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Functionally graded components are usually preferred for severe and critical
service conditions, thanks to the possibility of achieving different complimentary
material properties within the same structure. Wire + Arc Additive
Manufacturing is an emerging technology which lends itself well to the
production of sound graded structures. In this study, an integral structure of two
functional gradients, namely tantalum to molybdenum, and molybdenum to
tungsten, was successfully deposited. A linear gradient was observed in both
composition and hardness. Microstructure, elemental composition and hardness
were characterised as a function of position, and discussed. The study
demonstrates that WAAM has the potential to successfully deposit functionally-
graded structures of refractory metals, obtaining controlled properties.
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Introduction

Functionally graded structures (FGSs) are advanced and highly-functional regions within a
component; they present a localised continuous variation of chemical composition and,
usually, microstructures which lead to innovative and tailored mechanical or thermal
responses [1]. This spatial gradient can be completely custom-made for specific performances
or functions [2].

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

A very specific example of an extreme environment is that of 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, finally seen implemented within one structure,
effectively creating new material solutions [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, great attention has been given to a specific class of graded structures,
in particular metal-based functionally graded materials [8]. These 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 studies aiming to
obtain a gradual change in microstructure [9] produced with local functionalities in
crystallographic texture and grain size [10] and others which implement geometrical gradient
in functional mesh density [11].

Naebe and Shirvanimoghaddam [12] published a review of different techniques for
FGSs production, and their impact on the final properties. Other basic production techniques
specific to metal-based structures can be found in the work of Sobczak and Drenchev [8]. In
general, there are several manufacturing approaches that enable the required compositional
gradient; these include gas phase, liquid phase and solid phase methods [13]. In addition to
these techniques, Additive Manufacturing (AM) processes have been extensively covered in
the literature as promising and flexible approaches 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 to the next-generation of graded structures [12]. The characteristic high-
accuracy and process-controllability of AM allow to couple graded composition with
challenging geometrical and microstructural features, enabling the production of f.i. high-tech
biocompatible prosthesis [12].

Different AM processes and materials have been already studied and characterised
within the realm of 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 experimental characterization and computational analysis have 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 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 AM 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 arisen from the nuclear
sector. This is because refractory metals are primarily characterised by high melting point and
density, and therefore are able to withstand the reactor’s high temperatures. In fact,
molybdenum thermal blankets have been proposed 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 tungsten-to-steel FGSs [24]. For all these reasons, the
production of components for the high-temperature applications using AM is becoming one of
the most ambitious objectives of the nuclear industry.

At present, very few investigations have been reported with regards to the possibility
of producing parts in unalloyed tungsten, tantalum and molybdenum using AM methods.
Moreover, investigations referring to the functional gradients of such materials within the
same components are almost absent. In the present work, graded structures comprising three
dissimilar alloys, in particular tantalum, molybdenum and tungsten, were fabricated within the
same structure using WAAM. These metals were deposited in their unalloyed form using a
wire feedstock. Fundamental properties common to these three metals are the high melting
point, and their complete miscibility without the formation of secondary phases between one
another. 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 a controlled gradient between
different refractory metals using a WAAM process is presented. The goal of the current study
was to investigate the manufacturing of refractory-metal FGSs and analyse the quality of the
formed interfaces by microstructural analysis, by hardness and chemical composition
evaluations.

Experimental Procedure

Two different refractory metals, molybdenum and tungsten were deposited on a tantalum
plate to create two functionally graded structures integrally. The overall structure had a height
of 10.5 mm, and a width of 8.5 mm. Starting from a tantalum plate, a linear structure was
deposited using molybdenum wire initially followed subsequently by a tungsten wire. Both
wires had a diameter of 1 mm, and all materials were of high-purity, as shown in Table 1. Some
mechanical properties and thermo-physical properties of these metals are also summarised in



Table 2.

Table 1: Elemental composition (wt.%) of tungsten wire (W wire), molybdenum wire (Mo wire)

and tantalum substrate (Ta sub).

W Mo Ta Ti v cr Fe C N ) K

W' 99.99 <005 <005 <005 <005 <005 <005 > <0 <0 <10

wire ppm ppm ppm ppm
Mo 9999 <005 <005 <005 <005 <005 <005 0 <10 59 <10
wire ppm ppm ppm ppm
T8 9999 <005 <005 <005 <005 <005 <005 > <10 60 <0

sub ppm _ ppm _ ppm _ ppm

Table 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].

K T a E
Wm?'K'] [l [umm’K'] [GPa]
w 174 3422 45 411
Mo 138 2623 4.8 330
Ta 57.5 3017 6.3 185

The tantalum plate had a thickness of 4.0 mm; prior to deposition, it was polished in
order to remove the oxide layer and rinsed with acetone to remove residues of contaminants.
Figure 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 to ensure a low level of oxygen when
purged with argon.

Clamping Rail

Y-axis

Figure 1: Set-up used for the deposition of refractory metal FGS using the WAAM process.



Table 3 lists the process parameters that were kept constant during the deposition;
this was to limit the process variables investigated. Otherwise, primary process parameters
that were changed are reported in Table 4.

The deposition of each successive layer was performed once the substrate had cooled
down to room temperature. The cross-section perpendicular to the deposition direction was
selected for the characterization. The samples were polished and chemically etched to reveal
the microstructures. Murakami's Reagents were used as etchant solution for the investigation
of all three alloys.

The hardness of the structure was measured using an automatic hardness testing
machine. The indentation load, time and spacing were of 1 kg, 15 s, and 100 um, respectively.

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 keV.

Table 3: Process parameters that were not varied during the deposition.

Electrode-to-workpiece distance 3.5mm
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 4: Layer-by-layer parameters breakdown.

Travel .
Wire Layer Speed Wlsr:el;zed Current
Material Num. (TS) [A]
[mm/s] (WFS)[mm/s]
1 4 20 300
2 4 20 300
3 4 20 300
Molybdenum 4 4 20 300
Wire 5 4 20 300
6 4 20 300
7 4 20 300
8 4 20 300
9 4 15 300
10 4 15 300
Tungsten 11 4 15 300
Wire 12 4 20 300
13 3 20 300
14 3 20 300







Results and Discussion

Microstructure

Figure 2 reveals the microstructure of the two FGSs within the integral WAAM deposit. An FGS
between tantalum (Ta) and molybdenum (Mo) was located at the bottom, whereas an FGS
between molybdenum and tungsten (W) was located towards the middle of the sample’s
height. Figure 2 also shows the higher-magnification micrographs of some microstructural
features present at different spatial positions within the deposited structure, in particular at
the interface between the two refractory metals. Figure 2a reports the microstructure of the
whole deposited structure and its characteristic features. In particular, large columnar grains
were visible within molybdenume-rich regions; finer equiaxed grains dominated the
microstructure of tungsten-rich regions.

Figure 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).

With regards to integrity, cracks and porosities were seen at the interfaces between
tantalum and molybdenum and molybdenum and tungsten respectively. An impressive
absence of cracks could be appreciated at the interface between molybdenum and tungsten.
The microstructural evolution and the distribution of the defects throughout the layers can be
directly correlated to the material composition seen at different regions.

Figure 2b shows the microstructural features at the tantalum-molybdenum interface,
which consisted of columnar grains with a marked presence of cracks across the grain
boundaries. The average non-stoichiometric composition of the first deposited layer of
molybdenum resulted to be around 65 wt.% of tantalum and 35 wt.% of molybdenum. With
the successive depositions of molybdenum, columnar grains developed parallel to the building
direction with an increased presence of porosity but a decreased presence of cracks. The
characteristic columnar-like microstructure was seen for molybdenum composition ranging
from 55 wt.% to 94 wt.%. When tungsten was introduced in the deposition, the second



gradient started to form; a noticeable reduction in porosity and a change in microstructure
from columnar to equiaxed were seen, with a content of tungsten equal to 15 wt.% (Figure 2c).

Columnar grains in components produced by AM have been already reported for
tantalum, titanium and nickel alloys [26—30]. These grains usually form from the ones
underneath the melt pool, that act as nucleation sites, and grow epitaxially, parallel to the
building direction, across multiple layers. This was also the solidification process of
molybdenum-rich regions seen in this research. Typically, a finer microstructure can be
promoted by faster solidification rates, or by employing a lower heat-input. This could possibly
lead to a change in the solidification regime from columnar to equiaxed grains.

In the present research, the addition of tungsten to molybdenum resulted in a metallic
solution with an increased melting point and thermal conductivity, with respect to unalloyed
molybdenum. Consequently, the liquid solution started to solidify at a higher rate; the heat
was extracted from the liquid pool also at a higher rate. Under these conditions, epitaxial grain
growth was no longer dominating the solidification; indeed, it was defeated by the
heterogeneous nucleation caused by a faster cooling rate. The continuous increase in tungsten
content promoted this effect, leading to the formation and growth of finer equiaxed grains.
Furthermore, each layer was deposited when the entire structure had cooled to room
temperature; this could have enhanced the conditions for heterogeneous nucleation.

A similar phenomenon was seen in the study of Shen et al. [15], who deposited FGSs
between iron and aluminium. The major similarity between our and their researches is that a
metal with higher thermal conductivity was deposited onto one with lower thermal
conductivity. In fact, the thermal conductivities of aluminium and iron are 205 W mK*and
80.4 W m™K™, respectively [15]; the values for tungsten and molybdenum are 174 W m™K* and
138 W m'K%, respectively (Table 2). For this reason, depositing aluminium on iron can be
compared to depositing tungsten on molybdenum; 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 was reported when depositing a vanadium-rich alloy onto a titanium-rich
alloy. The authors explained it with insufficient process heat input, as vanadium has a higher
melting point than titanium. As can be seen in Table 4, when going from molybdenum to
tungsten, the heat input was kept constant for every layer, excluding the last two layers in
tungsten, where the increased melting point had to be compensated by an increased heat
input.

The finer microstructure of the tungsten-rich regions could have been 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.

The causes of the cracks evolution between tantalum and molybdenum is explained by
the intense stress fields developed at this particular interface during deposition; and by the
critical mechanical mismatch between the two metals, due to their difference in plasticity
(Table 2). Further investigations were carried out in order to verify the presence of
compositional or microstructural fluctuations and are reported in the next sections.

Correlation between hardness and chemical composition

Figure 3 reports the elemental composition and the Vickers hardness profile of the structure as



a function of the position; the origin is on the top surface of the starting tantalum substrate.

Figure 3: Microhardness (black) of the graded alloys overlaid on tungsten (green), tantalum
(blue) and molybdenum (red) composition versus the distance from the substrate top. (1)
tantalum substrate, (2) interface tantalum to molybdenum, (3) FGS tantalum to molybdenum,
(4) FGS molybdenum to tungsten and (5) almost unalloyed tungsten. All the measurements
were taken from the centreline of the structure.

The average measured composition closely matched the hardness profile along the
structure. Small progressive plateaus were observed for both composition and hardness; these
regions of consistent properties matched the dimensions of each deposited layer. The first
FGS, between tantalum and molybdenum, covered about 4 mm while the second, between
molybdenum and tungsten, covered about 5.5 mm.

When depositing a layer, the one previously deposited 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 could be designed
and controlled by varying the process parameters. The re-melting extent and the quantity of
added feedstock 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 heat input,
and to the melting point and thermal properties of the local alloy. The quantity of the material
added for the WAAM process is directly connected to the WFS/TS ratio. High WFS/TS ratio
leads to a high dilution of the melted layer composition. Thus, the dilution of each layer is
directly proportional to the WFS/TS ratio and inversely proportional to the process heat input.

As stated above, the hardness trend along the entire structure matched the
compositional gradients. In particular, five main regions of interest can be recognised with
regards to the hardness profile (Figure 3). The hardness of the tantalum substrate remained
constant to an average of 95 HV through the entire substrate thickness. The interface between
tantalum and molybdenum was characterised by a sharp increase in hardness to around 550-
600 HV. No intermetallic phases were formed during the deposition due to their complete
solid solubility. Typically, tantalum 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 molybdenum were



deposited. For this reason, the presence of numerous cracks is also justified by the marked
brittleness of this intermediate metallic solution.

The hardness then constantly decreased within the first FGS until it stabilised around
240 HV for molybdenume-rich regions. With the addition of tungsten, the hardness gradually
increased within the FGS between molybdenum and tungsten, until it stabilised around 400 HV
within the tungsten-rich regions at the top of the structure. Further investigations using EDS
maps and elemental analysis have been performed in order to explain these variations.

EDS maps and chemical analysis

Interface between tantalum and molybdenum

Figure 4a-c report the back-scattered electron images and the energy-dispersive spectrometer
(EDS) elemental maps for the interface between tantalum and molybdenum. Figure 4d-f refers
to higher magnification scans within the mixing zone located on the first layer.

Figure 4: Back-scattered electron images (a)(d) and EDS elemental maps (b-c) (e-f) of the
tantalum-molybdenum interface.

A sudden change, in contrast, is reported in Figure 4a, which represents the
compositional boundary layer between the first layer of molybdenum and the tantalum
substrate. The EDS maps reported in Figure 4b and Figure 4c show respectively the distribution
of molybdenum and tantalum across the interface. This region was characterised by the
presence of cracks and a considerably higher hardness. When analysing this region at higher
maghnification, a dense network of several hundred micron-long micro-cracks was found, as
shown in Figure 4d. From the elemental maps in Figure 4e and Figure 4f, the crack-rich area
was not characterised by any enriched regions or inconsistent compositional variations around
the cracks, remarking the structure’s heterogeneity.

Some of the physical and thermal properties of both tantalum and molybdenum are
reported in Table 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 pm m™K™* and 170 GPa for tantalum and 4 pm m™K™ and 329
GPa for molybdenum. Weber and Aktaa [24] assessed that the difference in mechanical
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properties is amongst the most critical problems when joining dissimilar metals. Bobbio et al.
[16] investigated Ti-6Al-4V to Invar FGS, and argued that a possible cause of severe cracking
was the marked difference in the coefficient of thermal expansion of the two metals; this can
lead to a high concentration of stresses, after multiple thermal cycles. For these reasons, the
large mismatch of thermal and mechanical properties of tantalum and molybdenum 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
add-up, 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 tantalum and molybdenum 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 structure. Besides these factors, the
increased hardness and brittleness of the alloy 35Mo65Ta also played a crucial role. The fact
that two elements are metallurgically compatible is not sufficient to ensure sound FGS layers.

Molybdenum to tungsten interface

Back-scattered electron images and EDS elemental maps relative to the FGS between
molybdenum and tungsten are shown in Figure 5. The characterisation of variations in
composition was conducted for the initially deposited layers of tungsten, in particular, where
the average non-stoichiometric composition measured at this position was 80 wt.% in
molybdenum, 16 wt.% in tungsten and 4 wt.% in tantalum.

The differences in contrast in the back-scattered electron images are due to a
compositional gradient or zoning, instead of surface or grain morphology. molybdenum-rich
zones are shown as darker regions than tungsten-rich ones. The contrast reflects the average
composition at every point. Therefore, it is possible to notice tungsten-enriched zones located
across the layer surrounded by a molybdenum-tungsten matrix, as shown in the elemental
maps reported in Figure 5b and Figure 5c. This phenomenon was observed only for the initial
tungsten layers.

In order to quantify and characterise these variations in composition, EDS elemental
analysis at multiple zones was performed with different contrast. The location of each
acquisition is indicated in Figure 5d. In Table 5, the values of the elemental composition of the
four regions examined are listed. It can be seen that the brightest regions were characterised
by a composition of 100 wt.% of tungsten while some surrounding regions were characterised
by a tungsten composition as low as 22.0 wt.%.
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Figure 5: Back-scattered electron image (é) and EDS elemental mps (b-c) for the FGS between
molybdenum and tungsten; Back-scattered electron image (d) of the FGS between
molybdenum and tungsten.

Table 5: Elemental composition of the local chemical analysis.

Mo Ta w
[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

During the deposition of the initial layer using tungsten wire, tungsten-rich regions
formed within the structure mainly because of the difference in melting points and thermal
conductivities of the two metals (Table 2). Usually, the deposition of each layer by an AM
process can be considered to be inherently a non-equilibrium state, because of the rapid
solidification of the liquid pool. Furthermore, the difference in density could have also
contributed. 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 3. The features described were not observed in the
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successive layer mainly due to the increased content of tungsten which facilitated the alloying
with molybdenum.

The absence of cracks observed between tungsten and molybdenum was one of the
most important features deserving to be highlighted. Contrarily to the FGS between tantalum
and molybdenum, the molybdenum-tungsten FGS did not present either micro- or macro-
cracks within its volume. The two metals are characterised by similar elastic modulus and
coefficient of linear thermal expansion (Table 2), which explains the high integrity of the
structure, besides full solid solubility.

Conclusions

In the present work, the deposition of multiple graded structures between tantalum,
molybdenum and tungsten was studied. This was one of the first process studies on the
deposition of gradients for large-scale refractory metal structures. The Wire + Arc Additive
Manufacturing process showed 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 Adense 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 Asharp change in the microstructural evolution was observed when depositing
tungsten onto molybdenum. The main reason was 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
accommodating residual stress and the cyclical expansion with 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 gradients in composition using WAAM.
Furthermore, when depositing FGSs using an AM technique, not only the miscibility of the
alloys and the possible 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
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mismatch in mechanical properties could lead to failure, such as cracks, also enhanced by the
residual stresses that develop when manufacturing components with by AM.
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