visible retention of strain. The change in strain concentration
and the dislocation density induced by the rolling was not sufficiently high to
induce recrystallisation so that recovery occurred. The small driving force, in
terms of strain and temperature, led to a general softening without the formation

of new grains.

6.4.1.5 Dislocations density and oxygen content

The critical hardness value of 130 Hv obtained by the relation indicated by
Stuwe et al. (Eq. 6.1) has been achieved for the top 7.0/8.0 mm of the sample 2R.
Despite the dislocation density of 3x101% m-2 associated with this hardness value

and the assertion that this is the minimum value to obtain nucleation of new
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grains, the recrystallization occurred only within a region characterised by a
hardness ranging between 170 Hv to 205 Hv. The dislocation densities associated
with these values of hardness should result to be respectively 5x101m-2 and
1.2x1015m-2 using the relation of Stuwe et al. (Eq. 6.1). This equation does not take
into account the effect of interstitials on the hardness in tantalum. As already
reported, oxygen increases the total hardness of tantalum when present in solid
solution, even in small quantities. The small amount of oxygen within the material
used in this study could have led to a more pronounced strain hardening so that a
higher nominal value of hardness was measured after cold working. Thus, the
dislocation density for each region of sample 2R should be considered slightly

lower than the over-estimation from the Eq. 6.1.

6.4.2 Recrystallisation mechanism

In the current study, the rolling load was applied in the direction parallel to
the major axis of the columnar grains of the tantalum structure (Figure 6.5).
Under the compressive stress, the columnar grains were deformed not only in the
vertical direction but also laterally. This led to the formation of deformation bands
among multiple grains with an angle close to 45° compared to the direction of the
load applied (Figure 6.8c and Figure 6.8d). These bands could have been formed
by a large number of crystal planes sliding, in blocks, along preferred slip planes.
These features have been considered as slips mainly because the crystal axis and
the crystal orientation remained the same without the formation of sub-grain
boundaries as it is seen in twinning [43]. This need to be further investigated as no

evidence is shown in this study.

Similar features have been seen from Mathaudhu et al. [33] and they have
been addressed to the occurrence of slip. Nemat-Nasser et al. [44] affirmed that the
slip of the screw dislocations on {110} planes was the dominant deformation
mechanism observed in tantalum. Furthermore, elongated dislocations cells with
small misorientations were found to form bands which were defined as the
predominant microstructural characteristic of the shear-localization region. Micro-
bands have also been reported in tantalum and their existence was mainly

associated with the primary slip system in a <111> crystal direction [45]. For bcc
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metals, such as tantalum, commonly slip occurs in the <111> direction on the
planes {110}, {112} and {123}, which are the planes with largest interplanar
spacing [31]. The Burgers vector is a/2<111> [46] and these particular screw
dislocations control the most of the deformation properties of bcc metals so that in
tantalum. In the study of Liu et al. [45], it has been seen that grains in <111>
direction stored a higher amount of energy compared to the other directions and
also <111> grains were the preferential place for nucleation of recrystallised
grains after application of thermal energy. They have also seen that the
dislocations were distributed uniformly only in <111> grains with a deformed
matrix and concluded that this evenly stored energy represented the strong
driving force for the growth of new crystals [45]. In the current study, the
columnar grains seemed to have crystallised on a preferred <111> direction. The
deformation applied by the roller led to the development of deformation bands,
potentially series of slips, which have acted as nucleation sites for recrystallisation.
The investigation needs further analysis in order to understand which family of
crystal imperfections actually acted as a nucleation site for the new strain-free

grains.

6.4.3 Porosity

Scattered pores were distributed across the bulk of samples 1R and 2R
(Figure 6.7a and Figure 6.7c) with some flattened oval pores found on the upper
part of sample 2R (Figure 6.8a). The aim of this section is not to discuss the
formation of porosity, as it has been done elsewhere (Chapter 5). The presence of
porosity was particularly reduced within the recrystallised region of sample 3R
(Figure 6.7d). This phenomenon has been already reported in aluminium
structures deposited via WAAM and rolled with a load of 45 kN [47]. The pore
closure was also reported by Toda et al. [48] and Chaijaruwanich et al. [49]
respectively for the cold and hot rolling of aluminium structures. The gas
entrapped within the pore was considered to be mainly dissociated atomic oxygen.
When the load was applied to the material, the pores slightly changed their shapes
and the surrounding material was characterised by a higher dislocation density.

This could have led to an entrapment of atomic gas in dislocation and vacancies
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induced by the rolling step. Additionally, the elimination of the porosity could have
been promoted by the dissolution of the gaseous atoms within the bulk of the new

recrystallised grains during their growth.

6.4.4 Texture

When using Wire + Arc Additive Manufacture to deposit unalloyed
tantalum, columnar grains develop during the solidification and grow in the
direction perpendicular to the deposition direction. This is a typical example of
epitaxial growth along the building direction that some materials develop when
processed with an additive manufacturing process as seen by Thijs et al. for
unalloyed tantalum [18] and by Martina et al. for Ti-6Al-4V [50]. Although this
value should be treated with caution as the mapped area was relatively small and
the grain size was large, the as-deposited columnar grains shown in this work
presented some preferred orientation in the direction <111> (Figure 6.10a,
Figure 6.11a and Figure 6.11b). Figure 6.11b clearly shows the high intensity of
{111} planes. The randomisation of the texture after recrystallisation was clear
when analysing Figure 6.10b, Figure 6.11c and Figure 6.11d. The main factor
influencing the grains texture developed from recrystallization is definitely the
nucleation mechanism. The shear bands found within and across the columnar
grains after rolling represent a strong conglomeration of crystals defects which
could act as nucleation sites. Nucleation of strain-free grains at shear bands has
been observed in many metals including copper and its alloys [51,52] and
aluminium[53]. Furthermore, in the case analysed, the new recrystallized grains
have a completely different orientation when compared to the deformed parent
metal. The recrystallization orientation may correspond to the randomly

orientated defects/nuclei placed within the slip bands.

6.5 Conclusions

The impact of cold vertical rolling with a load of 50 kN on the porosity, the
microstructure and the texture of an additively-manufactured tantalum
component has been studied. A fundamental study has been performed in order to

understand the change in microstructure and hardness that occurred after every
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step of the process. Three main samples corresponding to three sequential steps
were used in this study. In particular, the as-deposited material (sample 1R), as-
deposited + rolling (sample 2R), as-deposited + rolling + deposition (sample 3R).
The sample 3R promptly showed an improved microstructure already with only
one rolling pass and one subsequent deposition. Sample 4R was used for the
evaluation of the texture of the refined microstructure. The main finding of the

study are summarised as follows:

e Combining the effect of cold rolling with a load of 50 kN and the successive
layer deposition, it is possible to achieve recrystallisation in tantalum

additively manufactured components;

e The refined region found in sample 3R exactly corresponded to the peak in
hardness of sample 2R. Thus, the evaluation of strain distribution using
hardness map resulted valuable to understand the depth of the wall

affected by one single rolling step;

® The elimination of pores due to rolling has been observed and addressed to
the entrapment of oxygen atomic gas within dislocation and vacancies, and
or to the dissolution of the oxygen within the bulk of the new recrystallised

grains during their growth;

e The new strain-free grains presented an equiaxed microstructure and a

complete random texture.
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Abstract

Components employing functionally graded structures are usually preferred when
used for severe and critical service conditions due to the possibility to take
advantage of the controlled variation of the material properties within the same
structure. Wire + Arc Additive Manufacturing (WAAM) is an emerging
manufacturing technology which has the design flexibility of producing sound
graded structures simply by adjusting the power and the composition of the
feedstock. In this study, a single structure made out of two functional gradations,
respectively between tantalum and molybdenum and between molybdenum and
tungsten, were successfully deposited with a linear gradient in both composition
and hardness. The microstructure, the elemental composition and the hardness as
a function of position were characterised and discussed. The analysis of the
microstructure was used to verify the structural integrity of the deposit while the
analysis of chemical composition and hardness were used to evaluate the
gradation dimensions. The study demonstrates that WAAM has the potential to
successfully deposit refractory-metal functionally graded structures, obtaining
controlled properties.
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7.1 Introduction

Functionally graded structures, commonly named with the acronym FGSs,
are advanced and highly-functional parts of a component that present a localised
continuous variation of chemical composition and, usually, microstructure which
leads to innovative mechanical or thermal responses [1]. This spatial gradation can
be completely custom-made for specific performances or functions [2].

The term “functionally graded material” has been originally introduced in
Japan in 1984 when the development of thermal barrier coating was studied [3].
The need of graded material arises in order to replace the sharp transition, when
two materials are interfaced, with a gradation which produces smooth changeover
from one material to the next [4]. Extreme-environment applications require
components that can provide exceptional performances when, for instance,
different stress fields are localized at different positions within the same part. For
this reason, these critical components need graded properties and microstructural
features complemented by different alloys.

A very specific example of an extreme environment is represented by the
nuclear fusion reactor, in which components are affected by substantially different
thermal gradients [5,6]. Other applications can be, for instance, spacecraft heat
shields, heat exchanger tubes, biomedical implants and flywheels [7]. The
manufacture of FGSs also allows new structures made of ordinarily incompatible
materials to be implemented in one structure in order to create new material
solutions for other sectors [7]. Typically, materials that have marked differences
with regard to physical and chemical properties can be embedded in a single
structure [7].

In recent years, a great attention has been given to a specific class of graded
structures, in particular, metal-based functionally graded materials [8]. Metal-
based graded structures can be built not only taking into account the
compositional gradient but also using a microstructural or geometrical gradient of
a single-material component. In particular, there have been reported studies

aiming to obtain a gradual change in microstructure [9] produced with local
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functionalities in crystallographic texture and grain size [10] and others which
implement geometrical gradient in functional mesh density [11].

Naebe [12] published a review of different techniques for FGSs production
and their impact on the final properties. Other basic production techniques
specifically for metal-based structures can be found in the work of Sobczak et al.
[8]. In general, there are several manufacturing approaches that allow obtaining
the required compositional gradient and these include gas phase, liquid phase and
solid phase methods [13]. In addition to these techniques, additive manufacturing
(AM) processes have been extensively presented in the literature as promising and
flexible approaches able to modulate and control the gradient within multi-
material structures.

The study and the implementation of these manufacturing techniques will
certainly bring a step forward the entire development of next-generation graded
structures [12]. The characteristic high accuracy and process controllability of AM
allows coupling of graded composition with geometrical and microstructural
features achieving the production, as for instance, of biocompatible high-
technology prosthesis [12].

Different additive manufacturing processes and materials have been
already studied and characterised aiming at the production of controlled and
innovative metal-based functional gradients. In the work of Domack and
Baughman [14], three different manufacturing routes were used to produce a
graded structure between Inconel 718 and Ti-6Al-4V. In particular, they studied
laser metal powder deposition, flat wire welding, and ultrasonic foil consolidation.
The structures manufactured in this study presented macroscopic cracking due to
the formation of brittle phases. Moreover, FGSs between iron and aluminium have
also been produced by Wire + Arc Additive Manufacturing (WAAM) in the study of
Shen et al. [15] showing a regular chemical gradient and acceptable mechanical
properties. Additional work on the experimental characterization and
computational analysis has been conducted for structures with a gradient from Ti-
6Al-4V to Invar 36 [16] and from 304L stainless steel incrementally graded to
Inconel 625 [17]. Niendorf et al. [9] proved the feasibility of producing stainless

steel components with different local functionalities by using selective laser
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melting (SLM). This was achieved through the manipulation and the control of the
microstructure at different build positions. The production of a gradient with
regards to the mesh density for high strength and high energy absorption Ti-6Al-
4V components has also been studied and produced using electron beam melting
(EBM) [11]. Furthermore, some studies on residual stress evolution for graded
structures were reported in the work of Dao et al. [18] and Cannillo et al. [19].

When analysing these studies, it is possible to asses that the main
challenges for the production of graded structures using additive manufacturing
are the concentration of residual stresses, the mismatch of thermo-mechanical
properties of the deposited metals and the formation of intermetallics or other
brittle phases during the deposition process. Thus, inaccuracy with regards to the
process calculation and design specifications can drive to unwanted failures [20].

As already mentioned, an increasing interest with regards to innovative
manufacturing techniques of high-performance refractory metal components has
been registered within the nuclear sector. This because these metals are primarily
characterised by the high melting point and density so that they are able to
withstand the reactor’s high temperatures. In fact, molybdenum thermal blankets
have been proposed as functional materials for piping of nuclear systems in the
work of Rizakhanov et al. [21]. Additionally, tungsten and its alloys are considered
to be the best candidate as plasma-facing materials [22]. However, their brittleness
at low temperatures presents a limitation for their use as a structural material
[23]. Weber and Aktaa [24] conducted a numerical assessment for graded
tungsten-to-steel joints. They estimated that a controlled graded structure
between the two metals is necessary for the divertor application in order to
overcome their remarkable difference in thermal expansion. They proposed
vacuum plasma spraying (VPS) and resistance sintering under ultra-high pressure
(RSUHP) as suitable methods for the production of sound functionally graded
tungsten-to-steel joints [24]. For all these reasons, the production of components
for the high-temperature applications using additive manufacturing is becoming
one of the most ambitious objectives of the nuclear industry.

Until now, very few investigations have been reported with regards to the

possibility of producing parts in unalloyed tungsten, tantalum and molybdenum
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using additive manufacturing methods. Moreover, investigations referring to
functional gradations of such materials, within the same components, have been
reported to be almost absent. In the present work, graded structures comprising of
three dissimilar alloys, in particular tantalum, molybdenum and tungsten, were
fabricated within the same structure using Wire + Arc Additive Manufacture. These
metals were deposited in their unalloyed form using a wire feedstock.
Fundamental characteristics that are common for the three metals used are the
high melting point and their complete miscibility without the formation of
secondary phases amongst each other. The aspects for which they differentiate are
physical properties such as the coefficient of thermal expansion, thermal
conductivity and ductile-to-brittle transition temperature. A unique and robust
way of manufacturing controlled gradients between different refractory metals
using a WAAM process is presented. The goal of the current study was to
investigate the manufacturing of refractory metal graded structures and analyse

the quality of the formed joints by hardness and chemical composition evaluations.

7.2 Experimental Procedure

The functionally graded structures analysed in this study were deposited
within the same deposit, which had total dimensions of 10.5 mm in height and 8.5
mm in average width. Starting from a tantalum plate, a linear structure was
deposited initially using molybdenum wire and, successively, adding tungsten
wire. The materials used in the study were high-purity unalloyed tungsten,
tantalum and molybdenum, as shown in Table 7.1. Some mechanical properties

and thermo-physical properties of these metals are also summarised in Table 7.2.

w Mo Ta Ti \' Cr Fe C N 0 K
W 9999 <005 <005 <005 <005 <005 <005 oo <10 <50 <10
wire ppm  ppm ppm ppm
Mo
9999 <005 <0.05 <0.05 <0.05 <0.05 <0.05 oo <10 59 <10
wire ppm pPpm ppm ppm
T
® 9999 <0.05 <0.05 <0.05 <0.05 <0.05 <005 o5 <10 60 <10
sub ppm  ppm ppm ppm

Table 7.1: Elemental composition (wt%) of tungsten wire (W wire), molybdenum wire
(Mo wire) and tantalum substrate (Ta sub).
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[Wm1K-1] [°C] [um m-1K-1] [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 (T), the coefficient of
thermal expansion (a) and elastic modulus (E) for tungsten, molybdenum and tantalum
from [25].

The tantalum plate was 4.0 mm in thickness and it was polished and rinsed
with acetone in order to remove the oxide layer and other residues of
contaminants. The molybdenum and tungsten wires used had both a wire diameter
of 1.0 mm. Figure 7.1 shows the layout of the welding apparatus used in this
study. In particular, a conventional tungsten inert gas (TIG) torch, a power supply
and a controlled wire feeder were used for the deposition. The heat source, the
wire delivery system and the substrate were attached to three linear motorized
high-load stages assembled in XYZ configuration. The apparatus was surrounded

by a heavy-duty enclosure used to ensure a low level of oxygen when purged with

Ul

argon.

Y-axis Clamping Rail

Figure 7.1: Set-up used for the deposition of refractory metal FGS using the WAAM
process.
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Table 7.3 lists the process parameters which were kept constant during the
deposition in order to decrease the process variables. The procedure and the
process parameters used for the deposition of each layer are reported in 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!
Oxygen Atmosphere of Deposition <100 ppm

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

Layer Num. TS WFS |
[mm/s] [mm/s] [A]
1 4 20 300
2 4 20 300
&
3 4 20 300 =
=
4 4 20 300 §
=
5 4 20 300 3
=
6 4 20 300 _:
7 4 20 300 =
8 4 20 300
9 4 15 300
10 4 15 300 ®
11 4 15 300 E
5]
12 4 20 300 @
&
13 3 20 300 2
14 3 20 300

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

The deposition of each successive layer was performed once the substrate
was cooled down to room temperature. The cross-section, perpendicular to the
deposition direction, was selected for the characterisation. The samples were
polished and chemically etched to reveal the microstructural features developed
during the deposition. Murakami's Reagents were used as etchant solution for the

investigation of all three alloys. The hardness of the structure was measured using
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an automatic hardness testing machine. The main parameters for the hardness
acquisition were 1000g load, a step size of 100um step and an indentation time of
15 seconds for each testing point. The chemical composition of the structure
deposited was measured using a scanning electron microscope (SEM) equipped

with an energy-dispersive spectrometer (EDS) operating at 20 kV.
7.3 Results and Discussion

7.3.1 Microstructure

Figure 7.2 reveals the microstructure of the two functional gradations
within the structure deposited. In specific, a graded structure between tantalum
(Ta) and molybdenum (Mo) was located at the bottom whereas a graded structure
between molybdenum and tungsten (W) was located at the middle-height of the

sample.

W

Interface Mo-W
Mo

Interface Ta-Mo

Ta

12% Ta 88%Mo 50% Mo 50% W
18% Ta 82% Mo

o5 Ta 75% Mo ey 1% Ta 64% Mo 35% W
45% Ta 55% Mo
65% Ta 35% Mo

100% Ta
6% Ta 94% Mo

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).
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Figure 7.2 shows the higher-magnification micrographs of some
microstructural features present at different spatial positions of the deposited
structure, in particular at the interface between of the deposition of two refractory
metals. Figure 7.2a reports the microstructure of the whole deposited structure
and its characteristic features. In particular, large columnar grains were visible
within Mo-rich regions while finer equiaxed grains were forming the prevalent
microstructure of W-rich regions. Furthermore, the existence of cracks at the
interface between Ta and Mo was also reported as well as the presence of porosity
localized mainly at the interface between Mo and W. Additionally, an impressive
absence of cracks at the interface between Mo and W was reported. The
microstructural evolution and the distribution of the defects throughout the layers
can be directly correlated to the material composition characterising the different

regions.

Figure 7.2b shows the microstructural features at the tantalum-
molybdenum interface, which consisted of columnar grain with a marked presence
of cracks across the grain boundaries. The average non-stoichiometric composition
of the first deposited layer of Mo resulted to be around 65 wt.% of Ta and 35 wt.%
of Mo. With the successive layer depositions of molybdenum, the columnar grains
developed parallel to the building direction with an increased presence of porosity
but a decreased presence of cracks. This characteristic columnar-like
microstructure was seen within the range in composition from about 55 wt% to 94
wt% of Mo. When W was introduced in the deposition, the second gradation
started to form and a noticeable a reduction of the porosity and the change in
microstructure from columnar to equiaxed were seen with a content of W equal to
15 wt.% (Figure 7.2c).

The causes of the cracks evolution between Ta and Mo can be addressed to
the intense stress fields developed at this particular interface during the
deposition or to the critical mechanical mismatch between the two metals due to
their difference in plasticity (Table 7.2). Further investigations were carried out in
order to verify the presence of compositional or microstructural fluctuations and

are reported within the following sections.
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Columnar grains in components produced by additive manufacturing has
been already reported for tantalum, titanium and nickel alloys [26-30]. These
grains usually forms onto previous partially melted ones, which act as nucleation
sites, and grow epitaxially, parallel to the building direction, across multiple layers.
This resulted to be the typical solidification process of Mo-rich regions. Typically, a
finer microstructure can be produced by a faster solidification rate or by
employing a lower process heat input. This could possibly lead to a change in the
solidification regime from columnar to equiaxed grains.

In the case reported, the addition of W to Mo produced a metallic solution
with an increased melting point and thermal conductivity with respect to
unalloyed Mo. As a consequence, the liquid solution started to solidify at a higher
rate, as well as the heat was extracted from the liquid pool at a higher rate. Under
these conditions, the epitaxial grain growth was not anymore the preferred
mechanism that dominates the solidification but it was outclassed by
heterogeneous nucleation caused by a faster cooling rate. Thus, within the weld
pool, numerous nuclei started to form which, then, initialised the crystallisation.
The continuous increasing of tungsten content promoted this effect leading to the
formation and growth of fine equiaxed grains within the melt pool. Furthermore,
each layer was deposited when the entire structure was cooled at room
temperature and this could have enhanced or ensured the heterogeneous
nucleation conditions.

A similar phenomenon has been seen in the study of Shen et al. [15] in
which FGSs between iron and aluminium were deposited. With respect to the work
of Shen et al. [15], the major similarity is in the fact that, a metal with higher
thermal conductivity was deposited on a metal with lower thermal conductivity. In
fact, the thermal conductivities of iron and aluminium are respectively 80.4 W m-
1IK-1 and 205 W m-1K-1 [15]. The values for molybdenum and tungsten are
respectively 138 W m-1K1 and 174 W m-1K1 (Table 7.2). For this reason,
depositing aluminium on iron can be compared to the deposition of tungsten on
molybdenum and, in fact, a similar effect was observed with regards to the
solidification and the resulting microstructural pattern. Furthermore, in the work

of Reichardt et al. [31], a sharp change from columnar to finer equiaxed grains
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have been reported when depositing vanadium-rich alloy onto titanium-rich alloy.
The authors addressed the occurrence of this phenomenon to the insufficient
process heat input, as vanadium has a higher melting point than titanium. Table
7.4 reports the procedure used in the current study for the deposition of the
structure. From the Mo deposition to the W deposition, the progressive heat input
for every layer has been kept constant, excluding the last two tungsten layers,
while the increasing tungsten content progressively raised the melting point of the
weld pool alloy.

It can be deduced that the finer microstructure of the W-rich regions could
have been possibly produced by the progressively higher melting point of the
alloys and the enhanced extraction of the heat, which promoted heterogeneous

nucleation against the epitaxial growth.

7.3.2 Correlation between hardness and chemical composition

Figure 7.3 reports the elemental composition and the Vickers hardness
profile of the structure as a function of the position relative to the top of the
substrate. In particular, the hardness curve is represented in black while, the
composition of Ta, Mo and W are represented respectively in blue, red and green.

All the measurements were performed at the centreline of the structure.

I\ |
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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.
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The average measured composition was precisely reflecting the hardness
profile along the structure. In particular, the hardness and the composition of each
layer can be seen from the trends. Small progressive plateaus were observed for
both composition and hardness, which resembled the dimensions of each
deposited layer. The first FGS, between Ta and Mo, extended for about 4000.0 um
while the second, between Mo and W, extended for about 5500.0 pm.

When depositing one layer, the previously deposited one was only partially
melted and, with the addition of the wire feedstock, an alloy with a new
composition was formed. The reiteration of this process created a smooth gradient
in composition, which can be designed and controlled by varying the process
parameters. The re-melting and the quantity of the material added are the main
factors to consider and monitor in order to control the gradient slope and
dimension. In fact, the re-melting of the layer is directly connected to the melting
point of the local alloy and to the heat input. High re-melting leads to a low dilution
of the melted layer composition. The quantity of the material added for the WAAM
process is directly connected to the WFS to TS ratio and wire diameter. High WFS
to TS ratio leads to a high dilution of the melted layer composition. Thus, the
dilution of each layer is directly proportional to the WFS to TS ratio and inversely
proportional to the process heat input.

The hardness trend along the entire structure did accurately overlie the
compositional gradients. In particular, five main regions of interest can be
recognised with regards to the hardness profile (Figure 7.3): (1) Ta substrate, (2)
interface Ta to Mo, (3) FGS Ta to Mo, (4) FGS Mo to W and (5) almost unalloyed W.
The hardness of the Ta substrate remained constant to an average of 95 Hv along
the entire substrate thickness. The interface between Ta and Mo was characterised
by a hardness of around 550-600 Hv. Successively, the hardness constantly
decreased within the first FGS until stabilising at around 240 Hv for Mo-rich
regions. With the addition of W, the hardness gradually increased within the FGS
between Mo and W until it stabilised at around 400 Hv on average of W-rich
regions at the top of the structure.

It can be surely reported a pronounced sharp increasing in hardness with

the addition of Mo to the unalloyed Ta. No intermetallic phases were formed
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during the deposition due to their complete solid solubility. Typically, Ta
vigorously decreases its plasticity and increases its hardness when alloyed with a
relatively large quantity of tungsten, as reported in the study of Chen and Gray
[32]. A similar effect could have verified when the first two layers of Mo were
deposited. For this reason, the presence of numerous cracks is also justified by the
marked brittleness of this intermediate metallic solution.

Various excursions were observed for the hardness profile as soon as
tungsten was introduced in the built. Further investigations by using EDS maps
and elemental analysis of the graded structure between molybdenum and tungsten

have been performed in order to explain these variations.

7.3.3 EDS maps and chemical analysis

7.3.3.1 Interface between tantalum and molybdenum

Figure 7.4a-c reports the back-scattered electron images and the energy-
dispersive spectrometer (EDS) elemental maps for the interface between Ta and
Mo. Figure 7.4d-f refers to higher magnification region within the mixing zone

located on the first layer.

250 pm

:

AR T Y T
= ey

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

A sudden change in contrast is reported in Figure 7.4a, which represents
the compositional layer boundary between the first layer of Mo and the Ta

substrate. The EDS maps reported in Figure 7.4b and Figure 7.4c show
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respectively the distribution of Mo and Ta across the interface. This region was
characterised by the presence of cracks and a considerably high hardness. When
analysing this region at higher magnification, a dense network of several hundred-
micron-long cracks was found, as shown in Figure 7.4d. From the elemental maps
in Figure 7.4e and Figure 7.4f, the cracked area was not showing any enriched
regions or inconsistent compositional variations around the cracked zones,
remarking the absence of inhomogeneities.

Some of the physical and thermal properties of both Ta and Mo are reported
in Table 7.2. From these data, it is possible to notice the considerable differences
with regards the coefficient of linear thermal expansion (a) and the elastic
modulus (E). In particular, they are respectively 6 ym m-1K-1 and 170 GPa for Ta
and 4 ym m1K1 and 329 GPa for Mo. Weber and Aktaa [24] assessed that the
difference in mechanical properties is one of the most critical problems when
joining dissimilar metals. Bobbio et al. [16] argued that one of the causes of the
development of severe cracking for their investigation on the graded structures
between Ti-6Al-4V and Invar was possibly associated with the marked difference
in the coefficient of thermal expansion of the two metals which can lead to a high
concentration of stresses, after multiple thermal cycles. For these reasons, the
large mismatch of thermal and mechanical properties of Ta and Mo can be
identified as the principal cause for the occurrence of cracks within the interface
between these two metals.

The magnitude of the residual stresses for components deposited via
WAAM is usually reported to be considerably high due to the intrinsic nature of the
process. In particular, the interface between deposit and baseplate resulted to be
characterised by a larger concentration of residual stresses with compared to the
upper layers [33]. At this specific location of the deposit, both longitudinal and
transverse components of the residual stress are summed increasing the local
loading of the part [34].

With regards to the case analysed in this study, the development of the
dense network of cracks seen at the interface between Ta and Mo was caused by a
combined effect of the considerable mismatch between physical and mechanical

properties of the metals and the concentration of residual stress at the root of the
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structure due to the deposition process. Besides these factors, the increased

hardness and brittleness of the alloy 35Mo065Ta also played a crucial role.

7.3.3.2 Molybdenum to tungsten interface

Back-scattered electron images and EDS elemental maps relative to the FGS
between Mo and W are shown in Figure 7.5. The characterisation of variations in
composition was conducted for the initially deposited layers of W, in particular,
where the average non-stoichiometric composition measured at this position was
80 wt% in Mo, 16 wt% in W and 4 wt% in Ta.

The differences in contrast in the back-scattered electron images are due to
a compositional gradient or zoning instead of surface or grain morphology. Mo-
rich zones are shown as darker regions than W-rich, which are shown as brighter
regions. The contrast reflects the average composition at every point. Therefore, it
is possible to notice W enriched zones located across the layer surrounded by a
Mo-W matrix, as shown in the elemental maps reported in Figure 7.5b and Figure

7.5c. This phenomenon was observed only for the initial W layers.

e) Table 7.5
Spectrum Mo Ta w
Label [wt%] [wt%] [wt%]
Spectrum 1 100
Spectrum 2 75.14 2.92 21.94
Spectrum 3 65.02 34.98
Spectrum 4 51.56 48.44

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).
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In order to quantify and characterise these variations in composition, EDS
elemental analysis at multiple zones characterised with different contrast was
performed. The location of each acquisition is indicated in Figure 7.5d. In Figure
7.6e is reported Table 7.5, which lists the values of the elemental composition of
the four regions examined. It can be seen that the brightest regions were
characterised by a composition of 100 wt.% of W while some surrounding regions
were characterised by a W composition as low as 22.0 wt.%.

During the deposition of the initial layer using W wire, W-rich regions
formed within the structure mainly because of the difference with regards to the
melting point and the thermal conductivity of the two metals. In particular, W is
characterised by a much higher melting point and thermal conductivity than Mo
(Table 7.2) so that faster solidification occurred for the W-rich regions. Usually,
the deposition of each layer by an additive manufacturing process can be
considered to be inherently a non-equilibrium state because of the rapid
solidification of the liquid pool. For this reason, the optimal mixing condition of the
two liquid metals, within the weld pool, was not reached and the distribution of the
alloying element was not uniform for the initial layers. These localised variations
in composition had a noticeable impact on the hardness trend, as shown in Figure
7.3. The features described were not observed in the successive layer mainly due
to the increased content of W which facilitated the alloying with Mo.

The absence of cracks observed between W and Mo was one of the most
important features to be highlighted. Contrarily to the FGS between Ta and Mo, the
Mo-W FGS was not presenting either micro- or macro-cracks within its volume.
The two metals are characterised by similar elastic modulus and coefficient of
linear thermal expansion (Table 7.2), which can be considered to be the main

reason for the high integrity of the structure, a part of the complete solid solubility.

7.4 Conclusions

In the present work, the deposition of multiple graded structures between
tantalum, molybdenum and tungsten was studied. This represents one of the first
process studies with regards to the deposition of controlled gradations for large-

scale refractory metal structures. The Wire + Arc Additive Manufacturing process
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proved to be characterised by a great flexibility and potential with regards to the
creation of advanced components through controlled deposition. The
microstructure, hardness profile and elemental composition were characterised

along the height of the structure. The main findings can be summarised as:

e A dense network of cracks has been reported to populate the interface
between tantalum and molybdenum. This has been mainly caused by the
mismatch in coefficient of thermal expansion between the two parent
metals and by the increased brittleness of the alloy in a non-stoichiometric

35Mo-65Ta combination;

e A sharp change in the microstructural evolution was observed when
depositing tungsten onto molybdenum. The main reason is to be found in
the heterogeneous solidification from several nuclei with the weld pool due

to the fast solidification of the weld pool;

e Variations in both composition and hardness were observed within the
initial layers of the FGS between molybdenum and tungsten. It was caused
by the substantial difference in melting point of the two metals and the
rapid solidification characteristic of the AM processes, which did not favour

the formation of a homogeneous alloy;

e The absence of cracks within the molybdenum-tungsten functionally graded
structure has been reported. This has been promoted by the similarity with
regard to the coefficient of thermal expansion of the two metals. This led the
intermediate alloys to accommodate the stresses and the cyclical expansion

with the minimum localization of strain.

This study proved that investigations on the influence of the process parameters as
heat input and quantity of added material and on the development of a
computational model would lead to allow building any controlled gradations in
composition using Wire + Arc Additive Manufacture. Furthermore, when

depositing FGSs using an additive manufacturing technique, not the only the
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miscibility of the alloys and the eventual formation of intermetallic or other brittle

phases have to be considered but also the possible mismatch in both thermal and

mechanical properties. In particular, a pronounced mismatch with regards to the

thermal properties could lead to a sudden change in the solidification regime,

which can affect the microstructure, while a mismatch in mechanical properties

could lead to failure, such as cracks, also enhanced by the residual stresses that

develop when manufacturing components with an AM process.

7.5 Bibliography

1.

10.

186

Reddy JN. Analysis of functionally graded plates. Int. J. Numer. Meth. Engn.
2000; 47: 663—-684. Available at: DOI:10.1002/(SICI)1097-
0207(20000110/30)47:1/3<663::AID-NME787>3.0.CO;2-8

Kawasaki A., Watanabe R. Concept and P/M fabrication of functionally gradient
materials. Ceramics International. 1997; 23(1): 73—-83. Available at:
DOI:10.1016/0272-8842(95)00143-3

Koizumi M. FGM activities in Japan. Composites Part B: Engineering. 1997; 28(1—
2): 1-4. Available at: DOI:10.1016/51359-8368(96)00016-9

Niino M., Hirai T., Watanabe R. The functionally gradient materials. Journal of
the Japan Society for Composite Materials. 1987; 13: 257-264.

Pareige P., Russell KF., Stoller RE., Miller MK. Influence of long-term thermal
aging on the microstructural evolution of nuclear reactor pressure vessel
materials: an atom probe study. Journal of Nuclear Materials. 1997; 250(2-3):
176-183. Available at: DOI:10.1016/50022-3115(97)00264-X

Bernstein A., Bowden NS., Misner A., Palmer T. Monitoring the thermal power of
nuclear reactors with a prototype cubic meter antineutrino detector. Journal of
Applied Physics. 2008; 103(7). Available at: DOI:10.1063/1.2899178

Bohidar SK., Sharma R., Mishra PR. Functionally Graded Materials : A Critical
Review. International journal of Scientific Footprints. 2014; : 8-29.

Sobczak JJ., Drenchev L. Metallic Functionally Graded Materials : A Specific Class
of Advanced Composites. Journal of Materials Science & Technology. Elsevier
Ltd; 2013; 29(4): 297-316. Available at: DOI:10.1016/j.jmst.2013.02.006

Niendorf BT., Leuders S., Riemer A., Brenne F., Tr T., Richard HA., et al.
Functionally Graded Alloys Obtained by Additive Manufacturing. Advanced
Engineering Materials. 2014; 16: 857-861. Available at:
DOI:10.1002/adem.201300579

Popovich VA., Borisov E V., Popovich AA,, Su VS., Masaylo D V., Alzina L.
Functionally graded Inconel 718 processed by additive manufacturing :
Crystallographic texture, anisotropy of microstructure and mechanical
properties. Materials and Design. 2017; 114: 441-449. Available at:

CHAPTER 7: PAPER F



DOI:10.1016/j.matdes.2016.10.075

11. LiBS., ZhaoS., HouW., Teng C.,, Hao Y., Li Y., et al. Functionally Graded Ti-6Al-4V
Meshes with High Strength and Energy Absorption. Advanced Engineering
Materials. 2016; Available at: DOI:10.1002/adem.201500086

12.  Naebe M., Shirvanimoghaddam K. Functionally graded materials : A review of
fabrication and properties. Applied Materials Today. Elsevier Ltd; 2016; 5: 223—
245, Available at: DOI:10.1016/j.apmt.2016.10.001

13.  Sasaki M., Hirai T. Fabrication and Properties of Functionally Gradient Materials.
The Centennial Memorial Issue of The Ceramic Society of Japan. 1991; 99(10):
1002-1013. Available at:
https://www.jstage.jst.go.jp/article/jcersj1988/99/1154/99 1154 1002/ pdf

14. Domack MS., Baughman JM. Development of nickel-titanium graded
composition components. Rapid Prototyping Journal. 2005; 11(1): 41-51.
Available at: DOI:10.1108/13552540510573383

15. Shen C., Pan Z., Cuiuri D., Roberts JON., Li H. Fabrication of Fe-FeAl Functionally
Graded Material Using the Wire-Arc Additive Manufacturing Process.
Metallurgical and Materials Transactions B. Springer US; 2016; 47(1): 763-772.
Available at: DOI:10.1007/s11663-015-0509-5

16. Bobbio LD., Otis RA., Paul J., Dillon RP., Shapiro AA., Liu Z., et al. Additive
manufacturing of a functionally graded material from Ti-6Al-4V to Invar :
Experimental characterization and thermodynamic calculations. Acta Materialia.
Elsevier Ltd; 2017; 127: 133-142. Available at:
DOI:10.1016/j.actamat.2016.12.070

17.  Carroll BE., Otis RA., Paul J., Suh J., Dillon RP., Shapiro AA., et al. Functionally
graded material of 304L stainless steel and inconel 625 fabricated by directed
energy deposition : Characterization and thermodynamic modeling. Acta
Materialia. Elsevier Ltd; 2016; 108: 46-54. Available at:
DOI:10.1016/j.actamat.2016.02.019

18. M. Dao., Gu P., Maewal A., Asaro RJ. A Micromechanical Study of Residual
Stresses in Functionally Graded Materials. Acta Materialia. 1996; 45(8): 3265—
3276.

19. Cannillo V., Montorsi M., Siligardi C., Sola A., de Portu G., Micele L., et al.
Microscale computational simulation and experimental measurement of
thermal residual stresses in glass-alumina functionally graded materials. Journal
of the European Ceramic Society. 2006; 26(8): 1411-1419. Available at:
DOI:10.1016/j.jeurceramsoc.2005.02.012

20. Soodi M., Masood SH., Brandt M. Thermal expansion of functionally graded and
wafer-layered structures produced by laser direct metal deposition.
International Journal of Advanced Manufacturing Technology. 2013; : 2011-
2018. Available at: DOI:10.1007/s00170-013-5157-9

21. Rizakhanov RN., Polyanskii MN., Barmin a. a., Rudshtein RI. Functional materials
for the piping of nuclear propulsion systems. Inorganic Materials: Applied

187 CHAPTER 7: PAPER F



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

188

Research. 2014; 5(2): 124-128. Available at: DOI:10.1134/52075113314020178

Khripunov BI., Koidan VS., Ryazanov Al., Gureev VM., Kornienko SN., Latushkin
ST., et al. Study of tungsten as a plasma-facing material for a fusion reactor.
Physics Procedia. Elsevier B.V.; 2015; 71(February): 63—67. Available at:
DOI:10.1016/j.phpro.2015.08.313

Gumbsch P. Brittle fracture and the brittle-to-ductile transition of tungsten.
Journal of Nuclear Materials. 2003; 323: 304—-312. Available at:
DOI:10.1016/j.jnucmat.2003.08.009

Weber T., Aktaa J. Numerical assessment of functionally graded tungsten/steel
joints for divertor applications. Fusion Engineering and Design. Elsevier B.V.;
2011; 86(2-3): 220-226. Available at: DOI:10.1016/j.fusengdes.2010.12.084

Brandes EA., Brook GB. Smithells Metals Reference Book. Seventh Ed.
Butterworth-Heinemann. Butterworth-Heinemann; 1992. 1-534 p. Available at:
DO0I:10.1016/B978-075067509-3/50014-2

Segerstark A., Andersson J., Svensson LE. Investigation of laser metal deposited
Alloy 718 onto an EN 1.4401 stainless steel substrate. Optics and Laser
Technology. Elsevier Ltd; 2017; 97: 144-153. Available at:
DO0I:10.1016/j.optlastec.2017.05.038

Carroll BE., Palmer TA., Beese AM. Anisotropic tensile behavior of Ti-6Al-4V
components fabricated with directed energy deposition additive manufacturing.
Acta Materialia. Acta Materialia Inc.; 2015; 87: 309-320. Available at:
DOI:10.1016/j.actamat.2014.12.054

Baufeld B., Biest O Van der., Gault R. Additive manufacturing of Ti-6Al-4V
components by shaped metal deposition: Microstructure and mechanical
properties. Materials and Design. Elsevier Ltd; 2010; 31(SUPPL. 1): S106-S111.
Available at: DOI:10.1016/j.matdes.2009.11.032

Vilaro T., Colin C., Bartout JD., Nazé L., Sennour M. Microstructural and
mechanical approaches of the selective laser melting process applied to a nickel-
base superalloy. Materials Science and Engineering A. Elsevier B.V.; 2012; 534:
446-451. Available at: DOI:10.1016/j.msea.2011.11.092

Thijs L., Montero Sistiaga ML., Wauthle R., Xie Q., Kruth JP., Van Humbeeck J.
Strong morphological and crystallographic texture and resulting yield strength
anisotropy in selective laser melted tantalum. Acta Materialia. Acta Materialia
Inc.; 2013; 61(12): 4657-4668. Available at: DOI:10.1016/j.actamat.2013.04.036

Reichardt A., Dillon RP., Paul J., Shapiro AA., Mcenerney BW., Momose T., et al.
Development and characterization of Ti-6Al-4V to 304L stainless steel gradient
components fabricated with laser deposition additive manufacturing. Materials
and Design. Elsevier Ltd; 2016; 104: 404—413. Available at:
DOI:10.1016/j.matdes.2016.05.016

Chen SR., Gray GT. Constitutive behavior of tantalum and tantalum-tungsten
alloys. Metallurgical and Materials Transactions A. 1996; 27(10): 2994-3006.
Available at: DOI:10.1007/BF02663849

CHAPTER 7: PAPER F



33.

34,

189

Ding J., Colegrove P., Mehnen J., Ganguly S., Almeida PMS., Wang F., et al.
Thermo-mechanical analysis of Wire and Arc Additive Layer Manufacturing
process on large multi-layer parts. Computational Materials Science. Elsevier
B.V.; 2011; 50(12): 3315—-3322. Available at:
DO0I:10.1016/j.commatsci.2011.06.023

Szost BA., Terzi S., Martina F., Boisselier D., Prytuliak A., Pirling T., et al. A
comparative study of additive manufacturing techniques: Residual stress and
microstructural analysis of CLAD and WAAM printed Ti-6Al-4V components.
Materials and Design. 2016; 89: 559-567. Available at:
DOI:10.1016/j.matdes.2015.09.115

CHAPTER 7: PAPER F



190 CHAPTER 7: PAPER F



Chapter 8

Conclusions and Future Work

8.1 Introduction

The main aim of this chapter is to determine the actual impact of the research
findings on both scientific and industrial point of view. Thus, the significance of the
research is discussed considering the perspectives and implications of the findings
in a broader context. A proposed optimal design for a Wire + Arc Additive
Manufacturing system dedicated to refractory metals is indicated followed by the

main conclusions of the study.

8.2 Contribution to knowledge

The development of additive manufacturing technologies specifically for the
deposition of tungsten and tantalum presented various gaps since the beginning of
the research. The main gaps have been reviewed and listed in Chapter 1. For
simplicity, some of them are briefly summarised in order to place the discussion in

context. In particular:

e A limited number of available investigations focused on the deposition of
tungsten and tantalum and a complete absence of investigation of the Wire +

Arc Additive Manufacturing process for these metals;
e The investigations available are concentrated on additive manufacturing

processes for small-scale components employing a laser as the heat source

and powder as the feedstock;
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e The absence of procedures for additive manufacturing techniques able to

produce defect-free tungsten components;

e The absence of investigations focused on the production of controlled

functionally graded structures of dissimilar refractory metals.

The principal research questions identified in Chapter 1 of the present
dissertation have been formulated based on these main gaps and the available
knowledge within the literature. The answers to each of these questions have been
successfully addressed by the achievement of the research objectives.

The overall study is in strong agreement with the research available in
literature with regards to the real feasibility of depositing refractories using AM.
Nonetheless, overlapping the combinations of the research chapter results to the
literature gaps, it is visible how original knowledge was also produced which
extends the comprehension of the additive manufacture for the refractory metals.
This has a considerable significance within the field of study and could help other
researchers to refine the investigations using processes different than WAAM.
Moreover, the entire set of results generally proves that the process developed can
be considered as a valid alternative to existing manufacturing techniques. The main

contribution to knowledge can be summarised as follows:

e This research represents the first investigations of Wire + Arc Additive

Manufacturing process for both tungsten and tantalum;

e The suitable hardware, process parameters and clamping systems have

been illustrated;

e An additive manufacturing process has been developed for large-scale
refractory metal components;
e Characterisation of the microstructure and the relation with mechanical and

thermal properties have been investigated;
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e In process cold work was shown to be effective in improving the

microstructure of tantalum;

o Defect-free fully-dense components have been successfully deposited;

e It has been demonstrated that functionally graded structures among

refractory metals can be manufactured.

8.3 Impact of the research and future work

The presented research summarised a number of benefits and
improvements which enlarge the potential and the flexibility of AM processes, in
particular WAAM. Furthermore, as an exploratory research, opportunities for
further investigations were raised as well as conceptualisations of the technology

within different industries.

Generally, the list of materials recognised to be processable using WAAM can
now encounter three new metals, such as tungsten, molybdenum and tantalum. This
represents a concept of proof for the validity of the deposition process. Additionally,
this research showed that alloys characterised by a high Young’s modulus and a high

melting point can be manufactured without frequent failures, such as cracking.

Moreover, fundamental information can be extracted from this study which
would extend and enhance the underpinning science of AM processes for refractory
metals other than WAAM. The following section briefly presents which research

aspects were recognised as valuable for further development and understanding.

8.3.1 Future work for further development
The results of the research programme on the development of WAAM for the
refractory metals open toward the possibility of further process development and

material characterisation. In particular, additional research could focus on:

e Determine a complete relationship between deposit dimensions and process

heat input in order to the develop a model suitable for the automation of the
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8.3.2

of the WAAM process for both tungsten and tantalum;

Characterise the mechanical properties of tungsten structures over a large
temperature range. In particular, Charpy impact test to characterise the
ductile-to-brittle temperature transition and three-point bending or tensile
test in order to determine the flow stress over the entire temperature range

in tension as well as in compression;

Characterise the mechanical properties of the tantalum structures produced
using the combination of WAAM and inter-layer cold rolling. This would be
useful to understand if the mechanical anisotropy was eliminated and the

strength improved;

Model the relationship between process parameters and compositional
gradient dimensions for functionally graded structure in order to predict the

composition of each layer prior deposition;

Measure and characterise the residual stress distribution of both tungsten
and tantalum structure which can lead to further developments of necessary

tools for stress mitigation technique for better process flexibility;

Investigate the feasibility of using alternative heat sources, such as laser or
arc-laser hybrid, rather than arc for the deposition of refractory metals
because of the possibility to have much more control on the energy density

and distribution.

Future work for further understanding

Some aspects presented in the research chapters require further

investigations in order to obtain a complete understanding of the phenomena. Some

of them are indicated as follow:
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e The characteristic banding reported within tantalum structures after etching
needs to be further characterised in order to establish and verify if it was

caused by the detachment of finely dispersed oxide particles;

e Thermal straining affected the mechanical properties of the tantalum
structure based on the location of specimen extraction. This need to be

further understood in order achieve a standard deposition process;

e The thermal properties measured for tungsten structure needs to be further
corroborated. In particular, additional tests need to be performed on
different heat-treated tungsten structure to understand the physical

mechanism which led to the specific results reported;

e Further investigations are needed in order to understand which family of
crystal imperfections actually acted as a nucleation site for the new strain-

free grains when rolling is coupled with WAAM for tantalum.

8.4 Impact on future applications of the research

The full implementation of the additive manufacture for industrial
applications is yet to arrive, while, its potential has been clearly shown in the last
years. This is the main factor which is leading many industrial sectors to finance
high-quality research of AM materials and processes. Each of these sectors is looking
for new manufacturing routes for specific components and materials. In particular,
aeronautics and aerospace sectors are mainly focused on the AM development for
light alloys, such as aluminium, magnesium and titanium alloys. The application of
high-melting-point and high-thermal-conductivity materials is of interest for the

nuclear sector.

The results of this research would be of benefit for this last sector as well as
other sectors which require the application of parts in severe environments. In
particular, the important outcome lies in the possibility to produce near-net-shape
components in tungsten and tantalum employing a high deposition rate. In fact, the

process developed was characterised by a deposition rate of 2.7 kg/h for tungsten
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and 2.9 kg/h for tantalum. This will allow manufacturing medium to large scale
components achieving total a weight of over 10 kg. The potentially unlimited build
volume also differentiated this study when compared to the other investigation on
AM of refractory metals. The following sections will be focused on the impact of the

research on two specific industrial sectors, such as nuclear and defence.

8.4.1 Nuclear

The nuclear sector would benefit from this study because it opens new
possibilities with regards to the material selection. In particular, in the past, the
utilisation of refractory metals, such as tungsten, has been considered with
precautions due to their limited workability using conventional manufacturing
techniques. Thus, the possibility to manufacture high-performance and relatively
low-cost tungsten components via WAAM represents a major benefit for this
industry. The tungsten armours need to be solidly attached to the other parts of the
divertor system which would require joining between dissimilar materials. A
proved design proposal for this approach is to use WAAM to create functionally
graded structures between tungsten and other metals in order to have gradient not
only in composition but also in thermal expansion. This will possibly mitigate the
occurrence of cracks due to mismatch in materials’ thermal properties.
Furthermore, the consumption and erosion of the tungsten armour after many
operating cycles can be addressed by the utilisation of WAAM as in-service repairing
technique. Tungsten is also a preferred choice for the nuclear sector for its high
resistance to irradiation. This represents a considerable progress towards the

commercial feasibility.

8.4.2 Defence

The results produced by the study on the WAAM process development and
material characterisation of tantalum mainly impact the defence sector. This
because the WAAM process developed can lead to large cost reductions and
increased production flexibility of tantalum components, such as balance weights
for missiles bodies and parts within the rocket propulsion systems. The flexibility

associated with the WAAM process developed can lead to continuous design
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enhancements due to its digital approach and, also, to set-up production lines
directly on the military field. Moreover, the process developed can be used to

execute maintenance in-situ of multiple components.

8.5 WAAM system for refractory metals

Part of the merit of the research needs to be attributed to the WAAM machine
used to develop the process parameters and to deposit large-scale refractory metal
components. In particular, the experimental set-up shown in most of the research
chapters was designed and assembled by the author of the present dissertation for
the PhD research purposes. The term WAAM machine refers to the entire
combination of welding and manipulation hardware components, software
interface, wire delivery system, clamping systems and inert atmospheric chamber.
Although the WAAM machine was designed for the deposition of refractory metals,
multiple improvements would be required to be implemented within a WAAM
system fully-dedicated to high-melting-point materials. In particular, the following

specific equipment would be needed:

e Specific welding torch designs;

e High-frequency and heat resistant manipulation system;

e Controlled cooling system for both manipulators and clamping system;
e Sealed and heat-resistant inert atmospheric chamber;

e (ooled welding torch with high operational duty cycle;

e Accurate wire positioning system.

Furthermore, the refractory metal wires used for all the investigations
reported were commercially available material. These wires are generally
fabricated to be used in application other than AM. The commercial availability of
specifically designed chemistry of the wires could lead to improvement of the

quality and the properties of the deposits when using WAAM.

8.6 Conclusions

The Wire + Arc Additive Manufacturing process for the production of

refractory metal components has been investigated in this study, in particular for
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tungsten and tantalum. The aim of this dissertation was to investigate the WAAM
process for these metals and to understand the underpinning issues of their

deposition. The main research conclusions are:

e The Wire + Arc Additive Manufacturing process is a suitable manufacturing

route for large-scale components of both tungsten and tantalum;

e A satisfactory deposition regime was obtained for tungsten in order to obtain

crack-free deposits;

e The tungsten components are characterised by thermal properties suitable

for the application in the nuclear sector;

e (Good mechanical properties have been achieved for the tantalum deposited

structure;

e Inter-layer cold working is effective in improving the microstructure of

tantalum components;

e Functionally graded structure can be successfully deposited using the WAAM
process.

The overall research revealed many aspects of useful practical knowledge
which helped in building the theoretical knowledge for both research advancements
and industrial applications. In particular, the research presented could have a
potential impact on the nuclear and the defence sectors for the production of highly

functional and structural components.

The existing literature which focuses on the field of additive manufacturing
has been expanded with new data, which contributed to a better understanding of
the deposition process. In fact, when comparing the knowledge gaps within the
current literature with the results reported, it can be seen that they confirm the
possibility to deposit refractory metals, but they are distinguished from the

literature for the achievable size of the deposits and the absence of internal defects.
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Furthermore, the investigations available in the literature are mainly based on the
deposition using laser and powder. The results presented in this dissertation also
expand the list of suitable and new manufacturing techniques for refractory metals,

which can now include Wire + Arc Additive Manufacture.

Additionally, one of the most valuable information from this study is the
fundamental hardware requirements to implement on a fully-operating WAAM
machine dedicated to the deposition of high-melting-point and highly reactive
materials, such as refractory metals. Particular attention needs to be given to the
production and utilisation of high-purity wire, as the composition of the feedstock

is fundamental for the production of high-quality components.

Although the additive manufacturing process developed is considered far
from its maturation, the results presented in this dissertation represent the
foundation of a possible disruptive change in the way refractory metal components
are manufactured. The next step for this important achievement is left for future
research and some of the potential areas of future improvement were indicated

within the general discussion in the section dedicated to future research.
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Appendix A

Strategies for tungsten deposition

A1 Introduction

In this appendix, further information with regards to the characterisation
and the stabilisation of the Wire + Arc Additive Manufacturing process for
unalloyed tungsten presented in Chapter 3 is provided. In particular, the steps
toward the development of the correct deposition strategy are illustrated briefly

showing the main reason for the advancement of the investigation.

A2 Methodology

A2.1 Experimental Set-up

Different clamping systems were used for the investigations reported in this
appendix in order to understand the impact of the clamping force on the
occurrence of cracks. Front feeding was employed for all the deposition strategies

presented. All the depositions occurred in a high-purity argon atmosphere.

A2.2 Deposition Strategy 1

Table A.1 presents the process parameters used for the Deposition
Strategy 1. The substrate used was a tungsten plate with a thickness of 5.0 mm and
the diameter of the tungsten wire was 1.0 mm. The deposition occurred on the flat

side of the tungsten plate (Figure A.1).

TS I WFS AGC
[mm/s] [A] [mm/s]  [He%]
2 350 235 100

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 presents the process parameters used for the Deposition
Strategy 2. The substrate used was a tungsten plate with a thickness of 5.0 mm and
the diameter of the tungsten wire was 1.0 mm. The substrate was placed under the
torch in a different configuration. In particular, the deposition occurred on the side

of the substrate (Figure A.2).

TS I WFS AGC
[mm/s] [A] [mm/s] [He%]
2 350 23.5 100
Table A.2: c
Wall
Substrate

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

A2.4 Deposition Strategy 3

In order to understand if the clamping load combined with the great
thermal excursions were the causes of the severe cracking of the tungsten
substrate, a lateral force and a new strategy of deposition have been tried. Figure

A.3 shows a model of the clamping system used for the Deposition Strategy 3. In
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particular, a lateral force was applied to the substrate (blue part) using two strips
of metal (red parts) and five screws. Firstly, copper and, successively, tantalum has
been used as lateral stripes. Furthermore, Figure A.4 helps to schematise the
single step of the new strategy of deposition. The approach consists of three main
steps:

e Deposition on tungsten substrate;

e Removal of the deposited structure from the substrate;

e C(Clamping of the structure deposited and successive deposition.

Figure A.3: Model of the clamping system used during the investigation (blue part:
tungsten; red parts: copper/tantalum; orange part: copper).

Electrode Wire
Electrode Wire / Electrode Wire
1

Screws Wwall = Screws WWwall —_ /Screws
[ » 1 1
\ » *
Cu Cu
c)

a) “ b)

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 presents the process parameters used for the Deposition

Strategy 3. The substrate used was a tungsten plate with a thickness of 5.0 mm and

the diameter of the tungsten wire was 1.0 mm.
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TS I WFS AGC
[mm/s] [A] [mm/s]  [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.6: Different features found on the cracked features.

In Figure A.5 are reported two pictures of the first deposited structure in
unalloyed tungsten via WAAM. The deposition process resulted to be successful
although, the development of cracks from the side of the substrate which were
affecting the integrity of the entire structure. In particular, upon cooling, cracks
developed from the edge of the substrate toward the deposited layer, which
presented the higher amount of residual stresses. In the Figure A.6 are presented
different features found on the fractured surface of tungsten substrate. Figure

A.6a reports the surface of a typical brittle transgranular fracture of tungsten. In
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Figure A.6Db is reported a failure feature similar to a marked delamination of the
tungsten substrate. The repetitive expansions and contractions due to the different
thermal cycles after deposition led to the deterioration of the substrate made by

powder metallurgy.

A3.2 Deposition Strategy 2

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

Figure A.7 reports two pictures of the tungsten structure deposited using
the Deposition Strategy 2. It is possible to see that no cracks developed during the
process. However, the wall presented a marked slope along its length. In fact, the
accumulation of the heat and the decreasing of the thermal conductivity of

tungsten led to unfavourable geometrical features.

A3.3 Deposition Strategy 3

Figure A.8a and Figure A.8b show the results of a single deposition of
tungsten. The copper strips were completely melted around the tungsten
substrate. The molten copper reached the bottom of the substrate altering the
regular heatsink condition that was present before. Furthermore, the presence of
molten copper and copper vapour led to a considerable contamination of the
welding electrode. Then, a high melting point material was used for the successive
trials. Figure A.8c and FigureA.8d show the results of the deposition when usinf
tantalum lateral strips. Two layers of tungsten were deposited without process-
related problems but a pronounced distortion was present, which was affecting the

deposition of the successive layers.
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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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Appendix B

Mechanical Testing and Residual
Stresses measurements of tungsten

B1 Introduction

In this appendix, further information with regards to the characterisation of
mechanical properties and residual stresses of deposited tungsten structures is
provided. In particular, the reasons for the unaccomplished investigations have

been illustrated.

B2 Methodology

B2.1 Experimental Set-up

The set-up used for the deposition of the tungsten structure has been

already reported in Figure 4.1 of Chapter 4.

B2.2 Mechanical Properties

3-point bending test and Small punch test at elevated temperatures were
planned to be performed for the characterisation of the mechanical properties of
the tungsten structure deposited. The coupons geometry and dimensions are

reported in Figure B.1. The samples were extracted using electro-discharge

machining (EDM).

b) s

. ue 0; \\\\ |
€ NN

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

The residual stresses of the tungsten structure should have been measured
using the SALSA stress imager of the Institut Laue-Langevin (ILL), FRANCE. The

submitted and accepted proposal presented the following experimental plan:

“Two samples (similar to the first successful wall shown in Figure B.2a))
will be manufactured at Cranfield University using the same deposition
parameters, of which one will be thermally stress relieved at 1050 °C in an inert
atmosphere. So far only optical microstructural analysis of tungsten WAAM has
been produced, as seen in Figure B.2b). The production of subsequent walls
shows a good repeatability. The next step will be an EBSD analysis of the

crystallographic orientation and texture of the grains.

Gauge volume locations @@

a)

25 mm

50 mm| |

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).

Strain measurements will be carried out using SALSA. Ten equidistant
gauge volumes (2 x 2 x 2 mm) will be located in the symmetry axis of each
specimen. The high flux of SALSA is required to get a quality signal to achieve good
spatial resolution for the given path length in the 10 mm thick tungsten sample.
The target plane in the bcc tungsten lattice will be the {211} family with a d211 =
1.288 A. The wavelength of the incident beam will be set close to A = 1.822 A in
order to produce a cuboid gauge volume. Each gauge volume will be measured in
the longitudinal, transverse and normal direction to calculate the three 2 principle
residual stresses. Figure B.2b shows the large grain size in comparison to the
gauge volume. EBSD will be performed beforehand to understand the

crystallographic texture. Oscillating of +5° could also be employed to help getting a
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faster result. However, for the given path length 40 min exposure time per gauge
volume should generate a quality signal. The sample will be moved along the z-
direction in order to place all 10 gauge volumes into the beam consecutively. The
total exposure time is [40min x 10 volumes x 3 directions x 2 specimen] = 2400
min. The microstructure along the wall height is homogeneous, so only one dO
measurement is required. 8 h will be enough for d0 measurement and setup, which
sums up to 48 h in total. No special environment will be required during the

measurement.”

B3 Results

B3.1 Mechanical Properties

M\

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

Mainly due to the brittleness of the tungsten structure and also to the small
dimensions of the coupons, it was not possible to extract the samples needed due
to a predominant occurence of cracks during the cutting process (Figure B.3). The
samples extracted from the dilatometry and the laser flash analysis (Chapter 4)
were larger than the one in Figure B.1 and they were extracted without any major

failures.

B3.2 Residual Stresses

The outcome of the experimental proposal was successful and the beam
time was allocated for the experiments. Unfortunately, the utilisation of the SALSA
equipment at the Institut Laue-Langevin (ILL) was suspended for over one year
due to unexpected critical failures of the equipment itself. This inconvenient has

markedly limited the possibility to accomplish the measurements.
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Appendix C

Development of parameters for
tantalum deposition

C1 Introduction

In this appendix, further information with regards to the initials stages of
the tantalum deposition development presented in Chapter 5 is presented. The
results of the tantalum autogenous bead-on-plate welds and the single layer

deposition will be reported.

C2 Methodology

C2.1 Experimental Set-up

The set-up used for the initial development stages of the tantalum

deposition has been already reported in Figure 5.1 of Chapter 5.

C2.2 Autogenous welds

The tantalum autogenous bead-on-plate welds were performed using the set of

process parameters listed in Table C.1.

C2.3 Single-pass welds

The tantalum single layer depositions were performed using the set of

process parameters listed in Table C.2.
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Sample Name TS [mm/s] AGC [He%] 1[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] 1[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 shows the bead-on-plate welds of a tantalum plate. This investigation
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was used to define a small operative working window which correlates the travel

speed (TS), the welding current (I) and the weld width.

250 A
200 A
150 A
300 A
100 A

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

In particular, the welds performed using a welding current of 100 Amps
have been eliminated from further investigations because no regular weld pool
developed at this level of power. A weld bead width between 2.3 and 13.0 mm was
achieved exploring the range of current and welding speed reported. The set of
bead-on-plate performed using 4 mm/s have been used for further process
development as the weld bead width were within the range of interest and the

welding speed could allow a good deposition rate.

C3.2 Single-pass welds

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

Figure C.2 shows the bead appearance of the single layer deposition using
different wire feed speed (WFS) and different welding current (I). The travel speed
was kept constant to 4 mm/s as result from the previous experiments. The
deposition performed using WFS of 40 mm/s and I of 250 Amps have been affected

by an error of communication between the welder and the wire feeder so that this
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case presents a discontinuous bead. Layer heights between 0.7 mm and 1.8 mm
were achieved. WFS between 60 mm/s and 40 mm/s have been considered for
further investigations due to the high productivity and high deposition rate that

can be achieved using these parameters.
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Appendix D

Refining tantalum microstructure
by using pulsing arc current

D1. Introduction

In this appendix, further information with regards to an additional strategy
employed to refine the microstructure of tantalum component presented in
Chapter 6 is provided. The methodology and the results of the deposition of

tantalum using pulsed arc current are reported.

D2. Methodology

One of the methods to achieve the refinement of the microstructure
involves the use of a pulsed current during the deposition process. The main

parameters of the current pulsed waveform are indicated in Figure D.1.

. Tp To
\fé/eldm? Ip = Pulse Current
urren Ib = Background Current
_— — —— Im = Mean Current
Tp = Pulse duration
Tb = Background duration
I
—— 11— 14— — 31— Im
o
- Time
Typically
2-50ms

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

In particular, during the deposition, the current follows a characteristic

waveform, oscillating between the pulse and the background value. The set of
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parameters used for the pulsed deposition are reported in Table D.1. In particular,

APPENDIX D

Samples Name Mean Pulse Background Pulse Background Pulse Frequency TS WFS
Current Current Current Duration Duration Duty [Hz] [mm/s] [mm/s]
[A] (A] [A] [s] [s] Ratio

a 300 350 284 0.1 0.3 25% 2.5 4 60

b 300 350 250 0.2 0.2 50% 2.5 4 60

c 300 350 150 0.3 0.1 75% 2.5 4 60

d 300 350 284 0.2 0.6 25% 1.25 4 60

e 300 350 250 0.4 0.5 50% 1.25 4 60

f 300 350 150 0.6 0.2 75% 1.25 4 60

Table D.1: Process parameters used for the deposition of tantalum using pulsed current

the mean current was kept constant to 300 Amps in order to achieve the same

deposition dimensions of the structures presented in Chapter 5.
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D3 Results
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Figure D.2: Comparison of the microstructure of the tantalum deposited structure using
pulsed current.

The micrographs of the deposited structures are reported in Figure D.2.
The microstructure resulted to be unvaried for all the cases when compared to the
as-deposited structure using constant current. In particular, large columnar grains
evolved from the substrate towards the direction of deposition. A higher frequency
would have possibly increased the probability of stimulating the flaking of the
mushy zone leading to the refining. This experiment has been considered to have a
large number of variables which needed a large number of experiments to explore.
This has been considered too costly so that the focus was shifted on the

experiments reported in Chapter 6 for the microstructural refinement.
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Appendix E

Development of parameters for
dissimilar metal deposition

E1 Introduction

In this appendix, further information with regards to the dissimilar
deposition of dissimilar refractory metals (tantalum, molybdenum and tungsten)
presented in Chapter 7 is provided. In particular, the initial stage of deposition of
tungsten, firstly, onto molybdenum substrate and, secondly, onto tantalum

substrate is reported.

E2 Methodology

E2.1 Experimental Set-up

The set-up used for the deposition of the tungsten has been already
reported in Figure 7.1 of Chapter 7. The molybdenum substrate was 5.0 mm thick
while the tantalum substrate was 4.0 mm thick. For both substrates, initial
tungsten single layer has been deposited using different parameters an,
successively, a small tungsten wall has been deposited onto the respective
substrate. Furthermore, fractured surfaces located at the junction between the two

materials have been analysed using electron scanning microscope.

E2.2 Tungsten on Molybdenum

Table E.1 reports the process parameters used for the tungsten single layer

deposition onto molybdenum substrate.
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Sample TS I WFS AGC

Name [mm/s] [A] [mm/s] [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 reports the process parameters used for the deposition of

tungsten wall onto molybdenum substrate.

Sample TS I WEFS AGC
Name [mm/s] [A] [mm/s] [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 reports the process parameters used for the tungsten single layer

deposition onto tantalum substrate.

Sample TS I WFS AGC
Name [mm/s] [A] [mm/s] [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 reports the process parameters used for the deposition of

tungsten wall onto tantalum substrate.
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Sample TS I WFS AGC

Name [mm/s] [A] [mm/s] [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 reports the micrographs of the tungsten single layer depositions
onto molybdenum substrate. It could be seen that for all the tests there was the
development of porosity at the fusion boundary. Figure E.2 reports the
microstructure of the tungsten wall deposited onto molybdenum substrate. It is
possible to see that the wall was characterised by a mixture of small columnar-like
and equiaxed grains unlike the substrate under the weld pool which was
characterised by large grain growth. Figure E.3 shows the fracture that developed
across the boundaries between the substrate and the wall. The fracture was caused
by a combined effect of coalescence of pores and the development of cracks among

them. This was confirmed also by the fractured surface reported in Figure E.4.
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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 reports the micrographs of the tungsten single layer depositions
onto tantalum substrate. It could be seen that only for some was observed the

development of some porosity but there was no presence of macro-cracks within
the welds.

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

Figure E.6 reports the microstructure of the tungsten wall deposited onto
tantalum substrate. The tungsten wall was characterised by columnar grains. Some

pores were localised for the first three layers. Figure E.7 shows the fracture that
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developed across the boundaries between the substrate and the wall. The fracture
resulted to be caused mainly by the large difference in thermal expansion of the
two metals. Furthermore, the enhanced brittleness caused by the addition of large
quantities of tungsten to tantalum also contributed to the devilment of cracks.
Figure E.8 reports an image of the fractured surface which was characterised

mainly by a brittle fracture profile.

% 'y" " “ ‘%‘7_; \
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.
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