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SUMMARY

The increasing demand for lightweight, high-performance materials in aerospace
engineering has led to the widespread adoption of composite material structures. These
materials significantly improve fuel efficiency and reduce emissions by lowering the
overall weight of the aircraft. However, the manufacturing of composite components
requires thermally stable mould tooling to ensure dimensional accuracy during high-
temperature curing processes. Consequently, mould tooling materials must exhibit
excellent thermal stability to minimise thermal expansion mismatches between the
composite component and the moulding tool. Among candidate materials, low thermal
expansion (LTE) alloys belonging to the Fe-Ni system, such as alloys 36 and 42, are
of considerable interest due to their ability to maintain dimensional stability over a
wide temperature range. For instance, alloy 36 exhibits an exceptionally low mean linear
coefficient of thermal expansion (CTE) near room temperature, a behaviour primarily
attributed to magnetovolume effects arising below its Curie temperature. The high nickel
content in alloy 36, nominally 36 wt.%, stabilises a single-phase face-centred cubic (FCC)
structure from solidification to room temperature. As a result, alloy 36 and other LTE
alloys present specific challenges during conventional processing, including built-up edge
formation, significant work hardening, and distortion due to low elastic stiffness. These
limitations complicate the fabrication of large or geometrically complex components
using subtractive methods, thus necessitating alternative manufacturing strategies. In
this context, additive manufacturing offers a promising route, with arc wire directed
energy deposition (AW-DED) emerging as a particularly suitable technique owing to its
ability to fabricate large-scale structures with high deposition rates and efficient material
utilisation.

This thesis elucidates the response of alloy 36 to AW-DED and investigates the
fabrication of LTE alloys based on a twin-wire feeding approach. In particular, this study
highlights the influence of process parameters on microstructural evolution, thermal
properties, and mechanical performance of the as-deposited components. Alloy 36 was
deposited at heat inputs ranging from 200-550 Jmm™! using cold wire gas tungsten
arc welding (GTAW) process in the pulsed current mode. Depending on the heat input,
the alloy exhibited low resistance to abnormal grain growth leading to significant grain
coarsening due to its inherent single-phase austenitic structure. The extent of coarsening
increased with increasing heat input, which, in turn, led to increased localisation of
the AW-DED induced thermo-mechanical strain at straight grain boundaries and triple
junctions of the grains. Consequently, the localisation of strain was found to introduce
intergranular voids and cracks in the as-deposited microstructures. These intergranular
defects were related to the phenomenon of ductility-dip cracking (DDC) owing to the
morphology of the crack, features of the crack flank, and absence of elemental segregation
(S and P).
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The preservation of high-angle grain boundary area upon reducing the heat input
reduced the degree of intergranular strain localisation, thus eliminating DDC in alloy 36
deposited at a heat input of 200 Jmm™! during GTAW-based AW-DED. The mechanical
performance of the alloy deposited in this heat input condition was also improved
compared to that of the alloy deposited at a heat input of 550 Jmm!. In particular,
the average yield strength, the ultimate tensile strength, and the elongation increased
by 16%, 23%, and 38%, respectively, indicating the successful elimination of DDC. The
measured mean linear coefficient of thermal expansion of alloy 36 deposited at the upper
and lower extremes of the heat input range, i.e. 200 and 550 ] mm’!, remained nearly
identical and in agreement with that offered by the conventionally processed material
regardless of the specimen orientation.

To extend the functional capability of AW-DED, a twin-wire feeding approach was
employed to enable in situ alloying for depositing multiple LTE alloys. A twin-wire
feeding approach during GTAW-based AW-DED allows for on-demand deposition of
a desired LTE alloy composition and subsequently the thermal expansion properties by
exploiting the primarily binary nature of LTE alloys. Therefore, alloy 36 and a high-nickel
content wire were simultaneously fed into a melt pool to fabricate mono-material and
compositionally graded structures. The low heat input condition from earlier results
was adopted to ensure crack-free deposition while melt pool imaging revealed liquid
metal transfer characteristics leading to chemically homogeneous and geometrically
stable deposition, i.e. the continuous metal transfer mode. This mode allowed the
deposition of an alloy 46 mono-material structure that exhibited mean linear CTE values
in the vicinity of the standard material specification of alloy 46 in various temperature
ranges. In addition, the compositionally graded wall also deposited in the continuous
metal transfer mode comprised stable regions of three distinct alloy segments, namely
alloys 42, 46, and 52 along the building direction of the wall. These alloy segments were
characterised by distinct Curie temperature values that were observed to be on par with
the material specifications of their conventionally processed counterparts. This study
also examined the occurrence of anisotropy in the thermal expansion behaviour by
comparing the temperature-displacement curves of vertically and horizontally oriented
specimens. Measurements indicated slight directional differences in CTE, attributed to
residual stress-induced alterations in magnetic domain configurations. The maximum
absolute difference in CTE between vertical and horizontal specimens reached up to
0.21 umm™! °C! for alloy 36 and 0.52 um m! °C™! for alloy 46.

A further strategy to suppress DDC while maintaining the high heat input condition,
i.e. 550 Jmm!, involved the combined application of accelerated cooling via a CO,
jet and the addition of titanium carbide (TiC) particles. Incorporation of accelerated
cooling reduced the interpass deposition times and the melt pool length during AW-
DED of alloy 36. Consequently, heat dissipation increased, leading to a reduction in the
extent of grain coarsening and alleviating DDC. However, combining the application of a
cooling jet during AW-DED of alloy 36 along with the introduction of TiC particles was
necessary to eliminate DDC in alloy 36 deposited at the high heat input condition. The TiC
particles acted as grain boundary pinning agents, increasing grain boundary tortuosity
and subsequently the grain boundary area. The combined approach of accelerated
cooling and TiC addition led to an approximate 70% reduction in the average grain
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width and a complete suppression of DDC compared to the unmodified high heat input
condition.

The mechanical performance of alloy 36 deposited with the combined approach
improved markedly, with respective increases of 18%, 24%, and 60% in the yield strength,
tensile strength, and elongation compared to the alloy deposited in the unmodified high
heat input condition. In addition to mechanical enhancements, TiC incorporation was
found to increase Curie temperature and reduce CTE by up to 34% in the low-temperature
range of 30-100 °C. The lattice parameter of the TiC-modified alloy 36, was observed to
be higher than that of the TiC-free alloy 36, which corresponds to a weakening of the
antiferromagnetic Fe-Fe exchange interaction. This adjustment enhances ferromagnetic
ordering, leading to the observed low-temperature CTE reduction in the TiC-modified
alloy 36. Although reducing the heat input effectively mitigated DDC in alloy 36, it led
to areduction in the deposition rate. Therefore, the combined approach of accelerated
cooling and TiC reinforcement under high heat input conditions presents a more viable
path forward for industrial applications, offering both high productivity and defect-
free fabrication. The twin-wire feeding methodology demonstrated here also provides
a flexible platform for generating on-demand alloy compositions with spatially tunable
thermal and magnetic properties.

In summary, this thesis presents a detailed investigation into GTAW-based AW-DED
of alloy 36 and related LTE alloys. The present study demonstrates that susceptibility to
DDC can be addressed through a combination of heat input control, grain boundary
engineering, and thermal management strategies. Furthermore, it establishes the
feasibility of in situ alloying using twin-wire feeding to fabricate LTE alloys with graded
properties. These results provide a foundation for the reliable fabrication of dimensionally
stable, mechanically robust mould tooling and structural components for high-precision
aerospace applications.






SAMENVATTING

De toenemende vraag naar lichtgewicht en hoogpresterende materialen in de lucht- en
ruimtevaarttechniek heeft geleid tot een brede toepassing van composietconstructies.
Deze materialen verbeteren de brandstofefficiéntie aanzienlijk en verminderen de
emissies doordat zij het totale gewicht van het vliegtuig verlagen. Voor de vervaardiging
van composietonderdelen zijn echter thermisch stabiele matrijzen noodzakelijk om
maatnauwkeurigheid te garanderen tijdens uithardingsprocessen bij hoge temperaturen.
Matrijsmaterialen moeten daarom een uitstekende thermische stabiliteit vertonen
om uitzettingsverschillen tussen het composietonderdeel en het gereedschap tot een
minimum te beperken. Onder de kandidaatmaterialen voor matrijzen zijn legeringen
met een lage thermische uitzetting (LTE) uit het Fe-Ni-systeem, zoals alloy 36 en
42, bijzonder interessant vanwege hun vermogen om dimensionele stabiliteit te
behouden over een breed temperatuurbereik. Zo vertoont alloy 36 een uitzonderlijk
lage gemiddelde lineaire uitzettingscoéfficiént (CTE) nabij kamertemperatuur, een gedrag
dat voornamelijk wordt toegeschreven aan magnetovolume-effecten beneden de Curie-
temperatuur. Het hoge nikkelgehalte van alloy 36 (nominaal 36 gew.%) stabiliseert
een enkelvoudige fase met een kubisch vlakken gecentreerd (KVG) kristalrooster vanaf
de stolling tot aan kamertemperatuur. Hierdoor brengen alloy 36 en andere LTE-
legeringen specifieke uitdagingen met zich mee bij conventionele bewerking, zoals
het ontstaan van opbouwsnedes, aanzienlijke versteviging en vervorming door een
lage elasticiteitsmodulus. Deze beperkingen bemoeilijken de vervaardiging van grote of
geometrisch complexe onderdelen via subtractieve methoden, waardoor alternatieve
productiestrategieén noodzakelijk zijn. In dit kader bieden additieve productiemethoden
een veelbelovende route, waarbij arc wire directed energy deposition (AW-DED) zich
als een bijzonder geschikte techniek aandient vanwege het vermogen om grootschalige
structuren te vervaardigen met hoge depositiesnelheden en efficiént materiaalgebruik.
Dit proefschrift beschrijft de respons van alloy 36 op AW-DED en de vervaardiging van
LTE-legeringen door het gelijktijdig neersmelten van twee toevoegdraden. In het bijzonder
wordt de invloed van procesparameters op de microstructurele evolutie, thermische
eigenschappen en mechanische prestaties van de vervaardigde componenten bestudeerd.
Alloy 36 werd neergesmolten bij warmte-inbrengen variérend van 200 tot 550 J mm!
met behulp van gas tungsten arc lassen (GTAW) in gepulste stroommodus en een
koude draadtoevoer. Afhankelijk van de warmte-inbreng vertoont de legering een lage
weerstand tegen abnormale korrelgroei, wat leidt tot aanzienlijke grofkorreligheid door de
inherent enkelvoudige austenitische structuur. De korrelgrootte neemt toe met stijgende
warmte-inbreng en resulteert in een toegenomen lokalisatie van geinduceerde thermo-
mechanische spanningen aan rechte korrelgrenzen en tripelpunten. Dit veroorzaakt
interkristallijne holtes en scheuren in de microstructuren van de depositielagen. Deze
interkristallijne defecten kunnen in verband gebracht worden met ductility-dip cracking

XIII
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(DDCQC), op basis van de scheurmorfologie, de kenmerken van de scheuroppervlakken en
de afwezigheid van elementaire segregatie (S en P).

Het behoud van een groter aandeel grote hoek korrelgrenzen door het verlagen van de
warmte-inbreng vermindert de mate van interkristallijne spanningslokalisatie, waardoor
DDC is geélimineerd bij alloy 36, geproduceerd met een warmte-inbreng van 200 Jmm!,
De mechanische prestaties onder deze condities zijn bovendien beter dan bij 550 J mm.
Zo nemen de gemiddelde vloeigrens, treksterkte en rek respectievelijk met 16%, 23%
en 38% toe, wat de succesvolle eliminatie van DDC bevestigt. De gemeten gemiddelde
lineaire uitzettingscoéfficiént van alloy 36, vervaardigd bij zowel 200 als 550 J mm !, blijft
vrijwel identiek aan die van conventioneel geproduceerd materiaal, onathankelijk van de
specimenoriéntatie.

Om de functionele mogelijkheden van AW-DED uit te breiden werd een
dubbeldraadsaanvoersysteem toegepast, waarmee in situ legeren mogelijk werd gemaakt.
Deze aanpak maakt het mogelijk om de gewenste legeringssamenstelling en daarmee de
thermische uitzettingseigenschappen te realiseren, gebruikmakend van het grotendeels
binaire karakter van LTE-legeringen. Daartoe is alloy 36 en een hoog-nikkel draad
gelijktijdig toegevoerd in het smeltbad, om zowel mono-materiaal als compositioneel
gegradeerde proefstukken te vervaardigen. De lage warmte-inbrengconditie uit eerdere
resultaten is toegepast om scheurvrije deposities te garanderen. Videoopnamen van het
smeltbad tonen aan dat de vloeibare metaaloverdracht homogeen en stabiel verloopt
(continuous metal transfer mode), wat leidt tot chemisch homogene en geometrisch
stabiele deposities. Met deze methode is een mono-materiaalstructuur van alloy
46 vervaardigd, waarvan de gemiddelde lineaire CTE-waarden overeenkomt met de
standaardspecificaties van alloy 46 in diverse temperatuurbereiken. Daarnaast is een
gegradeerde muur vervaardigd, bestaande uit opeenvolgende segmenten van alloy
42, 46 en 52 in de opbouwrichting. Deze segmenten worden gekarakteriseerd door
verschillende Curie-temperaturen, die in lijn liggen met conventioneel geproduceerde
referentiematerialen. Ook is anisotropie in het thermische uitzettingsgedrag onderzocht
door temperatuur-verplaatsingscurves van verticaal en horizontaal georiénteerde
proefstukken te vergelijken. De metingen lieten kleine richtingsathankelijke verschillen
in CTE zien, toegeschreven aan door restspanningen geinduceerde veranderingen in
de magnetische domeinconfiguratie. Het maximale verschil in CTE tussen verticale en
horizontale proefstukken bedroeg 0.21 um m™! °C™! voor alloy 36 en 0.52 um m™! °C™! voor
alloy 46.

Een strategie om DDC te onderdrukken bij hoge warmte-inbreng (550 J mm™!) betreft
het gecombineerd toepassen van versnelde koeling met behulp van een CO, en de
toevoeging van titaniumcarbide (TiC)-deeltjes. Versnelde koeling alleen verkort de tijd
tussen het aanbrengen van de depositielagen en de beperkt de lengte van het smeltbad,
waardoor de warmteafvoer toeneemt en de mate van grofkorreligheid afneemt, wat
DDC gedeeltelijk vermindert. Pas door deze koeling te combineren met toevoeging van
TiC-deeltjes is DDC volledig geélimineerd bij hoge warmte-inbreng. De TiC-deeltjes
fungeerden als korrelgrenspinners, waardoor de korrelgrenzen grilliger worden en het
totale korrelgrensoppervlak toeneemt. Deze gecombineerde aanpak leidt tot een reductie
van circa 70% in de gemiddelde korrelbreedte en een volledige onderdrukking van DDC
ten opzichte van de ongemodificeerde hoge warmte-inbrengconditie.
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De mechanische eigenschappen van alloy 36 verbeteren hierdoor aanzienlijk, met
respectievelijke toenames van 18%, 24% en 60% in vloeigrens, treksterkte en rek. Naast
deze verbeteringen verhoogt de toevoeging van TiC ook de Curie-temperatuur en
verlaagt de CTE met maximaal 34% in het lage temperatuurbereik (30-100 °C). De
roosterparameter van de TiC-gemodificeerde alloy 36 blijkt groter te zijn dan die van
de TiC-vrije variant, wat duidt op een verzwakking van de antiferromagnetische Fe—Fe-
uitwisselingsinteractie. Deze aanpassing versterkt de ferromagnetische ordening, wat
resulteert in de waargenomen reductie van de CTE bij lage temperaturen. Hoewel
het verlagen van de warmte-inbreng effectief DDC tegengaat, leidt dit tot een lagere
neersmeltsnelheid. Daarom biedt de gecombineerde toepassing van versnelde koeling
en TiC-toevoeging bij hoge warmte-inbreng een veelbelovende route voor industriéle
toepassingen, die zowel hoge productiviteit als defectvrije fabricage mogelijk maakt.
De hier gedemonstreerde dubbeldraadsaanvoer biedt bovendien een flexibel platform
voor het genereren van legeringen met lokaal afstembare thermische en magnetische
eigenschappen.

Samenvattend presenteert dit proefschrift een diepgaand onderzoek naar GTAW-
gebaseerde AW-DED van alloy 36 en gerelateerde LTE-legeringen. Het onderzoek toont
aan dat de gevoeligheid voor DDC kan worden verminderd door een combinatie van
warmte-inbreng controle, korrelgrensengineering en thermisch management. Daarnaast
is de haalbaarheid van in-situ legeren door middel van dubbeldraadsaanvoer aangetoond
voor de vervaardiging van LTE-legeringen met gegradeerde eigenschappen. Deze
resultaten vormen een basis voor de betrouwbare productie van dimensioneel stabiele,
mechanisch robuuste matrijzen en structurele componenten voor toepassingen in de
luchtvaart.
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INTRODUCTION

1.1. INTRODUCTION

HE utilisation of composite materials in aircraft structures can allow substantial

weight reduction while maintaining structural integrity. For example, a primary
structural component in an aircraft, the vertical stabiliser, fabricated with carbon
composite materials, is 400 kg lighter than an equivalent Al alloy-based component [1].
Weight savings contribute to reduced fuel consumption, as an estimated 2900 L of fuel
per year can be saved with a 1kg reduction in weight [1]. Reduced fuel consumption,
in turn, facilitates the realisation of global agreements on greenhouse gas emissions.
Consequently, composite materials are becoming the standard material choice for
aircraft structures, as shown in Figure 1.1 (a). A typical manufacturing process of
a composite’ material component involves the lay-up of composite material on a
moulding tool with subsequent curing at elevated temperature or pressure, or both
[2]. Hence, the interaction between the moulding tool and the composite material
becomes a key factor in determining the resulting dimensional accuracy of the
fabricated composite component [3].

Tool-part interactions can be mainly attributed to the relative mismatch in the
coefficient of thermal expansion (CTE) between the composite components and
the tooling materials. In Figure 1.1 (b), the linear thermal expansion of various
tooling materials is compared for a 4.9 m moulding tool heated to 177°C. Among
these materials, alloy 36 stands out for its highest thermal dimensional stability,
evident from the lowest expansion of the alloy 36-based tool in Figure 1.1 (b). This
alloy belongs to the Fe-Ni system and offers an unusually low mean linear CTE,
approximately 2.0umm™°C! in the temperature range of 25-149°C [5]. Similarly
to alloy 36, multiple other alloys in the Fe-Ni system, such as alloys 42, 46, and
52, where the number signifies the nominal Ni content, exhibit low CTE values in
certain temperature ranges and are known as low thermal expansion (LTE) alloys [6].
Consequently, these alloys, particularly alloys 36 and 42, have become indispensable

*Thermosetting polymers constitute the majority of matrix materials used in composite aircraft
structural components, the share of thermoplastic polymers is estimated to be less than 5% [4].
Approximately 90% of the thermosetting matrix material is accounted for by epoxy resins, which
require a curing cycle as part of the manufacturing process [4].
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in the aerospace industry for the fabrication of moulding tools [7].

b) Linear Expansion of a 4.9 m Tool Heated to 177 °C
18
16 |
14 = T
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€10 = —
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Figure 1.1: An overview of commonly employed materials in a commercial aircraft in (a),
and a comparison of the linear thermal expansion of various materials used in a
moulding tool heated to 177°C in (b). Adapted from references [8, 9].

Traditionally, LTE alloy moulding tools are fabricated using as-cast or wrought LTE
alloys via subtractive manufacturing [10]. However, the inherent ductile character
of LTE alloys leads to material flow rather than cutting, which degrades the
efficacy of machining operations [11]. In addition, material utilisation is low during
subtractive processing, as the majority of raw material is scrapped [7]. In the case
of LTE alloys, material utilisation is paramount due to their substantial costs [12].
Therefore, subtractive manufacturing of LTE alloy components is associated with
several challenges, including low material utilisation, extended processing times, and
limitations in part complexity [13]. To overcome these challenges, metal additive
manufacturing (AM) processes can be employed, which are based on the principle of
layer-by-layer deposition of materials at desired locations to create 3-dimensional (3D)
structures [14]. Multiple fusion-based metal AM processes exist that can be broadly
classified into two categories depending on the form of the feedstock material, i.e.
metallic powders or wires. In the former case, metal powders are melted by a heat
source (electric arc, or laser and electron beams) to deposit functional components,
whereas the latter case relies on metallic wires instead of powders. On the one hand,
due to the difference in the type of the feedstock material, metal powder-based
AM processes are characterised by lower material utilisation and deposition rates
compared to wire-based AM processes. On the other hand, metallic components with
high design complexity are limited to fabrication using powder-based processes. Due
to the availability of these metal AM processes and their respective advantages, metal
AM techniques have rapidly evolved and are adopted in the marine, automotive, and
aerospace industries.

Among fusion-based metal AM processes, arc wire-directed energy deposition
(AW-DED) offers high deposition rates (= 1-10 kghr'l) and material utilisation [15, 16].
Hence, AW-DED is particularly suitable for fabricating LTE alloy moulding tools. This
metal AM technique exploits welding processes—gas metal arc welding (GMAW), gas
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tungsten arc welding (GTAW), and plasma arc welding (PAW)—and thus incorporates
an electric arc to melt metals and their alloys supplied in the form of wires and
generate 3D structures, as shown schematically by the GTAW-based AW-DED setup in
Figure 1.2 (a). The aforementioned welding processes are distinct in terms of the
features incorporated in the welding torch and the electrode type (consumable or
not), as shown schematically in Figures 1.2 (b) and (c). In GMAW, the welding torch
supplies the wire concentrically (Figure 1.2 (b)), which, as a consumable electrode, is
essential to ignite an arc. In comparison, during GTAW and PAW, the welding torch
encloses a non-consumable tungsten alloy electrode, separately from the consumable
wire, to ignite an arc. Furthermore, the torch and nozzle in PAW (Figure 1.2) are water
cooled, as the nozzle is designed to constrict the arc. This enables a higher energy
density of the arc in PAW compared to GMAW and GTAW. Apart from these primary
differences among the three welding processes, an AW-DED setup, regardless of the
specific welding process used, generally comprises equipment similar to that shown
in Figure 1.2 (a).
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Figure 1.2: A schematic depiction of an AW-DED process employing GTAW in (a), and the
torches of GMAW and PAW in (b) and (c), respectively.

In AW-DED, a localised heat source melts the incoming metallic wire and a part of
the substrate, which solidifies as the heat source travels, thereby adding new material
to the substrate. Repetition of this process leads to the layer-by-layer vertical build-up
of components, as shown schematically in Figure 1.2 (a), which are near-net shaped.
However, this layer-by-layer material addition leads to cyclic melting-solidification
phenomena during AW-DED, which can result in undesirable microstructural aspects
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that can deteriorate the functional performance of a component. Consider, for
example, the deposition of alloy 36 by AW-DED. This alloy exhibits a single-phase
austenitic crystal structure between room temperature and the melting range of the
alloy, resulting in a relatively low resistance to grain growth. The localised travelling
heat source in AW-DED induces temperature gradients, leading to non-uniform
heating and cooling of the material. This results in inhomogeneous thermal expansion
and contraction of the material under restraint by the surrounding colder material,
thereby introducing residual stresses and strains into the build. Repeated thermal
cycling during subsequent layer depositions further redistributes and modifies the
residual stress field. Consequently, complex residual stresses and strains develop in
the material during AW-DED, which, when coupled with the high susceptibility of
alloy 36 to grain growth, can increase the risk of cracking. The anomalous thermal
expansion behaviour of alloy 36 can be attributed to a compensation mechanism
in which thermally driven volume expansion from lattice vibrations is counteracted
by magnetovolume effects, particularly the intrinsically high spontaneous volume
magnetostriction of the alloy. Hence, the low CTE of alloy 36 is maintained until
about 200°C, due to the coupling between spontaneous volume magnetostriction
and ferromagnetic ordering. At higher temperatures, i.e. in a range of 0.5-0.8 of
the solidus, the alloy exhibits a high CTE value similar to that of a typical metal,
implying that the introduction of thermal stresses or strains in alloy 36 is justified.
The presence of cracks can negatively affect the functional performance of an alloy 36
structure, and grain coarsening can lead to anisotropic material properties. This could
likely render the deposited component as unacceptable due to a poor response of the
material to AW-DED.

Existing studies on AM and multi-pass welding of alloy 36, to a large extent, report
the persistence of intergranular cracks and abnormal grain growth effects [17-20].
Therefore, AW-DED of alloy 36 can be expected to be prone to similar issues. In
essence, the functional performance of the alloy in terms of its load-bearing capacity
or dimensional stability, or both, can deteriorate [21]. Understanding the response of
LTE alloys to AW-DED processing in a manner that highlights the process-property
relationships becomes crucial. For instance, this can allow for reducing the sensitivity
of an LTE alloy to cracking through parameter optimisation or modification of the
grain boundary morphology, while retaining the unique low thermal expansion
properties. Moreover, the binary nature of LTE alloys can be exploited to generate
on-demand Fe-Ni LTE alloy compositions with desired thermal expansion properties.
Employing a twin-wire feeding approach during AW-DED offers the flexibility of
synthesising a required chemical composition by in situ alloying. This can be
expanded to spatially alter the thermal expansion properties in a structure, also
commonly referred to as functional grading. Consequently, enhancing the applicability
of AW-DED in processing LTE alloys and paving the way for the transition from
machining to AM of LTE alloys.
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1.2. AIM OF THE STUDY

The binary Fe-Ni system offers valuable alloys with low thermal expansion that are
exploited for their thermal dimensional stability. These alloys exhibit a single-phase
austenitic crystal structure in a wide temperature range, which can be easily affected
by AW-DED, eventually compromising the functional performance of a deposited
structure. The objective of this work is to study and elucidate the response of
alloy 36 to AW-DED and to establish the feasibility of generating various LTE
alloy compositions by in situ alloying based on a twin-wire feeding approach.
For this purpose, GTAW was used to deposit a commercially available alloy 36
wire in a range of heat inputs. Depending on the heat input, the as-deposited
alloy exhibited a high propensity to abnormal grain growth. This, in turn, led to
the occurrence of intergranular cracking in the as-deposited microstructures. The
susceptibility to cracking was found to increase with increasing heat input. Various
aspects of the as-deposited microstructures, namely, cracking morphology, phase
composition, chemical content, and strain localisation, were studied by scanning
electron microscopy (SEM), X-ray diffraction (XRD), X-ray fluorescence (XRF), and
electron backscatter diffraction (EBSD), respectively. Lastly, the functional behaviour
of the alloy deposited in the upper and lower extremes of the heat input range was
established through mechanical and dilatometric analyses.

The parameters resulting in defect-free deposition were further adopted in a
twin-wire feed deposition approach to study the feasibility of in situ alloying.
Considering the primarily binary Fe-Ni composition of LTE alloys, the twin-wire
feeding approach has the potential to enable on-demand generation of desired
LTE alloy compositions and the grading of these compositions in a structure. Melt
pool imaging with subsequent chemical analysis was performed to investigate the
conditions during the twin-wire process that led to geometrically and chemically
stable deposited compositions. The thermal expansion behaviour in conjunction with
the microstructure of the as-deposited alloys was analysed by dilatometry and EBSD,
respectively.

To expand the parametric window during AW-DED, TiC particles were added
during the deposition of alloy 36 to induce grain refinement by suppressing abnormal
grain growth. This was combined with an external cooling approach to promote heat
extraction during deposition. The potential of TiC particles in mitigating cracking
and expanding the processing window was demonstrated through mechanical testing.
Lastly, the effect of TiC addition on the thermal expansion behaviour of alloy 36 was
evaluated using XRD and dilatometry.

The results of this study elaborate on the aspects of intergranular cracking,
chemical stability, functional behaviour, and microstructure of LTE alloy components
fabricated by AW-DED.

1.3. OUTLINE OF THE THESIS

In chapter 2, commonly employed wire-based metal AM techniques are presented and
discussed. The evolution of microstructure during AW-DED is described with reference
to its fundamental similarity to welding. This is followed by an introduction to the low
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thermal expansion alloys. Critical aspects of their chemical composition and thermal
expansion properties are given. Finally, an in-depth review of existing studies on
AW-DED and other AM techniques employed to fabricate LTE alloys is presented.

In chapter 3, the chemical compositions of the materials used in the present
work are presented. The experimental setup and process conditions used in this
study are described, along with the process parameters, melt pool imaging technique,
and microstructural characterisation methods. Subsequently, the methodology and
instruments employed for analysing the functional properties of the as-deposited LTE
alloys through mechanical and dilatometric testing are given.

In chapter 4, results are presented that elaborate the effect of heat input on
the microstructure and functional behaviour of alloy 36. A reduction in heat input
allowed the deposition of an intergranular crack-free alloy 36 microstructure. This
was shown to occur due to the preservation of an increased grain boundary area
with a simultaneous reduction in heat input. The presence of grain boundary defects
(cracking and voids) deteriorated the mechanical performance of the as-deposited
alloy 36. In comparison, the thermal expansion behaviour of the as-deposited alloy
was found to be unaffected by such defects.

In chapter 5, a twin-wire feeding approach is adapted for in situ deposition
of various LTE alloys. A feasibility study was conducted to address the aspects of
geometrical stability and chemical homogeneity. The liquid metal transfer modes, i.e.
continuous and intermittent metal transfer, were observed to affect these aspects.
Geometrically stable beads with chemical homogeneity were obtained when the
deposition was restricted to the continuous metal transfer mode during the twin-wire
feeding approach. The LTE alloys deposited in this mode exhibited a thermal
expansion behaviour, as reflected by the measured CTE, which was on par with that
of the traditionally processed commercially available LTE alloys.

In chapter 6, an attempt is made to expand the deposition window of alloy
36 during AW-DED. The high heat input condition of chapter 3, i.e. 550Jmm,
which resulted in grain boundary cracking, was employed to deposit alloy 36 with
a combined approach of enhanced cooling and TiC particle addition to mitigate
cracking. The combined approach eliminated cracking in alloy 36, as demonstrated by
the improved tensile properties of the alloy. In addition, the CTE of the as-deposited
alloy 36 with the combined approach decreased, which was shown to occur due to the
improved ferromagnetic character of the alloy. Lastly, in chapter 7, the main findings
from the earlier chapters are discussed and concluded, followed by recommendations
for future work.
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BACKGROUND

N this chapter, an overview of the commonly employed directed energy deposition

(DED) techniques, material evolution during arc wire-DED, introduction to low
thermal expansion alloys, and the current state of additive manufacturing of alloys
with a low coefficient of thermal expansion is provided.

2.1. DIRECTED ENERGY DEPOSITION TECHNIQUES

The term directed energy deposition refers to processes that use a focused energy
source to melt feedstock materials in the form of wires or powders and create
components in a layer-by-layer manner. In general, DED processes employing a
laser beam or an electric arc as the heat source have gained significant attention
compared to electron beam processing for the purpose of large-scale metal AM.
Applying these sources to wire feedstock materials results in two distinct process
designations, namely laser wire-DED (LW-DED) and arc wire-DED (AW-DED). These
processes are described in the following sections.

2.1.1. LASER WIRE-DED

Laser-wire DED uses a laser beam as a heat source to melt metal wires and is also
known as wire laser metal deposition (W-LMD). A schematic of the LW-DED process
is shown in Figure 2.1 (a), with the wire being fed laterally to the melt pool by an
independent feeding system. Alternatively, the laser and the wire can be delivered
coaxially to the substrate by employing a different laser head, as shown in Figure 2.1
(b). During IW-DED, manipulation of the laser head or the substrate, or both, through
a motion control system allows for the deposition of 3D structures. A shielding gas
can also be used to protect the melt pool from ambient contamination. A variety
of lasers (diode, CO,, fibre, Nd:YAG or Yb:YAG) can be utilised in IW-DED, which
are characterised by different wavelengths [1-4]. The shorter wavelengths offered by
YAG, fibre, and diode lasers, compared to a CO, laser, make these more suitable for
LW-DED due to the relatively higher energy absorption by metals [5].

As IW-DED relies on lasers, an intensely concentrated heat source can be delivered
to the substrate. The combination of wide ranges in spot size and power settings
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enables the delivery of a high power density heat source, generally ranging from
10°-10"' Wm [5]. Depending on the power density of the incident laser beam, two
distinct laser processing modes can be obtained: conduction mode and keyhole mode.
The conduction mode occurs when the power density of the incident laser beam
on the metal surface is relatively low. The incident energy from the laser beam is
locally absorbed at the surface, which is then transferred to the surrounding material,
resulting in the evolution of a melt pool purely on the basis of heat conduction. When
the power density exceeds a certain threshold, metal vaporisation occurs, depressing
the surface of the melt pool due to the recoil pressure exerted by the escaping metal
vapour. This leads to the formation of a cavity, known as a keyhole, which is filled
with a mixture of ionised metal vapour and ambient gas. Power densities typically
below 10 Wm™ are suitable in LW-DED, enabling melting in the conduction mode
[5-7]. Limiting IW-DED to process conditions that enable the conduction mode
results in a stable deposition process while also preventing excessive elemental loss
through vaporisation, which is typically associated with the keyhole mode. Existing
studies have employed laser beam spot sizes in the range of 0.3-4 mm, power settings
that vary between 0.1-8kW, and travel speeds in the range of 1-75mm st [8-12].
Although IW-DED is relatively new compared to AW-DED, it has been successfully
applied to fabricate various metals such as stainless steels, Ni-based superalloys, and
titanium-based alloys [13]. The growing interest in this technology has also led to the
development of commercially available IW-DED systems [14].
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Figure 2.1: A schematic depiction of the laser wire-DED process with an independent wire
feeder shown in (a), reproduced with permission from reference [15]. An overview
of a laser head allowing for coaxial wire feeding in (b), reproduced with permission
from reference [16].
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2.1.2. ARC WIRE-DED

Arc wire-DED is based on three long-standing arc welding processes: gas metal
arc welding (GMAW), gas tungsten arc welding (GTAW) and plasma arc welding
(PAW) [17]. From a welding perspective, GMAW invariably utilises a filler material,
whereas GTAW and PAW can be employed without a filler material, in which case
the processes are termed autogenous welding. However, a filler material is essential
to adapt these processes for the purpose of AW-DED. The fundamental differences
among GMAW, GTAW, and PAW processes are attributed to the type of electrode and
the nozzle design, as shown in Figures 2.2 (a), (b), and (c).
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Figure 2.2: Schematic depiction of AW-DED processes based on GMAW (a), GTAW (b), and
PAW (c). These processes are primarily distinguished by whether the electrode is
consumable or non-consumable.

In GMAW, an electric arc is established between the workpiece and a consumable
wire (feedstock) electrode. The energy from the arc leads to the formation of a melt
pool to which molten metal is transferred from the feedstock wire. A shielding gas is
applied to generate a stable arc and protect the melt pool from the environment.
Depending on the consumable material and the substrate, the process can involve an
active or an inert shielding gas, or both. This results in two variations of the GMAW
process, namely, metal inert gas (MIG) and metal active gas (MAG). In comparison,
during GTAW, also referred to as tungsten inert gas (TIG) welding, the arc is generated
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between a non-consumable tungsten alloy electrode and the workpiece. This results
in the formation of a melt pool to which a wire can be fed independently from the
non-consumable electrode. The shielding gas used in this case is always inert to
prevent oxidation of the tungsten alloy electrode. The process is generally performed
with the electrode in the negative polarity to prevent electrode overheating and is
commonly referred to as the direct-current electrode-negative (DCEN) configuration.
The PAW process resembles GTAW but utilises a water-cooled constricting nozzle to
increase the energy density of the arc generated by the non-consumable tungsten
alloy electrode. Power densities during AW-DED processing are typically on the order
of 10*-10°Wm™ [14, 18]. In general, an AW-DED setup will use at least one of the
welding processes, coupled with a motion control system, to fabricate 3D structures
in a layer-by-layer manner. The process is comparable to multi-pass welding in that
both involve repetitive thermal cycles from successive passes; however, the boundary
conditions and process parameters in AW-DED can differ significantly from those
in conventional multi-pass welding. Additional equipment can also be included
for active process monitoring and control, improved cooling, and microstructural
treatments [19].

In the case of GMAW-based AW-DED, metal transfer from the consumable
electrode (feedstock wire) can proceed in multiple modes, including short-circuiting,
globular, spray, and pulsed spray transfer [18]. The preferred transfer modes during
GMAW-based AW-DED are short-circuiting and pulsed-spray transfers due to their
relative advantages in managing heat input and deposition rates while achieving
low spatter during deposition. Depending on the metal transfer mode, the material
being fabricated and the deposition approach (single or multi-machine), deposition
rates of 1-10 kghr'1 can be achieved in GMAW-based AW-DED [20-22]. In contrast,
GTAW and PAW-based AW-DED offer limited modes of liquid metal transfer from
the arc-independent feedstock wire. The liquid metal from the wire can enter the
melt pool continuously (via a persistent liquid metal bride) or intermittently (through
interrupted bridging or free flight transfer). These modes of metal transfer are also
applicable to IW-DED as in this process the heat source is independent of the
feedstock material, similar to that of GTAW- or PAW-based AW-DED. However, studies
have demonstrated stable deposition when the deposition mode is restricted to
continuous metal transfer and, to some extent, in intermittent metal transfer mode via
interrupted bridging [23-25]. The deposition rates in GTAW- and PAW-based AW-DED
are lower than those in GMAW-based AW-DED, typically in the range of 0.5-4 kghr!
[17]. However, the independence of the feedstock wire from the arc in GTAW and
PAW-based AW-DED allows for convenient feeding of multiple wires to a single melt
pool for the purpose of in situ alloying. This, in turn, enables the generation of
desired chemical compositions that exhibit distinct functional properties. Hence, the
relevant advantages and process flexibilities associated with GTAW, PAW, and GMAW
technologies have led to their successful employment in AW-DED processing to
deposit multiple alloy systems: aluminium alloys (GTAW, GMAW), titanium alloys (PAW,
GTAW), steels (GTAW, GMAW, PAW) and nickel alloys (GMAW, GTAW, PAW) [26-33].
The potential of AW-DED as a key metal AM technique has been demonstrated
by manufacturing industrial products, such as engine connectors, ship propellers,
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landing gear assemblies, and wing spars [20, 26].

2.2. MATERIAL EVOLUTION DURING ARC WIRE-DED

The microstructure development during AW-DED can be understood on the basis of
microstructural changes encountered in fusion welding. This is justified as AW-DED is
built on the fundamentals of arc welding. The heat source during a single-pass fusion
weld imposes a local thermal cycle on the material, which, in the case of AW-DED,
is repeated layer-by-layer. The travelling heat source leads to the formation of
microstructural zones that can be physically and chemically distinct from the original
microstructure unaffected by the heat source. The extent of the microstructural
changes is determined by the amount of energy introduced to the material, i.e. the
heat input, in conjunction with the constituent phase diagram of a material.
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Figure 2.3: A schematic illustration of GTAW-based AW-DED in (a), and a cross-section in the
BD-TD plane showing three distinct zones generated in the material influenced by
the heat source in (b).

Consider an alloy subjected to a single-pass bead-on-plate GTAW operation with
the addition filler material, as shown in Figure 2.3 (a). For simplicity, the chemical
composition of the substrate and the filler material is assumed to be identical. A melt
pool originates and evolves to stability on the substrate as an arc is created between
the substrate and the non-consumable electrode. Following this, the wire is added to
the melt pool, which leads to the addition of new material on the substrate. As the
heat source moves in the vicinity of the substrate, the material ahead of the heat
source is melted along with the incoming wire, while the previously melted material
trailing the heat source begins to solidify. Hence, the movement of the heat source
results in continuous local melting and solidification of the deposited material and, to
some extent, the substrate. The microstructure of the material influenced by the heat
source is transformed, resulting in a fusion zone or the weld metal, a partially melted
zone, and a heat affected zone, as shown in Figure 2.3 (b).

The fusion zone is characterised by complete melting due to an imposed
temperature in excess of the liquidus temperature of the material and a microstructure
that is identical to that obtained following casting. The partially melted zone
experiences fractional melting as the maximum temperature in this zone remains
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between solidus and liquidus temperatures of the material. In comparison, the heat
affected zone persists in the solid phase, as the peak temperature in this zone
does not exceed the solidus temperature of the material. However, this zone may
experience solid-state phase transformations and other microstructural changes, for
instance, grain coarsening. During AW-DED, the single pass described in Figure 2.3 (a)
is repeated layer by layer. Consequently, the previously deposited material undergoes
partial melting and solidification coupled with the complete melting and solidification
of the newly added material.
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Figure 2.4: Schematic illustration of the microstructural evolution in the fusion zone as
determined by the competitive growth mechanism in (a), and the effect of the
temperature gradient, G, and the growth rate, R, in determining the morphology
and size of the solidification structure in (b). Reproduced with permission from
references [34, 35].

The microstructure formation in the fusion zone is primarily governed by a
competitive growth mechanism. Solidification in the fusion zone begins with the
growth of existing grains at the fusion boundary. These grains grow in a manner
to preserve the crystallography of the existing grains at the fusion boundary. This
condition is known as epitaxial growth and occurs due to the crystallographic and
chemical similarities between the feedstock material and the substrate [36]. Following
the initial epitaxial solidification, a competitive grain growth phenomenon occurs,
typically until the terminal solidification stage. Competitive growth is driven by two
factors: the growth of grains in the direction opposing the maximum thermal gradient,
and the preference of grains to follow the easy-growth directions, i.e. <100> in cubic
crystal structured alloys [37-39]. The interplay between these factors forces the growth
of grains that contain the easy-growth direction antiparallel to the direction of
maximum thermal gradient. In cubic alloys, this typically results in the growth of
<100> orientated columnar grains from the fusion boundary, perpendicularly towards
the trailing melt pool boundary, as shown in Figure 2.4 (a). Since, at any point on the
trailing melt pool boundary, the temperature gradient is maximum perpendicular to
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the boundary.

Moreover, the solidification microstructure in the fusion zone can display distinct
features. The morphology and size of these features are mainly determined by
the local solidification rate, R, and the temperature gradient, G, in the melt pool.
Depending upon the location in the melt pool and the coupling between G and R, the
melt pool may exhibit planar, cellular, columnar, or equiaxed dendritic features. The
morphology and size of the solidification microstructure that can appear in the fusion
zone of alloys as determined by the ratio G/R and the product G-R!, respectively, is
shown in Figure 2.4 (b). For instance, close to the fusion line, the ratio of G and R is
much higher than that observed close to the trailing edge of the melt pool along
its centreline. Consequently, a planar solidification morphology may be observed
close to the fusion boundary of a melt pool, which transitions to a cellular, followed
by columnar dendritic and finally to equiaxed dendritic morphology, when moving
across from the fusion boundary towards the melt pool centreline. This transition in
the morphology of the solidification structure in the fusion zone is schematically
depicted in Figure 2.5.
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Figure 2.5: Schematic illustration of the microstructural evolution in the fusion zone
determined by the competitive growth mechanism coupled with the effect of G
and R in determining the morphology of the solidification structure, reproduced
with permission from reference [36].

The competitive growth and solidification mechanisms described above also apply
to the grain structures formed in alloys during AW-DED processing. For vertically
built structures by AW-DED, specifically in the case of thin-walled structures, heat
flow is generally maximum towards the substrate. This results in a maximum
thermal gradient direction for the bulk, which is antiparallel to the vertical building
direction. The mechanism of competitive growth may then lead to the development

IThe product G-R is indicative of the cooling rate, as implied by its unit (°Cs™).
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of a crystallographic texture along this direction. For instance, during AW-DED of
single-phase cubic alloys, the bulk of the deposit is commonly observed to be
dominated by columnar grains with their <100> directions orientated along the
building direction. The existence of a crystallographic texture may lead to directionally
dependent anisotropic material properties in a deposited part. However, modification
of the processing conditions (heat input or printing strategy) during AW-DED can
allow for the manipulation of crystallographic texture.

Clamp Deposited material Distortion

Substrate

Figure 2.6: Geometrical distortion in an as-deposited component by AW-DED upon the release
of clamps. Reproduced by permission of Informa UK Limited, trading as Taylor &
Taylor & Francis Group from reference [32].

In addition to the microstructural changes induced by the heat source, stresses are
also developed in a material as a result of the imposed localised thermal cycle. These
stresses are retained within a material in the absence of external forces and are thus
referred to as residual stresses. In fusion-based welding processes, residual stress
generation is mainly attributed to an inhomogeneous temperature field induced in
a material by a moving heat source, in conjunction with local plastic deformation
[19, 40, 41]. The travelling heat source imposes temperature gradients in a material
that cause non-uniform thermal expansion/contraction, which is constrained by the
surrounding low-temperature material. This, coupled with the elastic-plastic behaviour
of a material, determines the extent of residual stress induced in a material [42]. In
the case of additive manufacturing, the extent of residual stress is further influenced
by factors such as the build geometry (thin- versus thick-wall) and the deposition
sequence.

Residual stresses can be classified into three categories, each associated with a
characteristic length scale within the microstructure, as shown in Figure 2.7. Type 1
residual stresses are averaged over multiple grains and are thus representative of
the macroscopic stress state experienced by a material. Type II residual stresses
reflect intergranular stresses that vary between grains, but remain essentially constant
within a given grain. Type III residual stresses represent stress states on the scale of
individual grains, arising from intragranular features such as dislocations, precipitates,
solute atoms, and voids within the crystal lattice. The sum of these three types of
stresses constitutes the total residual stress.
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Figure 2.7: Classification of residual stresses according to their characteristic spatial length
scales, reproduced with permission from reference [43].

During the production of a component by AW-DED, residual stresses are generated
in the newly deposited material, coupled with the redistribution of stresses in
the previously deposited layers. Upon completion of the deposition process, the
component is cooled to room temperature, after which the clamps are released. At
this stage, the component is free from external mechanical restraint, which permits
the redistribution of residual stresses. Consequently, the released component typically
exhibits distortion, resulting from prior relaxation of residual stresses that exceeded
the yield strength of the material, as shown in Figure 2.6. This has a negative impact
on the geometrical tolerances of a component produced by AW-DED. On the one
hand, tensile residual stresses can lead to layer delamination during deposition or
cause cracking, thereby deteriorating the mechanical performance of a component, for
example, by reducing its fatigue life. On the other hand, compressive residual stresses
near the surface may enhance the fatigue performance of a component [44]. Hence,
control over the extent and nature of residual stresses in a component can enable
an improvement in functional performance. Hence, controlling the magnitude and
nature of residual stresses within a structure can improve its functional performance.
Currently, methods such as high-pressure inter-pass rolling, optimisation of the
deposition strategy, and preheating have been shown to reduce residual stresses and
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distortion in structures fabricated by AW-DED[19, 20, 45, 46].

2.3. LOW THERMAL EXPANSION ALLOYS

The binary Fe-Ni system offers a unique class of alloys that exhibit exceptional
thermal dimensional stability. These alloys are characterised by low mean linear
coefficients of thermal expansion (CTE) in specific temperature ranges. The Ni content
in these alloys dictates their CTE values and is used for their commercial naming.
Alloy 36 has a nominal Ni content of 36 wt.% Ni and is popularly known by its trade
name Invar 36 [47]. It offers the lowest CTE (o) among the LTE alloys belonging
to the binary Fe-Ni system, as shown in Figure 2.8 (a). However, increasing the Ni
content expands the low thermal expansion temperature range with a simultaneous
increase in the minimum CTE. The anomalous thermal expansion phenomenon in
the Fe-Ni system was discovered in 1896 and was later termed the Invar effect [48,
49]. An alloy was developed based on this discovery, which received recognition for its
invariant thermal expansion in the vicinity of room temperature, thus being named
Invar [50]. Since the discovery of the unusual thermal expansion behaviour in the
Fe-Ni system, multiple attempts have been made to address the physical mechanisms
underlying this anomaly, which is also commonly referred to as the ‘Invar problem’
[51-53]. The low CTE of alloy 36 persists approximately until 200 °C, i.e. negligible or
low thermal expansion upon heating well below the Curie temperature, followed by a
sharp rise in thermal expansion while approaching the Curie temperature. Naturally,
studies addressing the Invar problem have underscored magnetically induced volume
changes as the key phenomenon leading to anomalous thermal expansion behaviour
in LTE alloys[51, 52]. In particular, the Invar effect arises from the compensation of
thermal expansion, resulting from anharmonic lattice vibrations during heating, by
magnetovolume effects, particularly the spontaneous volume magnetostriction.
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Figure 2.8: The mean linear coefficient of thermal expansion in the Fe-Ni system at various
temperatures in (a), and the variation of the spontaneous volume magnetostriction
versus the Ni content in (b). Adapted with permission from reference [54].
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The variation in spontaneous volume magnetostriction (ws), for the binary Fe-Ni
system as a function of the Ni content, is shown in Figure 2.8 (b). Unsurprisingly, ws is
observed to have a maximum at approximately 36 wt.% Ni, thus leading to the lowest
CTE in alloy 36 among other LTE alloys belonging to the Fe-Ni system. However, it
should be noted that fundamental work aimed at developing a conclusive theory of
the Invar effect is still ongoing, despite its discovery more than a century ago [55]. The
selection of an LTE alloy for an application is determined by the CTE requirements.
Depending on the Ni content, LTE alloys can offer a range of low CTE values that are
maintained within specific temperature intervals. In 2.1, a comparison of the CTE
values of common LTE alloys in various temperature ranges is presented, highlighting
the typical values exhibited by commercially available alloys. Hence, these alloys are
used in a variety of applications, such as lunar probes, composite material moulding
tools, glass-to-metal sealings, high-precision tools, and cryogenic applications [56].

Table 2.1: A comparison among the CTE of various LTE Fe-Ni alloys in different temperature
ranges [57, 58].

Temperature range, °C Mean linear CTE, pm m™! °C’!
Alloy 36 Alloy 42 Alloy 46 Alloy 52
30-149 2.0 5.6 7.7 10.1
30-300 59 4.4 7.5 10.1
30-400 8.6 6.0 7.5 9.9
30-500 10.4 7.9 8.5 9.9
30-600 11.6 9.6 9.8 10.8
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Figure 2.9: The binary phase diagram of Fe-Ni, adapted from reference [59].




20 2. BACKGROUND

The binary Fe-Ni phase diagram based on experimental measurements is shown
in Figure 2.9. The typical compositional range pertaining to LTE alloys, along with
the dependence of Curie temperature on the Ni content, is highlighted in the figure.
Starting from the high-temperature liquid phase region in the Ni range of 36 to
52 wt.%, corresponding to typical LTE alloys, this range experiences a very narrow
solidification range when cooling. Following this, a wide austenitic phase field persists
approximately until 500 °C. Upon further cooling to room temperature, the equilibrium
microstructure according to the phase diagram should be dual phase. However, the
solid-solution nature combined with the high Ni content in Fe-Ni LTE alloys results
in sluggish substitutional diffusion, thus stabilising the austenitic phase at room
temperature [60]. Hence, single-phase LTE Fe-Ni alloys are not hardenable by heat
treatment and are generally available commercially in as-cast and wrought conditions.
Following cold working or machining operations, the LTE alloys typically require a heat
treatment for the temporal stability of the thermal expansion. A commonly employed
three-step industrial heat treatment practice for Invar-type LTE alloys is based on the
work of Lement ef al. [61]. The heat treatment is commonly referred to as the Lement
heat treatment and comprises the following steps: holding at 750 °C-850°C followed
by water quenching, stress relief at 315°C-425°C then air cooling to 90°C, and
subsequent holding at this temperature for 24-48 hours followed by air cooling [47]. A
recrystallised homogeneous microstructure, depending on prior material fabrication
process, is achieved after the first two steps of the aforementioned heat treatment
practice. The holding step allows for temporal stability in LTE alloys, as these alloys
can exhibit dimensional changes over a period of time when held isothermally. The
finite, time-dependent dimensional instability of LTE alloys is accelerated during the
holding step, resulting in alloys that exhibit temporal stability after this heat treatment
[62]. However, it should be noted that the effects of such a heat treatment practice are
reserved in LTE alloys if the service temperature during their application is maintained
below the temperature previously imposed in the final step of the heat treatment.
Consequently, the three-step heat treatment practice permits thermal dimensional
and temporal stability in LTE alloys. This heat treatment practice was specifically
developed for precision tooling applications of alloy 36, or other LTE alloys, such as
mounting components for precision tools on space probes, telescopic mirror mounts,
and metering rods [62-64]. Moreover, in the past, there was an explicit need for a
heat treatment practice to temporally stabilise the thermal expansion of LTE alloys
due to the excessively high carbon content of these alloys [65]. In precision tooling
equipment, both thermal dimensional stability and isothermal temporal stability are
primary requirements. For instance, a dimensional change of 1 ppm in a telescopic
mirror mount can change the focus of the instrument by 10um [66]. Hence, in
the case of alloy 36 employed in precision tooling equipment, a heat treatment
practice that establishes temporal stability in the alloy is indispensable. However, such
heat treatment practices have limited significance for alloy 36 utilised in aerospace
moulding tools, as the heat treatment is essentially disturbed when these tools are
heated and cooled during the curing cycles used for fabricating composite materials.

The addition of alloying elements is often required to improve the mechanical and
physical properties and workability of the binary Fe-Ni LTE alloys [67, 68]. However,
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the thermal expansion of these alloys is very sensitive to alloying additions [69].
The effect of some common alloying elements on the CTE of alloy 36 is shown in
Figure 2.10. In contrast to the elements that create a positive change in the CTE of
alloy 36, cobalt reduces the CTE. The substitution of 5 wt.% Ni with Co in nominal
alloy 36 results in an alloy referred to as Super Invar, which exhibits a near-zero CTE
(= 0.6umm°C!) in the temperature range of approximately 25-100°C [58].
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Figure 2.10: The increase in CTE of alloy 36 from nominal value upon the addition of common
alloying elements, adapted from reference [70].

2.4. CURRENT STATUS OF ADDITIVELY DEPOSITED ALLOY 36

In applications with stringent requirements for the geometric stability of components,
alloy 36 has emerged as the standard choice among LTE alloys. The aerospace industry
relies on alloy 36 moulding tools to produce composite material structures [71].
Common aerospace structures, including frames, wing skins, and associated stringers
in commercial aircraft, utilise carbon fibre reinforced polymer (CFRP) composites [72,
73]. Fabrication of these composite structures requires curing under applied pressure
(0.5-0.7 MPa), elevated temperature (80-180°C), or a combination of both [74]. A key
aspect that governs the dimensional accuracy of the cured composite structures is the
tool-part interactions due to the mismatch of CTE. The use of alloy 36 moulding tools
can mitigate these interactions, establishing it as a key material for the production of
composite structures in the aerospace industry. In cases when curing temperatures up
to 300°C are required, alloy 42 can replace alloy 36 due to its lower CTE in this
temperature range, as listed in Table 2.1.

The moulding tools of alloy 36 in the aerospace industry generally have dimensions
of a few metres [74]. Arc wire-DED is particularly suitable for fabricating large
structures owing to the high deposition rates offered by this processing method.
Consequently, multiple studies have been conducted to address the applicability
of AW-DED in the fabrication of alloy 36 components. Veiga et al. [75] reported
on the microstructure and mechanical properties of alloy 36 deposited using PAW-
and GMAW-based AW-DED [75]. Defect-free microstructures were obtained with
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both processes, mainly dominated by columnar grains. Similarly, the mechanical
properties of alloy 36 fabricated using both techniques either exceeded or met the
properties of a conventionally produced alloy 36. However, a pronounced anisotropy
was observed in the elongation of the PAW-fabricated alloy 36, which was attributed
to the corresponding anisotropic microstructure. The elongation of alloy 36 specimens
oriented in the building and welding directions was reported to be 51% and 29%,
respectively. Building on this work, Aldalur et al. [76], studied the thermal expansion
properties of alloy 36 fabricated by AW-DED based on GMAW and PAW. They reported
that the CTE of alloy 36 fabricated using PAW was significantly higher than that of
the alloy deposited by GMAW. The mean CTE of alloy 36 manufactured by GMAW
was found to be comparable to that of the commercially available alloy, irrespective
of the orientation of the specimen in the deposited component. The discrepancy
between the thermal properties of alloy 36 fabricated by the two AW-DED processes
was attributed to the higher heat input used during PAW (986] mm™!) compared to
GMAW (446] mm'™).

Considering the ability of GMAW-based AW-DED to fabricate alloy 36 with
satisfactory thermal expansion properties, the authors proceeded to deposit a thin-wall
alloy 36 tooling component through a single-bead layering approach. However, this
tooling component, which was deposited using the previously established GMAW
parameters, showed the generation of hot spots due to heat accumulation as the
deposition height increased. Regardless of heat accumulation, the authors argued that
the microstructure had remained unaffected. Apart from the defect-free fabrication of
alloy 36 through two AW-DED processes, the above studies were limited to a single
set of parameters, thus not exploring the parametric processing limits for alloy 36
during AW-DED. For instance, Qiu et al. [77] and Tan et al. [78], utilised selective laser
melting and powder-laser metal deposition, respectively, to fabricate multi-bead alloy
36 structures. In these studies, the microstructure was found to be susceptible to
cracking depending on the processing parameters. Additionally, the works of Veiga et
al. [75] and Aldalur et al. [76] employed an alloy 36 wire alloyed with Nb and C
for the precipitation of NbC during solidification. These precipitates can improve
the strength of the deposited alloy and avoid problems related to grain growth or
intergranular cracking in alloy 36. However, the response of Nb-lean alloy 36 during
AW-DED would likely deviate from the results reported by Veiga et al. [75], especially
in structures with multiple bead overlapping. The works of Qiu et al. [77] and Tan et
al. [78], utilised alloy 36 powders that were lean in precipitate-forming elements,
such as Ti, Nb, and V, which potentially explains the appearance of the cracking
phenomenon reported in their studies. The Nb-lean alloy 36 is widely available as
a feedstock for AW-DED and is used in existing moulding tools. Consequently, the
utilisation of AW-DED for fabricating precipitate-lean alloy 36 moulding tools, as well
as to repair existing tools, requires further investigation.

The work of Aldalur et al. [76] is one of the earliest studies to evaluate the
effects of AW-DED processing on the thermal expansion behaviour of as-deposited
alloy 36. The higher heat input during PAW-based AW-DED of alloy 36 increased
its CTE (= 3.91pmm™ °C), compared to the CTE (= 1.95pumm™ °C!) of the alloy
fabricated by GMAW-based AW-DED. This discrepancy in CTE was reported to
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occur in the temperature range of 0-100°C, in higher ranges, the CTE of alloy 36
processed by both AW-DED methods converged to values similar to those of the
reference alloy. The temperature range of 0-100°C is well below the Curie transition
of alloy 36 and is the region of approximately invariant thermal expansion. This
implies that AW-DED processing can influence the underlying physical phenomenon
responsible for the invariant thermal expansion of alloy 36, thus affecting its critical
low-temperature CTE. Multiple other studies employing AW-DED, SLM, and LPBF
techniques have also reported process-induced effects on the thermal expansion
behaviour of alloy 36 [79-84]. Among these studies, factors such as defect distribution,
grain size, crystallographic texture, and residual stress have been highlighted to
induce directional anisotropy and/or deviation from the expected thermal expansion
behaviour of alloy 36. But a comparison of the underlying cause that leads to thermal
expansion discrepancies in studies of alloy 36 reveals conflicting views. For instance,
Jiao et al. [82] attributed the anisotropic directional CTE of as-deposited alloy 36
to different grain boundary densities arising from a microstructure dominated by
columnar grains. However, Huang et al. [84] showed that the magnetic properties
controlling the thermal expansion in as-deposited alloy 36 are virtually immune to
microstructural variations, i.e. preferred crystal orientations and grain size/morphology.
Therefore, the specifics of the effects induced by AW-DED on the thermal expansion
of alloy 36 remain largely unanswered, necessitating further consideration.

Hence, the current state-of-art related to the AW-DED of LTE alloys presents
multiple opportunities to further expand the applicability of AW-DED in fabricating
LTE alloys. Firstly, despite the success of the initial studies in obtaining defect-free
thin-wall structures, it is worth noting that industrially applicable LTE alloy structures
may require multi-bead overlapping. Consider the use of alloy 36 in the aerospace
industry as the primary material for fabricating the face sheet of a moulding tool,
which typically has a thickness of approximately 10,mm and spans several metres. The
fabrication of such structures necessitates multi-bead overlapping, which is conducive
to the formation of defects, such as lack of fusion and intergranular cracking.
Moreover, the existing body of work on alloy 36 deposition via AW-DED remains
largely limited to a fixed set of processing parameters. To address this gap, it is
necessary to investigate the response of alloy 36 to a wider range of process conditions.
For instance, the alloy can be deposited using varying levels of heat input, which
would enable a detailed assessment of its influence on microstructural evolution and
functional performance. Secondly, the ductile nature of LTE alloys presents significant
challenges during subtractive manufacturing. To overcome this, AW-DED is a viable
alternative processing method, as the LTE alloy structures obtained through this route
are near-net shaped. Consequently, the need for subtractive processing is greatly
reduced to have a functional LTE alloy component.

In expanding the applicability of AW-DED to LTE alloys, the relatively simple
binary Fe-Ni nature of LTE alloys can be exploited. The uncoupled nature of the
heat source and feedstock material in GTAW- and PAW-based AW-DED implies that
these processes can be adapted for the simultaneous feeding of multiple wires into a
melt pool. Combining this process flexibility with the binary Fe-Ni nature of LTE
alloys can enable the in situ synthesis of desired LTE alloy compositions. A feasibility




24 REFERENCES

study aimed at establishing the deposition of geometrically stable structures that
bear chemical homogeneity of an LTE alloy composition via a twin-wire deposition
approach during AW-DED can be undertaken. This approach enables the on-demand
fabrication of LTE alloy compositions with a desired CTE, while also facilitating
the repair of existing moulding tools, irrespective of their chemical composition.
Lastly, the single-phase austenitic structure of LTE alloys is known to increase
the susceptibility of these alloys to intergranular cracking. This grain boundary
embrittlement phenomenon has been shown to occur in both multi-pass welding
operations of alloy 36 and during selective laser melting of alloy 36. In general, a
reduction in the heat input can improve the resistance of alloy 36 to intergranular
cracking. However, this inevitably also leads to a reduction of the deposition rates
which is undesirable in terms of productivity. Alternatively, a high heat input may be
retained during the fabrication of alloy 36 structures, provided the grain boundary
morphology is modified during the process. This can be achieved by the introduction
of external carbide particles into the melt pool during AW-DED, which, in turn, can
enable the fabrication of grain boundary defect-free structures without compromising
the heat input. Consequently, these open-ended discussions that pertain to enhancing
the fabrication of LTE alloys by AW-DED are addressed in the following chapters.
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EXPERIMENTAL METHODOLOGY

HIS chapter describes the materials used in the present study, the experimental
T setup, and the processing parameters. In addition, an overview of the methods
and characterisation tools used to study the microstructure, melt pool behaviour, and
functional properties is also given. The procedures and techniques outlined here are
adapted and applied as appropriate in the following chapters.

3.1. MATERIAL OVERVIEW

A 1.2 mm diameter wire of the low thermal expansion alloy 36 was used in this
study. The wire is commercially known as 3Dprint AM Mold 36 or alloy Fe-Ni36 and
is manufactured by voestalpine Bohler Welding. In addition, a high Ni wire was
utilised to tailor the Ni content, i.e. the thermal expansion properties, through a
twin-wire deposition approach. This wire is commercially known as UTP A 80 Ni
and has the same manufacturer and diameter as the alloy 36 wire. The chemical
composition of these wires as stated by the manufacturer and measured using energy
dispersive spectroscopy (EDS) are listed in Table 3.1. The Ni content in the alloy 36
wire is measured to be close to 36 wt.%, which agrees well with the manufacturer’s
specifications. The Ni content in the alloy 36 wire is critical as it governs the thermal
expansion behaviour of the alloy. The S and P content in the wire is observed in
low concentrations, which is beneficial in promoting the weldability of this alloy
specifically in the context of solidification cracking [1, 2]. Elements such as Mn, Mo,
Cr and Si are added to improve the workability, mechanical properties, and weldability
of alloy 36 [3-6]. In comparison, the addition of Co to Fe-Ni LTE alloys, where the
added Co partly substitutes the Ni content, results in alloys with a lower linear
coefficient of thermal expansion (CTE) while possessing a higher Curie temperature
compared to binary Fe-Ni alloys [7, 8]. In addition, the Ni wire contains around
3.3 wt.% of Ti, and is used in conjunction with the alloy 36 wire during twin-wire
experiments in this study. As mentioned in section 2.3, the addition of Ti can increase
the thermal expansivity of alloy 36. However, the Ni wire is fed at low feeding rates to
the melt pool relative to the alloy 36 wire, as will be shown in chapter 5. Hence, its
contribution in raising the thermal expansivity of the deposited alloy composition will
be marginal.
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Table 3.1: Chemical composition of the feedstock wires used in the present study, as stated by
the manufacturer and measured using EDS. * indicates that the chemical contents
are below the stated value.

Elements, wt.% Si* Mn Cr* Mo* Co* PandS Ni Ti Fe
Alloy 36
Manufacturer 0.10 0.20 0.50 050 1.00 0.01 34-38 - Bal.
EDS result 0.14 0.32 0.10 0.12 0.40 0.01 36.10 - 62.81
UTP A 80 Ni
Manufacturer 0.30 0.30 - - - - Bal. 3.30 0.10
EDS result 0.32 0.27 - - - - 95.88 3.38 0.15

3.2. EXPERIMENTAL SETUP

The deposition was performed using the gas tungsten arc welding (GTAW) process in
the cold wire condition. A commercially available Migatronic TIG commander 400
AC/DC power source was used for the GTAW-based AW-DED process. The pulsed
current setting in the direct-current electrode-negative (DCEN) configuration was
used during the experiments. A wire feeding assembly connected to an independent
Migatronic KT4 wire feeder was mounted on the welding torch for the purpose of
supplying the feedstock material. In the case of twin-wire feeding experiments, two
wire feeding units were used in conjunction to simultaneously supply alloy 36 and
Ni-rich wires.

GTAW torch @,

Deposited

Figure 3.1: Schematic diagram of the GTAW-based AW-DED process employed in this study.
The building, welding/travel, and transverse directions are denoted by BD, WD,
and TD, respectively.

The schematic of the GTAW-based AW-DED set-up employed in this study is
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shown in Figure 3.1. The GTAW torch was positioned perpendicular to the substrate.
The torch and the substrate were controlled through separate servo-motors allowing
for an independent 3-axis motion. The shielding from the ambient environment
was achieved using an inert argon gas supply at a flow rate of 10Lmin™'. The
non-consumable electrodes employed in this study were 3.2mm in diameter and
chemically composed of tungsten alloyed with rare earth oxides (E3 electrodes, purple
colour). A front wire feeding approach was adapted due to the observed geometrical
stability of the beads deposited in this approach as established in other works [9-11].
Moreover, these studies have also reported improved bead stability when the liquid
metal transfer from the wire to the melt pool occurs in continuous metal transfer
mode, compared to intermittent metal transfer mode, which may involve bridging or
free flight transfer of droplets. The details of these deposition modes will be presented
and discussed in chapter 5. The current and voltage profiles during the deposition
process were measured using a Triton data logger at a sampling rate of 5 kHz. This
data was used to calculate the instantaneous power (IP) based on equation 3.1,

1 n
IP==3% (I;-Up, 3.1
ni=1
and in conjunction with equation 3.2,

_IP-n
TS

HI , (3.2)
for determining the heat input (HI), assuming a process efficiency (n) of 0.7 [12]. In
equations 3.1 and 3.2, [; is the instantaneous current in A, Uj is the instantaneous
voltage in V, and TS is the travel speed in mms™'. The process parameters of this
study were established on the basis of the dimensional stability of the weld beads
obtained during initial bead-on-plate experiments. To achieve different HI values,
both current and travel speeds were adjusted simultaneously, as can be seen from
the process parameters corresponding to the five HI conditions listed in Table 3.2.
In addition, the wire feed speed was adjusted in accordance with the HI level to
maintain a stable deposition process. An arc length of 3-3.5mm was maintained
for the parameters corresponding to conditions A through C, while an arc length of
4-4.5mm was maintained in conditions D and E. This resulted in slightly different
average arc voltages for each HI condition, as listed in Table 3.2.

3.3. LIQUID METAL TRANSFER CHARACTERISATION

The liquid metal transfer characteristics during GTAW-based AW-DED were investigated
using a specialised camera and illumination system. A Cavitar C300 welding camera
was used for this purpose. This camera is equipped with a pulsed laser illumination
system of 645+10nm wavelength. A narrow optical band pass filter is also
incorporated in the camera for spectral filtering of the optical radiation from the
welding arc. The gain and the exposure settings on the camera can be adjusted to
optimise the image quality. The maximum achievable recording rate of the camera
with the laser illumination is limited to 100 frames per second.
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Table 3.2: Process parameters used in this study during GTAW-based AW-DED. TS: travel speed,
WES: wire feed speed, Ipase: base current, Ipea: peak current, fpge: base time,
Ipeak: Peak time, Uave: average voltage, HI: heat input.

Parameters TS WES Ibase  Ipeak  base Ipeak  Uave HI
mms! mms! A A S S \Y% J mm’!

A 4.6 22 81 180 0.20 0.20 10.0 200

B 4.5 28 110 220 0.20 0.15 10.3 250

C 3.8 30 120 240 0.20 0.20 10.6 350

D 3.5 39 133 265 0.20 0.20 11.4 450

E 3.3 50 135 300 0.20 0.20 12.0 550

3.4. MICROSTRUCTURE CHARACTERISATION

Optical microscopy

The microstructures of the as-deposited alloys were studied following chemical
etching. Sample surfaces parallel to the BD-TD plane (Figure 3.1) were analysed.
Standard metallographic procedures involving mechanical grinding and polishing
were followed to prepare the surface. Polished samples were chemically etched to
reveal the grain structure using Kalling’s No. 1 (distilled water, CuCl,, HCI, and
CH33CH,0H), and Kalling’s No. 2 reagents, which is compositionally identical to No.1
but without distilled water. These etchants successfully revealed the grain boundaries
and substructure of the grains as shown in Figure 3.2. Following the etching process,
the surfaces were cleaned with 2-propanol and blow-dried using hot air. A Keyence
VHX-5000 digital microscope was used to study the etched surfaces. Quantitate
analyses comprising grain size, geometrical characteristics, and crack length in the
observed microstructures were performed using the microscope built-in software and
Image] software.

100 pm

Figure 3.2: The chemically etched microstructure of as-deposited alloy 36 revealing the
constituent features.
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Scanning electron microscopy

The samples in polished condition were observed using a scanning electron
microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) detector to
study the chemical composition. Elemental maps and quantitative information about
the chemical composition of as-deposited alloys were obtained through SEM-EDS. A
ThermoFisher Scientific Helios G4 Plasma FIB UXe SEM (Helios-SEM) was used for
this purpose at acceleration voltages of 10-20kV and beam currents of 0.80-6.40 nA.
The typical detection limit of EDS is 1000 ppm for higher atomic number (> 8)
elements [13]. Thus, this technique can reveal meaningful information about the
chemical make-up of LTE Fe-Ni alloys.

Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is a SEM-based technique that provides
information on microstructural-crystallographic orientations [14]. This technique is
widely utilised to obtain grain orientations and phase compositions in crystalline or
quasi-crystalline materials. The samples to be studied using EBSD were polished with
a colloidal silica suspension in addition to the preparation procedure mentioned
above. This polishing step was necessary to remove any accumulated damage from
previous sample preparation steps and create a surface suitable for EBSD analysis.
The Helios-SEM is equipped with an AMETEK-EDAX EBSD detector and was used for
fine step-size EBSD analysis, with a step size ranging from 0.05-1 um, depending on
the feature size under observation. The acceleration voltage and beam current during
these scans were 10kV and 6.4nA, respectively. The EDAX OIM Analysis version 8
software package was used to post-process the collected data. A standard cleanup
routine consisting of grain confidence index standardisation, neighbour orientation
correlation, and single average orientation per grain was applied while processing
the grain and phase maps. For the kernel average misorientation (KAM) maps, the
cleanup was limited to grain confidence index standardisation. In addition, coarse
step-size scans were performed using a JEOL 7200F field emission SEM equipped with
a Oxford Instruments EBSD detector. A step size of 5pum was used to scan areas of
5.2x4.6 mm? during these scans. The data obtained were post-processed in the Aztec
HKL software version 6.1. The acceleration voltage and beam current during these
EBSD scans were 15kV and 3.2nA, respectively.

X-ray diffraction

The constituent phases and crystal structure of the as-deposited alloys were evaluated
using X-ray diffraction (XRD). This technique is based on the principle of elastic
scattering of X-rays from the atomic planes of a sample under investigation [15].
The scattered waves that satisfy the Bragg criteria interfere constructively, leading to
a diffraction pattern, thus revealing crystallographic information [16]. A Bruker D8
Advance diffractometer in the Bragg-Brentano geometry was used in this study for the
purpose of phase analysis [15]. The instrument utilised Cu Ko radiation operated
at a current and voltage of 40 mA and 45kV, respectively. Coupled 26/6 scans were
performed with a 26 step size of 0.04° and counting time of 0.5s per step. The
data was post-processed using the Bruker software DiffracSuite.EVA version 5.2. In
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addition, XRD was also utilised to evaluate the lattice parameters of the as-deposited
samples. In this case, the employed instrument was similar to the above-mentioned
diffractometer but utilised Co Ko radiation instead of Cu Ka radiation. The diffraction
patterns were generated from coupled 26/6 scans and post-processed using the
instrument software DiffracSuite.EVA version 7.2. The acquisition parameters during
these scans were a 26 step size of 0.035° and a counting time of 5s per step. The
lattice parameters were obtained by correlating the values of the trial lattice parameter
of each diffraction peak with the Nelson-Riley extrapolation function [17]. The result
of an XRD measurement performed on the as-received alloy 36 wire is shown in
Figure 3.3. The pattern reveals only austenitic-fcc (face-centred cubic) phase peaks in
the wire, thus establishing it as a single-phase material.

(222)

Counts, arb. units
(111)
(200)
(220)
(311)

40 50 60 70 80 90 100
Position 26, °

Figure 3.3: The X-ray diffraction pattern of the as-received alloy 36 wire showing a single-phase
fcc crystal structure.

3.5. FUNCTIONAL PROPERTIES
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Figure 3.4: Schematic diagram of the flat dog-bone specimens used in the present study to
quantify the tensile properties. All dimensions are in mm.

Mechanical testing and hardness
The as-deposited alloys were mechanically characterised through uniaxial tensile
tests. Flat dog-bone shaped specimens, shown schematically in Figure 3.4, were
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machined by wire-electronic discharge machining (W-EDM). The specimen geometry
and testing procedures were based on the guidelines outlined in the ISO 6892-1
standard [18]. The specimens were extracted in two sets, with their lengths oriented
parallel to the building and the welding/travel directions, respectively, to quantify and
compare the tensile properties in these two directions. Tensile tests were performed at
room temperature using an INSTRON® 5500R machine in displacement controlled
mode. The displacement rate imposed by the machine during the tensile tests was
I mmmin'. The displacement of the specimens was recorded using an INSTRON®
dynamic axial clip-on extensometer of 12.5mm gauge length. Following the tests,
the fracture surfaces were analysed using a JEOL JSM-IT100 SEM at an acceleration
voltage in the range of 15-20kV.

A Struers DuraScan hardness testing machine was employed to quantify the
microhardness of the as-deposited alloy using the HV; test method. In this method, a
downward force of 9.81 N is exerted on the surface of the specimen by a diamond
pyramid indenter with a square base. A built-in optical microscope is then used to
measure the lengths of the two diagonals of the indentation. The average of these
diagonal lengths, together with the applied load, is used to calculate the Vickers
hardness value. Measurements were performed on polished sample surfaces according
to the testing procedure guidelines stated in the ASTM E92-17 standard [19].

Dilatometry
Dilatometry was performed to evaluate the mean linear coefficients of thermal
expansion (CTE) and the Curie temperatures of the as-deposited low thermal
expansion alloys. A Linseis TMA PT1000 thermomechanical analyser was used to
determine the linear CTE. The TMA PT1000 uses a resistance furnace and a
high-resolution linear variable differential transformer (LVDT) displacement sensor
connected to a quartz piston and sample stage. Cylindrical specimens of ¢4 mm and
10mm length were machined using W-EDM. Two sets of specimens were prepared,
with their lengths oriented parallel to the building and welding (travel) directions,
respectively, to quantify and compare the CTE in these two directions. The furnace
was filled with argon gas during the measurements to create an inert environment.
A heating rate of 5°Cmin’! was used during these experiments and the testing
procedure was in accordance with the guidelines stated in the ASTM E831-19 standard
[20]. The average linear CTE were calculated based on the temperature-displacement
curves by equation 3.3,
_1dL 33

a= L_O ﬁ’ (3.3)
where, a represents the mean CTE in the desired temperature interval; L, is the initial
length of the specimen; dL is the change in length of the specimen accompanied by
the temperature variation (d7T). The Curie temperatures of the as-deposited alloys
were also determined using a Béhr 805 A/D dilatometer. Different to the principle of
dilatometers that rely on furnace-based heating, this apparatus utilises two quartz
rods connected to a LVDT displacement sensor to record the thermal expansion of a
sample during heating by an induction coil. Throughout the heating process, the
temperature and thermal expansion are recorded simultaneously along with the power
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delivered to the induction coil. The Curie transition can be located by analysing
the power signal during a measurement. Below Curie temperature, an induction
coil heats a ferromagnetic material through the mechanisms of Joule heating and
hysteresis heating [21]. However, the latter mechanism only contributes up to the
Curie temperature. Therefore, the instrument delivers additional power to maintain
the heating rate applied during the test. This manifests as a sudden increase in the
supplied power at the Curie transition and is therefore referred to as the energy jump
method for the determination of the Curie temperature [21]. Following the test, the
recorded power signal is analysed to identify the temperatures before and after the
power jump. The average of these temperatures is then calculated to ascertain the
Curie temperature. For these experiments, cylindrical specimens of ¢3.5mm and
10mm length, were machined using W-EDM with their lengths oriented parallel to
the travel/welding direction. The tests were performed under vacuum at a heating
rate of 10°Cmin’!.

In the present work, the furnace-heated dilatometer was preferred for CTE
measurements of LTE alloys, based on preliminary experiments. Specimens were
taken from a commercially available alloy 36 plate with known CTE values in different
temperature ranges. The specimens were tested with both induction-heated (IH)
and furnace-heated (FH) dilatometers. The corresponding CTE values measured in
different temperature ranges using the two dilatometers are compared inin Table 3.3.
It is evident that the CTE values of alloy 36 measured by an FH dilatometer are a
better match to the material specifications compared to those obtained from the IH
dilatometer. The discrepancy between the CTE measurements obtained from the two
dilatometers is attributed to the suitability of the IH dilatometer being limited to
high-temperature measurements(> 500 °C). Moreover, the IH dilatometer operates
on the principle of electromagnetic induction, generating both heat and alternating
magnetic fields. These magnetic fields may influence the magnetovolume effects in
alloy 36 below its Curie temperature by perturbing the intrinsic spin structure of the
material. Hence, to minimise instrumental effects and measurement errors in the CTE
data, an FH dilatometer was employed in the subsequent chapters.

Table 3.3: The mean linear CTE of a commercially available alloy 36 in different temperature
ranges measured using induction- and furnace-heated dilatometers.

Mean CTE, umm™ °C! Temperature Range, °C
20-100 20-150 20-260

TH Dilatometer 2.04 2.50 5.12

FH Dilatometer 1.36 2.01 4.67

Material Specification [22] 1.30 2.11 4.18
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MICROSTRUCTURE AND
FUNCTIONAL BEHAVIOUR OF
ALLOY 36°

HE low thermal expansion alloy 36 was deposited using cold wire gas tungsten
T arc welding in a range of heat inputs. Intergranular cracking prevailed in the
as-deposited microstructures, the extent of which was reduced by decreasing the heat
input. Abnormal grain coarsening and strain localisation at grain boundaries were
promoted as heat input increased, which increased the susceptibility of the alloy to
intergranular cracking. Consequently, the increase in heat input adversely affected
the tensile properties of the alloy, as intergranular cracking led to premature failure.
However, the characteristic low thermal expansion behaviour of alloy 36 remained
unaffected by heat input.

4.1. INTRODUCTION

The binary Fe-Ni system presents a class of functional alloys characterised by a
uniquely low thermal expansion behaviour. The minimum mean linear coefficient of
thermal expansion (CTE) in the binary Fe-Ni system is observed at a Ni content
of about 36 wt.% (alloy 36) [1]. For comparison, the mean CTE values of alloy
36 and stainless steel 316L in an approximate temperature range of 20-100°C are
1.60umm™°C! and 16umm™°C’, respectively [2, 3]. As such, alloy 36 is used in
precision instruments, aerospace moulding tools, and cryogenic storage and transport
tanks [4-6]. Alloy 36 products in the aerospace sector are traditionally fabricated
using subtractive processes [7]. However, machining of alloy 36 can be challenging

#The contents of this chapter are in part based on a journal article published as: A. Sood, J. Schimmel,
V. M. Ferreira, M. Bosman, C. Goulas, V. Popovich, and M. J. M. Hermans. Directed energy deposition
of Invar 36 alloy using cold wire pulsed gas tungsten arc welding: Effect of heat input on the
microstructure and functional behaviour. Journal of Materials Research and Technology 25 (2023), pp.
6183-6197.
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due to certain physical aspects of this alloy, such as high work hardening rates and
low thermal conductivity [8]. Furthermore, subtractive techniques often result in the
generation of significant material waste [9, 10]. In this regard, additive manufacturing
(AM) techniques present a suitable alternative, as they are not associated with such
drawbacks [11].

Recently, multiple studies have emerged that address the microstructure and
properties of alloy 36 fabricated by laser-powder processing [8, 12-17]. In contrast to
this, the body of literature pertaining to AW-DED of alloy 36 is limited [18-20]. The
literature pertaining to the welding of alloy 36, especially multi-pass welds, can help
predict the behaviour of alloy 36 in a process like AW-DED, since it is essentially
based on the principles of welding. Among these studies, a common observation is
the presence of intergranular cracks [5, 21-23]. Naturally, such defects are undesirable
and may lead to premature failure during the service life of a product in load-bearing
applications. Therefore, to further establish the application of AW-DED to alloy 36
there is an explicit need to develop an understanding of the resulting microstructure
and properties. To build on this, a systematic experimental study was performed
followed by extensive characterisation to understand the response of alloy 36 to
AW-DED. Gas tungsten arc welding (GTAW) was used to deposit blocks using a
commercially available alloy 36 wire at five heat inputs ranging from 200J mm™! to
550Jmm™'. The effect of heat input on the microstructure and chemical composition
of the deposited blocks was investigated. Lastly, two larger blocks were deposited
at the extremes of the heat input, i.e. 200Jmm™ and 550Jmm’!, to quantify the
mechanical properties and linear CTE of the as-deposited alloy 36.

4.2. EXPERIMENTAL OVERVIEW

Blocks of 80 x 15 x 15mm? were deposited using a commercially available alloy 36 wire
of 1.2 mm diameter. The chemical composition of this wire and the process parameters
corresponding to the deposited blocks can be found in Tables 3.1 and 3.2, respectively
(section 3.1). Bead-on-plate experiments were performed prior to deposition of the
blocks at various heat inputs to measure the dimensional characteristics of the
beads using optical microscopy. The maximum inter-pass temperature was limited
to approximately 150°C during the deposition and was monitored using a K-type
thermocouple [24]. Following deposition, four transverse sections were taken from
each block at similar locations to observe the microstructure. The extracted specimens
were prepared according to the procedures stated in section 3.4 (chapter 3), for the
purpose of optical microscopy, SEM analysis, XRD, XRE and hardness measurements.

The as-deposited alloy 36 at the lower and upper extremes of the heat input range
was also analysed using EBSD. A step size of 0.5pum was used to map areas of
1x 1 mm? during the scans. The current and the acceleration voltage were 3.2nA and
20kV, respectively. Lastly, tensile and dilatometric tests were performed on specimens
extracted from two larger blocks of 150 x20x60 mm?® deposited at the upper and
lower extreme of the heat input range, hereafter referred to as blocks Al and El.
Detailed information on the techniques used to characterise the microstructure and
functional properties is given in sections 3.4 and 3.5, respectively.
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4.3. RESULTS AND DISCUSSION

4.3.1. DEPOSITION AND MICROSTRUCTURE OF ALLOY 36

The dimensional characteristics of the bead-on-plate welds corresponding to the five
heat inputs used to deposit the blocks are shown in Figures 4.1 (a) and (b). In general,
the weld bead size and wetting angle increase with heat input, owing to higher
deposition rates resulting from the progressively increased wire feed speed. The
maximum wetting angle corresponds to the highest heat input condition, 550 mm!,
and is limited to 45°. This aspect is critical during AW-DED, and an optimal range can
aid in the prevention of defects related to lack of fusion. The relatively low scatter in
the dimensional characteristics shown in Figures 4.1 (a) and (b) indicates uniformity
in the geometry of the beads. Hence, the process parameters corresponding to
these beads are considered optimum for the deposition of multi-bead structures by
AW-DED.
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Figure 4.1: Dimensions and wetting angle of the bead-on-plate welds corresponding to the
five heat inputs used for the deposition of the blocks, in (a) and (b), respectively.

The macroscopic overview of the blocks deposited at five heat inputs, referred to
as blocks A to E, is shown in Figures 4.2 (a-0 to e-0), respectively. The corresponding
microstructural characteristics observed at similar locations in the blocks are
highlighted in Figures 4.2 (a-1 to e-1). In general, the blocks consist of columnar
grains that extend through multiple layers. Columnar grains grow epitaxially in the
blocks and tend to be orientated parallel to the building direction, as grain formation
is favoured along the direction of maximum heat flow [25]. The substructure mainly
comprises cellular features as highlighted in Figures 4.2 (a-1) to (e-1), with the
occasional presence of columnar dendritic features. The different substructures arise
from local variations in the solidifying conditions in the melt pool from the combined
effect of the temperature gradient (G) and the growth rate of the solid-liquid interface
(R), as illustrated in section 2.2 (chapter 2). Locally varying solidification conditions
are expected, since the blocks were deposited in the pulsed current mode, which
would likely lead to a relative acceleration and deceleration of the solid-liquid
interface during the low- and high-current phases. Moreover, such grain features have
typically been observed in the microstructure of the single-phase austenitic alloy 36
fabricated by AM methods [13, 26, 27].
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In the case of block E, extensive grain coarsening is observed in the upper half of
the block. The difference in the morphology and size of the grains observed in blocks
A and E is evident when comparing Figures 4.2 (a-0) and (e-0). This is reflected in the
microhardness measurements as shown in Figure 4.2 (b). The tendency for grain
coarsening during deposition becomes more pronounced with increasing heat input,
as block E exhibits the largest hardness difference between 5mm and 12 mm from the
substrate. In comparison, block A shows a relatively uniform distribution of hardness,
which is indicative of a homogeneous microstructure at different heights along the
building direction.

The average grain width in blocks A and E was quantified from the transverse
sections using the linear intercept method [28]. The results are shown in Table 4.1
and corroborate the trend observed in the hardness measurements, implying that the
decrease in hardness with increasing heat input is a consequence of an increase in
the average grain width. According to the equilibrium binary Fe-Ni phase diagram
(shown in section 2.3), alloy 36 remains in the austenitic phase field in a broad
temperature range (~450°C-1400°C) [29]. In addition, alloy 36 tends to have a low
thermal diffusivity, implying that thermal energy is likely to accumulate over time
[30]. The cooling rate during AW-DED decreases when the heat input is increased, as
the cooling rate varies inversely with the heat input [31]. The reduction in cooling
rate subjects the single-phase alloy 36 to elevated temperatures for longer periods,
consequently facilitating grain growth [32]. Therefore, increasing the heat input from
200Jmm! towards 550Jmm! was found to induce grain coarsening during the
deposition of alloy 36, thereby reducing the hardness of the as-deposited alloy.

Table 4.1: Average grain width in blocks A and E as determined from the transverse
cross-sections.

Grain width, yum Distance from base plate

5 mm 12 mm
Block A 270+ 30 310+20
Block E 390+40 1120+ 200

The blocks deposited at the lowest and highest heat inputs were analysed using
XRD, and the resulting patterns are presented in Figure 4.2 (c). The blocks are found
to be entirely austenitic, which is expected in alloy 36 as the binary Fe-Ni alloy
system exists in the fcc structure above a Ni content of 30 at.% [33]. Beyond this Ni
content, the transformation to the bcc a-phase is extremely sluggish and realistically
impossible during the timescales associated with AW-DED. However, the indices of the
maximum intensity peaks differ for block A and E in the figure. In block A, the peak
with the maximum intensity is a result of reflections from the (100) planes, whereas,
in block E it is due to the reflections from (111) planes. This occurs due to the
difference in the grain morphology, as shown in Figures 4.2 (a-0) and (e-0), and the
orientation of the grains between blocks A and E. The microstructure of block E is not
homogeneous throughout the build as severe grain coarsening is observed in block E.
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The high heat input used for the deposition of block E led to this grain coarsening,
since the microstructure of block A is observed to be relatively homogeneous after
being deposited at a much lower heat input. Consequently, the large grains in block E
may have dominated the Bragg criteria leading to the maximum reflection intensity
from the (111) planes. However, the maximum intensity from the (200) planes is
expected in the case of block A, as for cubic alloys the preferential grain growth
direction is <100> [34, 35].

The results of the XRF analysis performed on the five blocks are shown in Figure
4.3. The Ni content in all blocks was found to be maintained in the vicinity of
36 wt.%, meaning that the increase in heat input did not lead to elemental loss. This
is a critical aspect in Fe-Ni LTE alloys, as the lowest thermal expansion is observed at
approximately 36 wt.% of Ni. The other major alloying elements were also observed to
agree with the chemical composition limits of the as-received feedstock wire.
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Figure 4.3: Major alloying elements in alloy 36 deposited at various heat inputs.

4.3.2. CHARACTERISATION OF CRACKING

The blocks deposited at heat inputs ranging from 250-550 Jmm-! were found to be
susceptible to intergranular cracking. The effect of heat input on the intensity of
cracking is quantified in Figure 4.4 (a). The total crack length per block, quantified
from four cross-sections, is used as a qualitative indicator for the susceptibility to
cracking and is found to increase with increasing heat input. Depending on the heat



4.3. RESULTS AND DISCUSSION 49

input, the nature of cracking observed in this study can be distinguished into micro-
and macro-cracking, as shown for the heat input conditions of 250 and 550J mm™ in
Figure 4.4 (b). The transition from micro-cracking to macro-cracking occurred above a
heat input of 350Jmm™ (block C). In the case of block B, the grain boundaries were
generally found to be decorated with voids, along with micro-cracks, as shown for
the heat input condition of 250Jmm in Figure 4.4 (b). This could represent the
initial stage of crack initiation by void formation and coalescence. The micro-cracks
in block B could only be identified by SEM observation. Larger cracks in block C were
observed, which were wide enough for identification with optical microscopy. The
lengths of the longest cracks observed in blocks B and C were 0.6 mm and 0.8 mm,
respectively. In comparison, the largest crack in blocks D and E was measured as
1.4mm and 2.9 mm, respectively. A further increase in heat input resulted in large
macro-cracks that were commonly observed in blocks D and E, as shown for the heat
input conditions of 450 and 550 mm™ in Figure 4.4 (b).

The cracks observed in block E were wide enough to allow SEM observation of
the crack flanks as shown in Figure 4.4 (c). At lower magnifications, the crack flank
appears flat, the presence of rounded micro-voids (< 1 um in diameter) is revealed at a
higher magnification. This implies that there was limited ductility during failure of the
material. In other words, a quasi-cleavage fracture mechanism prevailed at the grain
boundaries during AW-DED of alloy 36 at heat inputs ranging from 250-550 ] mm,
thereby resulting in intergranular cracking. The wavy morphology of the crack flank
and the absence of dendritic features on the fracture surface suggest that cracking
occurred in the solid state. Furthermore, enrichment of elements such as S and P,
which are known to promote the formation of low melting point compounds, either
interdendritic or intergranular, was not detected during chemical analysis of the crack
flanks [36]. Therefore, the observed cracking phenomenon cannot be attributed to
solidification cracking.

For further analysis, EBSD was used and image quality (IQ) maps of samples taken
from blocks A and E are shown in Figures 4.5 (a) and (b), respectively. The highly
non-tortuous character of the high-angle grain boundaries with a misorientation
greater than 15° (white arrows) is noticeable in these maps. In Figure 4.5 (a), serrated
boundaries are also observed that are identified as low-angle grain boundaries (black
arrows) with misorientation between 5° and 15°. The crack is identified to form along
a high angle grain boundary (red arrow), as seen in the IQ map corresponding to
block E, whereas the IQ map of the sample from block A is free of cracks.

During AM, repeated thermal cycling can induce non-uniform stresses and strains
in the deposited material. A qualitative assessment of these strains can be realised
through EBSD by plotting kernel average misorientation (KAM) maps [37, 38]. In
Figures 4.5 (¢) and (d), KAM maps are shown that correspond to the IQ maps
of Figure 4.5 (a) and (b), respectively. The KAM values were calculated using the
third nearest neighbour with a misorientation threshold of 5°. High KAM values are
associated with areas around the crack and the triple point (red circle in Figure 4.5
(d)) of the grains. This implies that the strain was localised at these locations rather
than distributed throughout the material. The average KAM value calculated from
both maps in Figures 4.5 (c) and (d) is similar, 0.59° and 0.54°, respectively. The total
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Figure 4.5: Image quality maps showing the grain boundary morphology in the microstructure
of block A in (a), and a grain boundary crack in the microstructure of block E in
(b). The KAM maps corresponding to the IQ maps of (a) and (b), are shown in (c)
and (d), respectively.

length of high- and low-angle grain boundaries measured in Figure 4.5 (a) is 5.7 mm
and 2.4 mm, respectively, while in Figure 4.5 (b) the lengths are 3.2mm and 0.9 mm,
respectively. The higher grain boundary area observed in the KAM map of block A
effectively promotes the partitioning of the strain among several grain boundaries.
Hence, the triple point and the associated grain boundaries in Figure 4.5 (b), must
accommodate higher strains, compared to Figure 4.5 (a). A crack then forms if the
built-up strain at the grain boundary exceeds the strength of that grain boundary. In
summary, the KAM maps give evidence of strain in the as-deposited alloy 36. Although
the two maps exhibit similar average KAM values, cracking is observed only in block
E. This behaviour is attributed to the higher heat input applied during its deposition,
which promotes grain coarsening and, in turn, increases the strain accommodated per
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grain boundary. Consequently, alloy 36 becomes more prone to cracking as the heat
input increases from 200Jmm™ towards 550 mm™! during the GTAW-based AW-DED.
The results of this section, regarding cracking during AW-DED of alloy 36, can be
explained by the phenomenon of ductility-dip cracking (DDC). This is a solid-state
cracking phenomenon that occurs when the transient accumulation of stresses/strains
can exhaust the limited ductility of a material at elevated temperatures [39]. A material
specific temperature range is identified in which the ductility drops and is referred to
as the ductility-dip range. Ductility-dip cracks are commonly reported in materials
that display non-tortuous grain boundaries and are often associated with triple
junctions of the grains [40]. Grain boundary sliding is one of the known mechanisms
that leads to DDC [39-41]. In the studies pertaining to assess the weldability of alloy
36 and Ni-base alloys, DDC cracks have been reported to have a similar morphology
to the results shown in this section [42, 43]. The role of grain boundary sliding
in causing DDC was reported in a study investigating the phenomenon of reheat
cracking in alloy 36 [44]. Additionally, it has been shown in a weldability assessment
study of alloy 36 that lowering the heat input reduces the depth of the ductility-dip
range of the alloy [45]. This implies that a higher level of stress/strain can be tolerated
by the material before cracking occurs. Furthermore, a reduction in heat input during
AW-DED of alloy 36 can facilitate a lowering of the extent of strain localisation at a
grain boundary, thereby improving the resistance to cracking as shown earlier in
this section. Lastly, grain boundary engineering can potentially mitigate DDC as this
phenomenon is related to the morphology of the grain boundaries. In view of the
chemical composition, the effect of impurity elements such as S and P is known to be
deleterious with respect to DDC [5, 46]. These elements are also known to increase the
susceptibility to solidification cracking in steels, since they promote the persistence of
interdendritic liquid films towards the end of solidification. The alloy 36 wire used in
this study had extremely low levels of S and P. Enrichment of these elements at the
grain boundaries/crack flanks during AW-DED of alloy 36 was not observed during
chemical analysis. Therefore, alloy 36 with relatively low levels of S and P can still
experience DDC due to the transient build-up of stresses and strains during AW-DED,
together with a microstructure that is inherently vulnerable to such cracking.

4.3.3. FUNCTIONAL PERFORMANCE OF AS-DEPOSITED ALLOY 36

The tensile properties of as-deposited alloy 36 in the case of the crack-free condition
(block Al, 200Jmm™) and the high heat input DDC-susceptible condition (block
El, 550Jmm™), are shown in Figure 4.6. For the crack-free deposition condition,
the observed mechanical properties are found to be in good agreement with the
material properties specified by the alloy 36 wire manufacturer. The average yield
strength is found to be slightly lower, 6.6% and 5.2% for the samples oriented in
the building (vertical) and welding (horizontal) directions, respectively, than the
material specification of 280 MPa. However, the average ultimate tensile strength and
elongation of the tested samples exceeded the material specification of 350 MPa
and 25%, respectively. No significant anisotropy was observed between the average
tensile properties of the vertically and horizontally oriented samples. In the case of
alloy 36 fabricated in the high heat input (550J mm!) condition, the average tensile



4.3. RESULTS AND DISCUSSION 53

properties were found to be well below the material supplier’s specifications, as seen
in Figure 4.6. This was due to the observation of premature failure in 6 out of 8 tested
specimens. In 2 of the prematurely failed specimens, failure was observed before the
onset of yielding, which led to a complete brittle failure. This premature failure was
due to the opening of internal ductility-dip cracks during tensile loading.
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Figure 4.6: Tensile properties of the as-deposited alloy 36 in the extreme conditions of the
heat input, i.e. 200 and 550 mm!. Vertical and horizontal refers to samples
oriented in the building and travel directions, respectively, and MS-lines indicate
the manufacturer specification of the alloy 36 wire.

The fracture surfaces of two samples (one per direction) as observed in a SEM
are shown in Figure 4.7. The presence of cleavage regions that are visible in
the low-magnification figures of the fracture surface suggests that the failure was
predominantly brittle. The arrows in the figures indicate internal cracks and linearly
arranged voids on the fracture surface. The internal cracks (Figures 4.7 (a-0) and (b-0))
and the voids (Figure 4.7 (a-1)) are potential failure initiation sites, as the sample
has failed in the vicinity of these defects. In addition, such defects can act as stress
concentrators, thus increasing the likelihood of premature failure. These defects can
be associated with the phenomenon of ductility-dip cracking that occurred during the
deposition of alloy 36 in the high heat input condition of block E1. Consequently, due
to the presence of ductility-dip cracks, an inherently ductile alloy at room temperature
(alloy 36) can be prone to brittle failure in a tensile loading environment. Since the
same alloy when deposited in the crack-free low heat input condition of block Al
(200J mm!) displays a good mechanical response that is consistent with the material
specifications of the feedstock wire.

The temperature-displacement curves of the as-deposited alloy 36 in heat input
conditions corresponding to blocks Al and El1 are shown in Figure 4.8. The
displacement curves corresponding to different specimens are observed to be nearly
identical, as seen in the figure.The thermal expansion exhibits an approximately
linear dependence on temperature in the range from room temperature (RT) to
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Figure 4.7: Fracture surfaces of the tensile samples oriented vertically and horizontally at
different magnifications in (a) and (b), respectively.

127°C, and again above 277°C onwards. However, between 140°C and 277°C the
variation is non-linear. In this temperature range, the magnetostrictive effect of
alloy 36 diminishes and the thermal expansion due to lattice vibrations takes over.
Therefore, resulting in a typical thermal expansion behaviour at temperatures above
300°C, as seen in the displacement curves. The mean CTE of as-deposited alloy
36 corresponding to the curves shown in Figure 4.8, are listed in Table 4.2. The
observed CTE values are on par with those reported for the conventionally processed
alloy 36 [1, 2]. Therefore, AW-DED is a potential alternative to the conventional and
powder-based processing of alloy 36.

The alloy deposited under both heat input conditions exhibits the lowest CTE
in the temperature range between RT and 100°C. This reflects the characteristic
low thermal expansion behaviour of alloy 36. In general, the CTE of the vertically
built samples is observed to be slightly higher than those of the horizontally built
samples, regardless of heat input, as seen in Table 4.2. The disparity between the
CTE of the vertical and horizontal samples cannot be attributed to differences in the
grain morphology, as previously observed, or crystallographic texture. This is due
to the dependence of the thermal expansion on the symmetry of the crystal, or
in other words, the thermal expansion of a cubic system is isotropic regardless of
the crystallographic direction [47]. However, under the influence of stress, thermal
expansion can display anisotropic behaviour, as magnetovolume effects—which
underpin the low thermal expansion anomaly in alloy 36—are strongly affected by
stress [48]. It is well known that additively manufactured components can experience
non-uniform complex residual stress states [49]. The presence of residual stresses
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in alloy 36 produced by selective laser melting was shown by Yakout et al. [30].
The stress states of the deposited parts were not quantified in this study; however,
it is reasonable to assume that the blocks will be subject to the development of
residual stresses. These stresses can perturb the magnetic domain arrangement in the
ferromagnetic alloy 36 by a combination of stress-induced irreversible domain-wall
motion and reversible mechanisms such as domain wall-bowing and magnetisation
rotation [50]. This, in turn, influences the magnetovolume effects, which in the case of
alloy 36 are critical to its low CTE. The perturbations in the domain arrangement are
partially retained in the material upon the removal of stress due to the irreversibility
of the domain wall motion, potentially modifying the magnetovolume response.
Hence, the difference in the CTE between the vertically and horizontally built samples
is likely a result of the residual stress history experienced by the deposited blocks.
This argument has been supported by the recent work of Huang et al. [51] in which
they showed that the CTE of alloy 36 fabricated by laser powder bed fusion was
entirely influenced by residual stresses, rather than factors such as grain morphology,
grain boundary density, and crystallographic texture.

_ 6000
g 5000 200J mm'l-V
200 J mm™'-H
3 L
S 4000 550 J mm™'-V
g 3000 550 J mm™'-H
5 2000 ¢ 600
S 1000} '
% ol 400
g 167 187 207
5 . .

0 100 200 300 400 500 600
Temperature, °C

Figure 4.8: Temperature-displacement curves of the as-deposited alloy 36 in the extreme
conditions of the heat input (ZOOImm'1 and 550]mm’1). V (vertical) and H
(horizontal) refers to samples oriented in the building and travel directions,
respectively.

Intergranular cracking (DDC) was observed during the deposition of alloy 36 at a
HI of 550 mm’}, whereas cracking was avoided when a HI of 200 mm ! was utilised
to deposit alloy 36. The comparison of CTE values for these two HI conditions
indicates that intergranular cracking negligibly affects the thermal dimensional
performance of alloy 36. If intergranular cracking had a significant influence on
CTE, a clear disparity would be identified in the CTE values of alloy 36 deposited
in heat inputs of 200 and 550 Jmm. Specifically in the low temperature regime
(below the Curie temperature) where the lattice thermal expansion is countered by
the spontaneous volume magnetostriction. However, the density of cracks and the
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width or size of the cracks could be important factors to consider when evaluating
the effect of cracks on the thermal expansion of alloy 36. It is possible that the
effect of cracks on thermal expansion becomes pronounced above a certain density
of cracks. Similarly, the width/size of the cracks, or quantified by the aspect ratio
of the cracks, may also influence the thermal expansion. These factors were not
explicitly considered in this study and are recommended for future work. However,
the dilatometry samples in the case of alloy 36 deposited at a HI of 550 mm™' were
machined in the vicinity of locations where intergranular cracks were observed by
metallographic observations. Therefore, purely form the viewpoint of using alloy 36
for its thermal expansion properties, the use of the high HI condition of 550 Jmm™ is
justified. This will lead to intergranular cracking while facilitating a higher deposition
rate compared to the low HI condition. However, in applications that impose tensile
load on alloy 36 structures fabricated by AW-DED intergranular cracking cannot be
tolerated, and it is essential to lower the HI. Naturally, a crack-free deposit with good
expansion properties can then be obtained but at the cost of the deposition rate,
which in turn could be offset by using a multi-machine deposition approach.

Table 4.2: The mean linear CTE of as-deposited alloy 36 in the lower and upper extreme
conditions of the heat input range. The CTE values are in the unit of x 1076°C1,
and the uncertainty in measurement: +0.01 x 106°C™1,

Mean CTE HI: 200J mm! HI: 550 mm!

Temperature range, °C  Vertical Horizontal Vertical Horizontal

RT-100 1.40 1.39 1.48 1.27
RT-200 2.74 2.67 2.79 2.60
RT-300 5.85 5.73 5.92 5.81
RT-400 8.34 8.15 8.32 8.36

4.4, CONCLUSIONS

This chapter investigated the deposition of alloy 36 using a wire-based DED technique.
The effect of heat input on cracking susceptibility, tensile behaviour, and thermal
expansion of alloy 36 was explored. Based on the results presented in this chapter, the
following conclusions can be drawn:

1. Cold wire GTAW-based AW-DED can be employed to fabricate the low thermal
expansion alloy 36 without the presence of lack of fusion defects. In this regard,
the use of a suitable range for the wetting angle of the weld beads is critical
during overlapping to avoid these defects.

2. The microstructure of the as-deposited alloy 36 is mainly composed of columnar
grains with non-tortuous grain boundaries. Additionally, due to the single-phase
nature of alloy 36, it is prone to grain coarsening during AW-DED, which renders
the alloy as susceptible to DDC.



REFERENCES 57

3. The macroscopic Ni content in the as-deposited alloy 36 is maintained at

36 wt.%, and the alloy remains entirely austenitic under various heat input
conditions.

The susceptibility of alloy 36 to DDC decreases with a reduction in heat input.
This behaviour is attributed to the larger grain boundary area available at lower
heat input, which facilitates a more uniform distribution of the accumulated
strain.

5. Avoiding cracking is necessary for structural applications of alloy 36 as the

presence of intergranular cracks can lead to premature failure. However, the
mechanical properties of as-deposited alloy 36 in the crack-free condition meet
the specifications of the material supplier.

The mean linear CTE values of the as-deposited alloy 36 in low (defect-free)
and high (susceptible to DDC) heat input conditions are comparable to those
displayed by the conventionally processed alloy.
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DEPOSITION OF LOW THERMAL
EXPANSION ALLOYS BY TWIN-WIRE
FEEDING'

HE feasibility of obtaining on-demand low thermal expansion (LTE) alloy
T compositions based on the Fe-Ni system was demonstrated. A twin-wire feeding
approach was adapted to allow in situ deposition of alloys 42, 46, and 52 by
simultaneously feeding alloy 36 and Ni wires into a melt pool. Two distinct modes of
liquid metal transfer to the melt pool were observed: intermittent and continuous
metal transfer, as revealed by melt pool imaging. In contrast to the intermittent metal
transfer mode, the continuous metal transfer mode resulted in better compositional
and dimensional stability of the beads during the twin-wire feeding approach. The
Curie temperatures of the as-deposited in situ LTE alloys were comparable to those of
the conventional ITE alloys. The mean linear coefficient of thermal expansion of
alloy 46 evaluated in various temperature ranges was on par with its commercial
counterpart. Hence, the twin-wire feeding approach allowed the successful generation
of on-demand thermal expansion properties.

5.1. INTRODUCTION

The Fe-Ni alloys with low thermal expansion (LTE), characterised by low linear
coefficients of thermal expansion (CTE), are used in applications where the geometry
of the components must remain stable in response to imposed thermal loads [1-3].
During heating and cooling, the volume change due to spontaneous magnetostriction
counteracts the dimensional change arising from lattice vibrations in LTE Fe-Ni alloys,
resulting in low CTE values [4, 5]. Alloy 36 contains 36 wt.% Ni and displays the

IThe contents of this chapter are in part based on a journal article published as: A. Sood, J. Schimmel,
M. Bosman, C. Goulas, V. Popovich, and M. J. M. Hermans. Fabrication of low thermal expansion
Fe-Ni alloys by in-situ alloying using twin-wire arc additive manufacturing. Materials & Design 240,
no. 112837 (2024).
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lowest CTE between room temperature (RT) and 150 °C, approximately 2.1 yumm™ °C™!,
among the LTE alloys nominally composed of Fe and Ni [3]. In comparison, alloy
46, which comprises 46 wt.% Ni, exhibits a lower CTE than alloy 36 in a larger
temperature range of RT-400°C [6].

The CTE of the two alloys in different temperature ranges are compared in
Table 5.1. For temperatures above 300 °C, alloy 46 offers a lower CTE than alloy 36.
This dependence of thermal expansion on the Ni content in the Fe-Ni system can
be exploited for site-specific or desired thermal expansion properties. In addition,
LTE Fe-Ni alloy products are traditionally fabricated using machining processes
[7]. Due to the single-phase austenitic microstructure of these alloys, machining
becomes cumbersome as the alloys tend to adhere to the surface of the tool, severely
degrading the tool life [8]. As a result, subtractive manufacturing of LTE alloys is
generally associated with long lead times and high costs. Therefore, the utilisation
of additive manufacturing (AM) processes, especially arc wire-DED, is justified for
efficient processing of LTE Fe-Ni alloys. Moreover, a unique advantage of utilising
AW-DED over subtractive manufacturing is the possibility of functionally grading a
structure, which then offers site-specific material properties [9]. This can be achieved
by controlling the material composition, for example, by combining different alloys,
or by tailoring the microstructure, such as via optimisation of the crystallographic
texture [10].

Table 5.1: Mean linear CTE of commercially available LTE alloys in different temperature
ranges [3, 6].

Mean CTE, um m1ec! Temperature range

30-300°C  30-400°C

Alloy 36 6.10 8.70
Alloy 46 7.50 7.50

In the case of LTE Fe-Ni alloys, functional grading may be achieved by altering the
amount of Ni, or by combining alloy 36 with a high-thermal expansion alloy that
offers greater strength. For the latter, Bobbio ef al. [11, 12] used DED-laser powder
deposition to generate functionally graded materials (FGM), with the aim of creating
a unique blend of thermal dimensional stability and strength by combining V and
Ti-6A1-4V to alloy 36 in two different studies. In both studies, the as-deposited FGMs
were observed to be susceptible to cracking due to the formation of detrimental
intermetallic phases in the gradient region. However, the authors were successful
in computationally predicting the experimentally observed phases in the gradient
regions. In another study, Hofmann et al. [13] created a radial gradient from stainless
steel 304L (AISI 304L) to alloy 36 using DED-laser powder deposition. Despite the
mismatch in the CTE of the two alloys, a crack-free FGM of AISI 304L/Invar 36 was
successfully deposited, thus achieving an FGM with ferromagnetic and paramagnetic
properties at RT. Furthermore, in situ alloying can be used during AW-DED to deposit
desired alloy compositions. This involves the simultaneous feeding of two metal
wires to a melt pool to create 3D structures. Twin-wire feeding AW-DED processing
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can facilitate the on-demand generation of LTE alloy compositions by combining
elemental Fe and Ni wires, or alloy 36 with a Ni wire. However, the literature related
to the in situ fabrication of LTE Fe-Ni alloys using a twin-wire feeding approach
is lacking, in contrast to the studies available on the deposition of alloy 36 FGMs
using powder-based DED. Hence, in this chapter, the deposition of multiple Fe-Ni
LTE alloys is considered. A twin-wire feeding approach is employed in the cold wire
pulsed current gas tungsten arc welding (GTAW) process to enable in situ alloying. A
graded wall comprising distinct segments of 42, 46, and 52 wt.% Ni in the building
direction, and a mono-material block containing 46 wt.% Ni are deposited. This is
achieved by varying the wire feed speeds of two wires: 36 wt.% Ni (alloy 36 wire) and
a wire with approximately 96 wt.% Ni. The microstructure of the as-deposited alloys is
characterised by optical microscopy and X-ray diffraction (XRD). The stability of the
process in the twin-wire approach is established through melt pool imaging, and the
as-deposited compositions are quantified using energy-dispersive spectroscopy (EDS).
Lastly, dilatometry is used to establish the Curie transitions of the Ni compositions in
the graded wall, and to quantify the mean CTE of alloy 46 from the as-deposited
mono-material block. In summary, the conditions promoting a stable melt pool
during the twin-wire feed process and chemical mixing, along with the resulting
functional properties of in situ fabricated LTE alloys, are systematically addressed in
this study. Consequently, the present work establishes the feasibility of utilising the
twin-wire feed process for the on-demand generation of LTE alloys.

5.2. EXPERIMENTAL OVERVIEW

A Migatronic TIG COMMANDER AC/DC 400 power source and two independent wire
feeders were used during the twin-wire feed deposition experiments. The twin-wire
feeding AW-DED process is schematically described in Figure 5.1, showing the wire
feeding arrangement during the experiments. The alloy 36 wire was always fed
towards the centre of the melt pool antiparallel to the WD, whereas the Ni wire
was fed towards the edge of the melt pool, as seen in Figure 5.1. A functionally
graded two-bead thick wall and a mono-material block were deposited with the
twin-wire feed approach (Figure 5.1) . The number of layers in the graded wall and
the mono-material block were approximately 20 and 8, respectively. The consumables
used during the experiments were solid metal wires of 1.2 mm diameter manufactured
by voestalpine Bohler Welding. The wires are commercially known as 3Dprint AM
Mold 36, alloy 36 wire, and UTP A 80 Ni, approximately 96 wt.% Ni wire. The chemical
compositions of these wires are listed in Table 3.1 (section 3.1).

Table 5.2: Wire feed speeds of alloy 36 and Ni wires utilised in this study to obtain three
distinct LTE alloy compositions.

Wire feed speed, mms™!  Alloy 42 Alloy 46  Alloy 52

Alloy 36 wire 23.40 21.70 19.10
Ni wire 2.60 4.30 6.90
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GTAW torch
() Deposited bead

Ni wire (96 wt. %)

Figure 5.1: Schematic representation of the twin-wire feeding approach coupled with the
GTAW process employed in this chapter.

The heat input (HI) setting during the twin-wire feeding experiments was adapted
from the low HI condition reported in chapter 4, as it resulted in crack-free deposition
of alloy 36. The wire feed speeds (WES) were adjusted to achieve three distinct LTE
alloy compositions with Ni amounts of 42, 46, and 52 wt.% through the twin-wire
feed approach, as listed in Table 5.2. In the functionally graded wall, 5 layers of
each alloy composition were deposited using the twin-wire feed approach, following
the deposition of 4 layers of alloy 36 with single wire feeding. In contrast, the
mono-material alloy 46 block was fabricated by depositing 2 layers of alloy 36 by
single wire feeding and 6 subsequent layers using twin-wire feeding. The inter-pass
temperature was limited to 120°C during the experiments and monitored using a
K-type thermocouple [14]. A Cavitar C300 welding camera was used to observe the
melt pool during the experiments. The microstructural characteristics and chemical
composition of the graded wall were analysed by SEM-EDS. Areas of 1.4 x 1.3 mm?
corresponding to the regions of alloy segments 42, 46, and 52 in the graded wall were
mapped using EBSD with a step size of 0.8 um. The beam current and acceleration
voltage during the EBSD measurements were 3.2nA and 20kV, respectively. The
Curie temperatures of the in situ deposited alloys 42, 46, and 52 in the graded
wall were measured using an induction-heated dilatometer, via the energy jump
method described in section 3.5 (chapter 3). The mean linear CTE of alloy 46
in various temperature ranges was established by extracting specimens from the
mono-material block. The temperature-displacement curves corresponding to alloy 46
were experimentally determined using a dilatometer relying on furnace-based heating.
The details of the characterisation techniques, such as optical microscopy, SEM-EDS,
EBSD, dilatometry, and the corresponding sample preparation, are given in chapter 3.
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5.3. RESULTS AND DISCUSSION

5.3.1. LIQUID METAL TRANSFER MODES DURING TWIN-WIRE FEEDING

Bead-on-plate experiments were performed to optimise the deposition during the
twin-wire feed process. The overview of two beads obtained from these experiments
is shown in Figure 5.2. The ratio of the wire feed speeds of the two wires was
adjusted to achieve the composition of alloy 42 as this would be the first composition
in the graded wall to be obtained by the twin-wire approach. The dimensional
characteristics of the beads are listed in Table 5.3. From the table, it can be seen that
bead 2 demonstrated the highest stability, as reflected by the lowest deviation in
height, width, and wetting angle of the bead. Consequently, bead 2 is considered
optimum for depositing 3D structures.

The stable deposition condition of bead 2 is primarily attributed to a reduction
in the distance between the tip of the Ni wire and the substrate relative to the
distance maintained in the case of bead 1. This implies that the positioning of the
Ni wire has a pronounced effect on the melt pool behaviour during the twin-wire
feeding approach. Hence, the melt pool behaviour in the context of Ni wire feeding is
explored as follows.

a) < 50 > b) '\./9 MBead

T ~a R .
R ~=~+——Fusion line
1
1

> Base metal

Figure 5.2: Beads obtained from the bead-on-plate experiments utilising the twin wire feeding
approach in (a), bead 1 is deposited in the intermittent metal transfer mode and
bead 2 in the continuous metal transfer mode. Schematic of the measured bead
dimensions in (b), where w- width, h- height and ©- wetting angle. The red dashed
lines in (a), show the locations where the cross-sections were taken.

Table 5.3: Dimensional characteristics and the Ni content of the bead-on-plate welds shown
in Figure 5.2. IT and CT refer to intermittent and continuous transfer modes,
respectively.

Bead number Height, mm Width, mm Wetting angle, ° Ni content, wt.%

1-IT 20+ 13 47+ 16 44 £ 93 43.4 £ 3.6
2-CT 1.5+ 03 54 %+ 0.5 38 + 3.2 423 1.1

Melt pool imaging was performed to understand the melt pool behaviour during
the bead-on-plate experiments. This technique revealed two distinct modes of molten
metal transfer during the twin wire feed process: intermittent metal transfer and
continuous melting transfer, as shown in Figures 5.3 (a) and (b), respectively. The
intermittent metal transfer mode occurred during the deposition of bead 1. This mode
is characterised by interrupted liquid metal flow to the melt pool. A liquid metal
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droplet forms at the tip of the wire and grows in size with time. This droplet can enter
the melt pool in two ways: by bridging to the melt pool, or via free flight transfer
from the wire to the melt pool. The droplet remains attached to the wire due to the
surface tension and detaches as it encounters the melt pool, resulting in bridging
transfer. Alternatively, the droplet can be released from the tip of the wire when the
surface tension can no longer compensate for the downward forces due to its weight,
arc pressure, and plasma drag, which results in free flight entry to the melt pool.

In intermittent metal transfer mode, a droplet entering the melt pool can cause
instabilities in the melt pool, as shown in Figure 5.3 (a). In this figure, droplet
detachment induces melt pool instabilities through oscillations of the liquid metal,
leading to abrupt spatial variations in bead geometry. In contrast, during continuous
metal transfer, droplets do not form at the wire tip; a stable liquid bridge persists
throughout deposition, enabling smooth transfer of molten metal to the melt pool,
as shown in Figure 5.3 (b). This allows for a stable deposition condition with
the twin-wire approach, in contrast to the instabilities that can occur during the
intermittent metal transfer mode, thereby resulting in geometrically varying weld
beads.

The transition from intermittent to continuous metal transfer can be effectively
managed through the strategic positioning of the wire relative to the substrate, as
schematically illustrated in Figure 5.3 (c). Intermittent metal transfer mode occurs
when the wire is fed to the melt pool at an increased height from the substrate, x;, as
depicted in Figure 5.3 (c-0), whereas a lower height, x,, facilitates the continuous
metal transfer mode, as shown in Figure 5.3 (c-1). Reducing the distance between
the wire tip and the substrate allows the wire to contact the melt pool sooner, thus
minimising the duration the wire tip spends within the arc column. Conversely,
increasing this distance prevents the wire tip from making early contact with the melt
pool, forcing a longer residence time within the arc column and resulting in droplet
formation as the wire is fed. The growing droplet may then enter the melt pool upon
contact (bridging transfer), or by detaching from the wire tip (free flight transfer).
Therefore, precise wire positioning is essential to achieve stable deposition during the
GTAW-based twin-wire feed process.

In addition to geometric stability, the continuous transfer of Ni to the melt pool in
the case depicted in Figure 5.3 (b) is effective in achieving compositional homogeneity
compared to the interrupted transfer shown in Figure 5.3 (a). This is reflected in
the stable Ni content quantified in bead 2 compared to that of bead 1, as listed in
Table 5.3. A melt pool during arc welding and, in turn, AW-DED is characterised
by molten metal flow arising from the interaction of various forces—Marangoni,
buoyancy, electromagnetic, and plasma shear—in combination with the material
properties [15]. Naturally, during twin-wire feed-based AW-DED, the chemical mixing
within the melt pool will be primarily governed by the chemical compatibility of the
two wires used and the fluid flow in the melt pool. By maintaining the Ni wire in the
condition depicted in Figure 5.3 (b), i.e. continuous metal transfer, the fluid flow
within the melt pool remains stable, in contrast to the sudden perturbations caused by
droplet entry into the melt pool, as observed in Figure 5.3 (a). Hence, the continuous
metal transfer mode offers the compositional and geometrical stability required to
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fabricate multi-bead structures using the twin-wire approach for in situ alloying.
These multi-bead structures are presented and discussed in the following sections.

5.3.2. MICROSTRUCTURE AND CHEMICAL ANALYSES OF THE LOW
THERMAL EXPANSION ALLOYS

The microstructures in the graded wall, corresponding to the regions comprising alloys
42, 46, and 52, are shown in Figures 5.4 (a), (b), and (c), respectively. Additionally,
the microstructure of the mono-material alloy 46 block is shown in Figure 5.4 (d).
The cross-sections of the wall and the block did not show lack of fusion defects nor
intergranular cracks. This is achieved due to the high stability of the weld beads in
the continuous metal transfer mode and the low heat input condition (based on
chapter 4), utilised during the deposition of the structures, respectively.

The microstructure of both structures mainly consists of columnar grains that
extend across multiple layers, as seen in Figure 5.4. Epitaxial growth of columnar
grains is observed between layers, and the microstructure does not change with
increasing amount of Ni as the grain morphology is similar for the three alloy
compositions in the graded wall. This can be attributed to the formation of the
single-phase austenitic solid-solution in the binary Fe-Ni system combined with a
constant heat input used during the deposition of the wall. Typical solidification
structures comprising of cellular and columnar dendritic features are observed in the
microstructures of both the deposits, as highlighted in Figure 5.4. The formation of
these structures results from the interplay between the thermal gradient (G) and the
interface growth rate (R) in the melt pool, and the undercooling [16]. The G/R ratio in
the melt pool controls the formation of the different grain structures such as planar,
cellular, columnar dendritic and equiaxed dendritic, as discussed in section 2.2. As
the G/R ratio decreases, the morphology of the substructures transforms from planar
to cellular, then to columnar dendritic, and finally towards equiaxed dendritic at low
G/R ratios or high undercoolings [17].

Considering a single melt pool in the microstructures obtained in this study,
planar solidification was observed near the fusion lines, due to the thermal gradient
being highest at the bottom of the melt pool. As the distance from the bottom of
the melt pool increases, the planar solidification destabilises, and cellular/columnar
dendritic solidification occurs due to a decrease in the G/R ratio. The microstructural
features shown here are typical for alloy 36 processed using powder and wire-based
DED methods, and were also observed earlier, as shown in section 4.3.1 (chapter 4) [7,
18, 19].

The graded wall was further analysed by EBSD with simultaneous EDS
measurements. These results pertaining to the chemically stable regions of alloy
segments 42, 46, and 52 in the graded wall are shown in Figure 5.5. The image quality
maps clearly reveal the presence of long columnar grains in the LTE alloy segments,
similar to the results presented previously in section 4.3.1 for alloy 36 deposition. The
phase maps reveal the presence of only the y phase (FCC austenite) in the three alloy
segments. This is in contradiction with the results of Qiu et al. [20], as their EBSD
results showed the presence of the y phase along with precipitates of the o phase
(BCC) in the microstructure of alloy 36 fabricated by selective laser melting. The
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Figure 5.4: Microstructure of LTE alloy segments 42, 46, and 52, from the graded wall in (a),
(b) and (c), respectively, and mono-material alloy 46 block in (d), revealing the
grain morphology and sub-grain features.

observation of the o phase can be attributed to the nature of the feedstock material
used in this study, which consisted of a mixture of Fe and Ni powders prepared to
achieve the composition of alloy 36. Considering the relatively rapid solidification
during selective laser melting, due to the high energy density of the heat source, the
Fe-Ni powder blend is unlikely to mix adequately during solidification, which favours
the stabilisation of the o phase.

The Ni maps of the alloy segments give evidence of a qualitative increase in
the amount of Ni from alloys 42 to 46, and 52. Moreover, the Ni maps indicate a
homogeneous distribution of Ni in the three in situ deposited alloy segments, as
locally enriched regions in Ni are absent. This is further supplemented by chemical
analyses of the three alloy segments in the graded wall, as presented in Figure 5.6.
The locations where the map scans were taken for the three LTE alloy segments are
marked by numbers, as shown in Figure 5.6 (a), and the results of the map scans
corresponding to the three alloy segments are shown in Figure 5.6 (b). The maps
show evidence of adequate chemical mixing between the alloy 36 and Ni wires during
the twin-wire feeding process, as no clusters or segregated regions of Ni are observed.
This behaviour is found to be consistent among the three LTE alloy compositions as
seen from the map scans. Furthermore, it should be noted that the Ni wire is fed
toward the side of the melt pool, as shown earlier in Figure 5.1. However, this does
not cause any difference in the distribution of Ni across the width of the wall within a
single layer. This is reflected in the map scans as they show similar results when
comparing locations 1 to 2, 3 to 4, and 5 to 6.

In addition, the quantified Fe and Ni contents in alloy 42, 46, and 52 segments,
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marked in Figure 5.6 (a), shows good stability of the elements throughout the wall
width within a single layer, as shown in Figure 5.6 (c). Therefore, the flow in the melt
pool can be considered sufficient to homogeneously distribute the added Ni during
the twin wire-feeding process.

Alloy 46
B L H NS Nt H —
% | 500 ym
|
Image quality maps i
|
|
|
& nnnnnoo.... BD

EDS Ni maps

Low T High

Phase maps

EEFCC, 100%
@@BCC, 0%

Figure 5.5: Image quality, Ni, and phase maps corresponding to the stable regions of alloy
segments 42, 46, and 52 in the graded wall.

Point scans were performed to quantify the amount of Ni incorporated in the
graded wall with the results presented as a colour map shown in Figure 5.7. Three
distinct regions, characterised by average Ni contents of 42.0+1.1, 45.8+1.4, and
52.6+0.8 wt.% were identified and are labelled, alloys 42, 46, and 52 in the figure,
respectively. The low scatter in these measurements indicates that good control over
the chemical composition can be achieved in the continuous metal transfer mode
during the twin wire feeding process.

The Ni content in the first 2 layers is approximately 30-34 wt.% due to dilution
with the base plate. However, in the third and fourth layers, it stabilises at
approximately 36 wt.%, corresponding to the Ni content of the alloy 36 wire. Following
this, the 2"d wire is incorporated in the process to achieve the desired LTE alloy
compositions of 42, 46, and 52 by varying the wire feed speeds of the two wires.
In the transition regions, the Ni content varies between subsequent layers as the
wire feed speeds of the alloy 36 and Ni wires are adjusted following the deposition
of a layer. Therefore, in these regions, the Ni content gradually increases along
the building direction (BD) until it approaches the required LTE alloy composition.
The gradual change in the Ni content within the transition region implies that a
sharp boundary between the thermal expansion properties can be avoided, thereby
promoting structural compatibility among the different LTE alloy compositions. The
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transition regions prior to each LTE alloy segment comprise approximately 2 layers,
compared to the stable chemical composition of an alloy segment that extends across
approximately 3 layers in the graded wall. Moreover, the mono-material alloy 46 block
demonstrated good mixing and stability in Ni incorporation, as evidenced by an
average Ni content quantified at 46.4+0.9 wt.%.

From a material point of view, the compositional stability of the in situ synthesised
LTE alloys is witnessed due to the solid-solution compatibility between Fe and Ni, as
governed by the Hume-Rothery rules of forming a substitutional solid-solution [21].
Combining this inherent solid-solution compatibility between Fe and Ni with the
continuous metal transfer mode of the twin-wire GTAW process ensures geometrically
and chemically stable deposition of LTE alloys. Consequently, providing precise control
over the in situ synthesised alloys, thereby opening the possibilities for tailoring the
thermal expansion properties. Hence, using the twin-wire approach in AW-DED, the
desired compositions of low-expansion alloys were successfully obtained.
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Figure 5.7: Colour map showing the distribution of Ni along the building direction of the
graded wall as quantified by EDS point scans performed with a step size of 0.5
mm.

5.3.3. THERMAL PROPERTIES OF LOW THERMAL EXPANSION ALLOYS

The Curie temperature of the alloy segments in the graded wall was determined from
the power versus temperature plots shown in Figure 5.8. The locations from which
the specimens were extracted to establish the Curie temperatures are shown in Figure
5.8 (a). The plots in Figures 5.8 (b), (c), and (d) correspond to the specimens of alloy
segments 42, 46, and 52, respectively. A clear jump in the applied power is observed
in the plots of these segments. The measured Curie temperature of the as-deposited
LTE alloys is comparable to that of the commercial alloys, as listed in Table 5.4. This
further supports the results of the chemical analysis, which shows the compositional
stability of the in situ synthesised LTE alloy compositions. In comparison, there is no
evident jump in the power signal for the specimen taken from the transition region
between the segments of alloys 42 and 46, but rather a sudden continuous variation,
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as observed in Figure 5.8 (e). This can be attributed to the variation of the Ni content
in this specimen, thereby not showing a clear Curie transition. However, the lower
and upper bounds of the variation in the power signal are in agreement with the
chemical compositional bounds of the specimen. The sudden disturbance in the
power signal starts and ends at approximately 370°C and 430 °C, respectively, which
corresponds well with the Curie temperatures of the specimens pertaining to the
segments of alloys 42 and 46.

The difference in the measured Curie temperatures of the as-deposited alloys
compared to those of the commercial alloys is due to dissimilarities in the chemical
compositions. On the one hand, the addition of elements, such as Mn, Si and Ti in the
LTE Fe-Ni alloys of nominal composition causes a reduction in the Curie temperature
[22]. On the other hand, the presence of cobalt is known to increase the Curie
temperature and simultaneously decrease the thermal expansion [23, 24]. In this study,
the alloy 36 wire has a maximum of 1 wt.% Co (= quantified as 0.40), while the Ni
wire contained a maximum of 3.3 wt.% Ti (= quantified as 3.38). The effect of various
alloying additions on the thermal expansion of alloy 36 is also shown in section
2.3. Moreover, the Curie temperature specification of the commercial LTE alloys is
applicable to alloys that are nominally composed of binary Fe-Ni. Consequently,
slight differences between the Curie points of the in situ deposited alloys and the
commercial alloys are reasonable due to their respective chemical compositions.
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Figure 5.8: Overview of the graded wall schematically describing the orientation of the
specimens extracted for the purpose of establishing the Curie temperatures in (a).
The power-temperature plots of the as-deposited segments of alloys 42, 46, and 52
in (b), (c), and (d), respectively, and the transition region between alloy 42 and
alloy 46 shown in (e).

In addition to the Curie temperature measurements of the as-deposited LTE alloy
segments in the graded wall, the mean linear CTE values of alloy 46 in various
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temperature ranges were also measured. The mono-material block of alloy 46 was
used for this purpose. The temperature-displacement curves for specimens oriented
in the building (V) and welding (H) directions of the mono-material block are shown
in Figure 5.9 (a). In the temperature range between room temperature (RT) and
approximately 410°C, the alloy exhibits a low thermal expansion behaviour that
is analogous to alloy 36. At temperatures above 410°C, the thermal expansion is
similar to that of a typical metal and is driven by lattice vibrations. However, at lower
temperatures, the magnetovolume effects in the alloy compensate for the thermal
expansion caused by lattice vibrations upon heating, thus resulting in the abnormal
thermal expansion behaviour.

Table 5.4: Curie temperatures of the alloys produced by twin-wire feeding, compared with
their commercial specifications [25].

Curie temperature, °C  Twin-wire feeding Commercial specification

Alloy 42 371+£3.1 380
Alloy 46 441127 460
Alloy 52 505+3.4 530

The mean linear CTE values of alloy 46 in various temperature ranges, presented
in Figure 5.9 (b), were calculated from the curves shown in Figure 5.9 (a). The alloy
shows an approximately constant thermal expansion in both orientations of the
specimens for temperature ranges of 30-300°C and 30-400°C, as reflected by the
mean CTE in Figure 5.9 (b). This is due to the characteristic Invar-type low thermal
expansion behaviour of the Fe-Ni LTE alloys. The averages of the mean CTE values in
different temperature ranges are higher for specimens oriented in the BD, as seen in
Figure 5.9 (b). This is consistent with the trend observed for the mean CTE values of
alloy 36, as reported in section 4.3.3 [26].
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Figure 5.9: Temperature-displacement curves of the specimens extracted from the mono-
material alloy 46 block oriented along the building (BD, V) and welding (WD, H)
directions in (a). The corresponding linear mean CTE values of alloy 46 in various
temperature ranges in (b).
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The orientation-related differences in the mean CTE values are most likely
to occur due to the build-up of non-uniform residual stresses during AW-DED,
as addressed previously in section 4.3.3. Wang et al. [27] showed that residual
stress anisotropy can lead to an effective thermal expansion anisotropy. In
addition, stresses influence the magnetostriction of a magnetic material [28]. As
the peculiarity in the thermal expansion behaviour of Fe-Ni alloys is due to
the temperature-dependent compensation of the lattice thermal expansion by
spontaneous volume magnetostriction, the thermal expansion behaviour of Fe-Ni LTE
alloys will be affected under the influence of stresses.

The fabrication of components by AW-DED is subject to the development of
residual stresses due to the intrinsic thermal cycles imposed on the component
during processing [29]. Yakout et al. [30] showed the presence of tensile residual
stresses (up to 350 MPa) in Invar 36 structures manufactured by laser-powder bed
fusion (L-PBF). The residual stress states of the deposits were not quantified in this
study, however, it is reasonable to assume the presence of residual stresses in the
as-deposited mono-material block of alloy 46, likely exceeding in magnitude compared
to the reported value in Invar 36 processed by L-PBE Consequently, the anisotropy in
the mean CTE values between the BD and WD oriented samples may be attributed to
the influence of the stress-state in the block on the thermal expansion of alloy 46.

In addition, it is worth noting that the directional thermal expansion anisotropy
observed in the CTE measurements is low, possibly because of the relaxation of
residual stresses during the machining of the dilatometry samples. However, in
a practical application of an as-deposited LTE alloy structure, this effect could
become more pronounced. Therefore, a stress-relieving heat treatment based on
the industrially employed Lement heat treatment, as described in section 2.3, may
be sufficient to mitigate the impact of stress on the thermal expansion of the
as-deposited LTE alloys [31]. In general, the CTE values of the as-deposited alloy 46
are comparable to those of the conventionally processed alloy. The compositional
stability is also reflected in the similar character of the temperature-displacement
curves for the different specimens. Hence, twin-wire feeding-based AW-DED is a
suitable method for the on-demand generation of LTE alloys from the Fe-Ni system.

5.4. SUMMARY AND CONCLUSIONS

In summary, continuous and intermittent metal transfer modes were identified during
the twin-wire feeding process. The continuous metal transfer mode was characterised
by the formation of a persistent liquid metal bridge that allowed smooth transfer of
Ni to the melt pool, resulting in a stable weld bead, as illustrated in Figure 5.10 (a). In
contrast, the intermittent metal mode results in the formation of metal droplets at
the tip of the Ni wire, as shown in Figure 5.10 (b). The entry of these droplets into
the melt pool can lead to instabilities, causing the weld bead to change spatially.
Therefore, the continuous transfer mode was utilised to fabricate LTE Fe-Ni alloys
using the twin-wire feeding process. Because of the stable deposition and optimum
chemical mixing in this mode, the in situ fabricated LTE Fe-Ni alloys exhibit thermal
properties comparable to those of commercially available alloys. Consequently, the
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twin-wire feed approach during AW-DED can potentially be used to offset the
challenges associated with the conventional processing of LTE Fe-Ni alloys, providing
alloys with on-demand thermal expansion properties.
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Figure 5.10: Schematic description of continuous metal transfer mode in (a), and intermittent

metal transfer mode in (b), and the effect of the respective mode on the
deposition and chemical stability during the twin-wire feeding process, shown by
the corresponding measured Ni maps.

The following conclusions are drawn on the basis of the outcomes of this chapter:

1.

The twin-wire feeding-based AW-DED enables the customised synthesis of Fe-Ni
alloy compositions with low thermal expansion, providing the flexibility to
tailor the thermal expansion properties of structures and obtain commercially
unavailable alloy compositions.

. The microstructure of the as-deposited low thermal expansion alloys 42, 46, and

52 is characterised by columnar grains and the formation of a single-phase
austenitic structure.

. The continuous metal transfer mode exhibits enhanced process stability relative

to the intermittent metal transfer mode during the twin-wire feeding process,
owing to the lack of melt pool instabilities in this mode.

. Good control over desired compositions is achievable, regardless of the dynamic

nature of the twin-wire feeding process. This is attributed to the observed
stability within the continuous metal transfer mode and the solid solution
compatibility inherent to the Fe-Ni alloy system.

The low thermal expansion alloys fabricated in situ through the twin-wire
feeding process exhibit Curie temperatures and mean coefficients of thermal
expansion that are comparable with those observed in conventionally produced
alloys.
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ENHANCING THE DEPOSITION AND
CRACKING RESISTANCE OF ALLOY 36
DURING AW-DEDS

N this chapter, the phenomenon of intergranular cracking in alloy 36 during

AW-DED is addressed through the combined approach of accelerated cooling
via a CO; jet and the addition of TiC particles. Accelerated cooling was shown to
reduce interpass deposition times and the susceptibility to cracking due to increased
heat dissipation. A crack-free microstructure was achieved only when combined
with the addition of TiC particles, which were observed to pin the high-angle
grain boundaries and induce tortuosity, thereby limiting abnormal grain growth and
mitigating intergranular cracking. Mechanical performance was restored compared to
the cracked condition, and the critical low thermal expansion performance of the
as-deposited alloy 36 was improved due to the enhanced ferromagnetic character of
the alloy.

6.1. INTRODUCTION

The aerospace industry relies on alloy 36 moulding tools during the curing process of
composite material-based aerospace structures. The minimal mismatch between the
mean linear coefficient of thermal expansion (CTE) of alloy 36 and the composite
materials ensures precise dimensional control of the composite structures during
the curing process. For instance, the spring-back distortion of a 0.24 m carbon fibre
composite aerospace antenna was shown to be approximately 20% lower when
manufactured using an alloy 36 moulding tool, compared to a stainless steel AISI 430
tool [1]. Therefore, alloy 36 moulding tools enable the production of high-quality

SThe contents of this chapter are in part based on a journal article published as: A. Sood, M. Bosman,
R. Huizenga, C. Goulas, V. Popovich, and M. J. M. Hermans. Enhanced cracking resistance and
deposition of alloy 36 via accelerated cooling and TiC addition during wire arc additive manufacturing’.
Virtual and Physical Prototyping 20, 1, no. 2469827 (2025).
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aerospace structures that retain their intended dimensionality after undergoing curing
cycles. However, the traditional production of alloy 36 component through the
subtractive manufacturing route has faced challenges related to cost, material waste,
and the ability to create complex geometries [2, 3].

Advancements in metal additive manufacturing (AM) have opened new avenues
for fabricating the unique alloy 36. In particular, arc wire-directed energy deposition
(AW-DED) stands-out among metal AM processes for its ability to produce medium to
large-scale components while maximising the deposition rates [4]. In recent years,
substantial research has been conducted to expand the application of AM techniques
in processing alloy 36 [5-15]. Despite the success in fabricating alloy 36 through the
AM route, multiple studies report the persistence of intergranular cracking in the
observed microstructures. Qiu et al. [16] observed the presence of cracks in as-printed
and post-treated microstructures of alloy 36 deposited via selective laser melting.
Tan et al. [17] employed laser metal deposition to fabricate alloy 36 specimens and
reported the dependence of intergranular cracking on the laser scanning speed, given
a constant laser power and spot diameter. Additionally, in chapter 4, the deposition of
alloy 36 using AW-DED was explored at heat inputs (HI) ranging from 200-550 J mm!
[18]. Except for the alloy deposited at the lowest HI setting, intergranular cracking was
encountered at other HI settings. In general, lowering the HI during AW-DED reduces
the susceptibility of intergranular crack-sensitive alloys to cracking. However, this
approach compromises a crucial advantage of AW-DED over other metal additive
manufacturing (AM) methods, namely the ability to achieve high deposition rates.
The reduction in HI inherently leads to a decrease in deposition rates, undermining
the key benefit of high deposition rates in AW-DED. Therefore, it becomes essential
to explore alternative strategies that do not rely on reducing the HI to address
the challenge of cracking in alloy 36 during AW-DED. This chapter builds on the
results presented in chapter 4 and aims to mitigate intergranular cracking during
AW-DED of alloy 36 at the higher extreme of HI, i.e. 550J mm™, which resulted
in significant intergranular cracking as described in section 4.3.2. The higher HI
regime is particularly relevant from a production perspective, as a higher HI translates
to increased deposition rates. Moreover, it is also crucial from the standpoint of
enhancing the mechanical properties, given that the presence of intergranular cracks
has a deleterious impact on the tensile properties of alloy 36.

Table 6.1: Overview of the blocks deposited in this chapter.

Blocks Conditions

SR Reference

SCL Accelerated cooling

SA to SC  Cooling and variable TiC

SDM Deposition conditions of block SC

In this chapter, gas tungsten arc welding (GTAW) in pulsed current mode with
front wire feeding was used to deposit alloy 36. To mitigate intergranular cracking
from alloy 36, the deposition approach consists of providing a solid-state CO;, cooling
jet through the substrate and applying a paste containing TiC particles between the
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deposited layers. The deposition conditions corresponding to the experiments are
summarised in 6.1. The effect of the cooling jet on the deposits was characterised
by melt pool observations and measurements of the time-temperature curves.
The microstructural response of alloy 36 to the combined deposition approach
of accelerated cooling and TiC particle addition was established through X-ray
fluorescence (XRF), X-ray diffraction (XRD) and electron backscatter diffraction (EBSD)
techniques. Lastly, mechanical and dilatometric tests were performed to quantify
the functional performance of the as-deposited alloy. The results of this study
demonstrate the geometrically stable deposition of alloy 36 structures at an increased
HI, facilitated by the incorporation of a cooling jet during AW-DED. When combined
with TiC particle addition, this approach enables defect-free fabrication of alloy 36
with improved functional performance compared to its conventional counterpart.

6.2. EXPERIMENTAL OVERVIEW

Table 6.2: The process parameters used in this chapter during the deposition experiments.
TS-travel speed, WFS-wire feed speed, Ipase—base current, Ipea—peak current,
thase~base time, tyeqx—peak time, Uave—average voltage, and Hl-heat input.

HI TS WFS Ibase Ipeak thase tpeal( Uave
Jmm! mms!' mms! A A s s \
550 3.2 50.0 135 300 0.2 0.2 12.0
a) b)
GTAW torch_ Deposited block

Interlayer paste

ith TiC particles
. BD
Alloy 36 wire

Figure 6.1: Schematic diagram of the AW-DED process employed in this study incorporating
a CO2 jet and interlayer paste with TiC particles in (a). Morphology of the TiC
particles used in the present study, shown in (b).

The experiments comprised depositing five alloy 36 blocks, 10 layers each, of
80x15x15mm?> at a HI of 550Jmm™: a reference block without using CO; jet
cooling and TiC powder particles, a block with accelerated CO- jet cooling, and three
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blocks with accelerated cooling and varying amounts of TiC particles. The process
parameters that comprise the heat input condition used in this chapter are listed in
Table 6.2. A through hole of 8 mm diameter was drilled in the substrates used for
blocks SA to SC to supply the CO- jet during deposition. The TiC powder particles
were manufactured by Sigma Aldrich and were of 99.9% purity with a size limitation
of 325 mesh. The deposition process is schematically described in Figure 6.1 (a). The
TiC particles were mixed with a polyurethane resin and manually applied as a coating
between successive passes. This method of powder application was adapted from
other studies [19, 20]. The morphology of the as-received TiC powder particles is
shown in Figure 6.1 (b). The alloy 36 wire was front fed to the melt pool during the
experiments as seen in Figure 6.1 (a).

A specialised welding camera (Cavitar C300) with built-in laser illumination
was used to observe the melt pool during the deposition process. The thermal
history during the deposition process was recorded using K-type thermocouples
connected to a YOKOGAWA DL 750 ScopeCorder data logger at a sampling rate of 1
kHz. The thermocouple (TC) was welded in the middle of the deposited bead at
a height of approximately 10 mm from the substrate, as depicted in Figure 6.1 (a).
An interpass temperature of 70+5°C was maintained during the deposition process.
The microstructural characteristics of the deposited blocks were characterised using
optical microscopy, SEM, XRD, and EBSD techniques. During EBSD analyses, a step
size of 5um was used to obtain grain boundary maps, while a step size of 0.05um
was used to reveal the incorporated TiC particles and the resulting effect on grain
boundary morphology. Sample surfaces parallel to the BD-TD plane were used for
microstructural characterisation. Similar surfaces were used to quantify the Ti content
of the blocks through XRE The carbon content was measured using a LECO elemental
analyser by taking four 1 g samples from each block containing TiC particles.

Mechanical properties of the block deposited with the highest content of TiC
particles were also measured. A larger block of 130 x 15 x 60 mm?3, referred to as block
SDM, was deposited for the purpose of extracting rectangular plate-type tensile
specimens. The geometry of the tensile specimen is shown previously in Figure 3.4.
Tensile tests were performed at room temperature on two sets of samples, with
orientations parallel to the building (BD, vertical) and welding (WD, horizontal)
directions. A total of 8 samples were extracted with 4 samples per direction. Lastly,
the mean linear thermal expansion coefficient (CTE) of samples extracted from block
SDM was also quantified using a furnace-heated dilatometer. Cylindrical specimens
of ¢4 mm x 10 mm were machined for this purpose. The temperature-displacement
(T-D) curves were measured for two sets of samples: the first set, oriented along the
building direction (three samples), and the second set, oriented along the welding
direction (three samples), to establish the properties in two directions. Detailed
information on sample preparation and the characterisation techniques employed in
this study can be found in chapter 3.
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6.3. RESULTS AND DISCUSSION

6.3.1. DEPOSITION OVERVIEW AND MELT POOL OBSERVATIONS

The measured time-temperature curves during the deposition of alloy 36 for the cases
when external cooling was off (reference) and on are shown in Figure 6.2 (a) and
(b), respectively. An approximately constant interpass (Tj) temperature of 70 °C was
maintained between successive passes for both cases as indicated in the figures. For
the reference case, the time taken to deposit 5 beads was approximately 2100s. In
comparison, when accelerated cooling was used, the time taken to deposit five beads
decreased to approximately 650s, representing a 70% reduction. The accumulation of
heat due to successive passes was also evident during the deposition without the use
of accelerated cooling. The times f; to 4 indicate the interpass times in Figure 6.2
(a-0) and are also applicable to Figure 6.2 (a-1). These interpass times are ordered as
follows: t; < t» < t3 < t4 in the reference/no cooling case, and #; < #; = f3 = 4 in the
accelerated cooling case. The accumulation of heat during AW-DED of alloy 36 can be
attributed to the relatively low thermal diffusivity of the alloy [21]. For instance, the
thermal diffusivity of alloy 36 at room temperature is approximately 3.2x10°%m? s,
whereas for stainless steel 304 and low carbon steel, the values are approximately
4.0x10%m?s! and 1.9x10° m? s}, respectively [22-24].

Cooling On

Figure 6.2: Time-temperature curves obtained during the deposition of alloy 36 without and
with an accelerated cooling CO> jet in (a) and (b), respectively.

Melt pool observations were performed to establish the effect of cooling on the
melt pool characteristics using a specialised welding camera. The melt pool observed
in the cases of reference and accelerated cooling conditions is shown in Figure 6.3 (a)
and (b), respectively, from which the respective melt pool length was obtained. The
length of the melt pool in the reference case at ¢ = 11s during the deposition was
measured as 18.8 mm. At a similar time, i.e. 13s, during the deposition case with
accelerated cooling, the length of the melt pool is measured as 15.3mm. Due to
the build-up of heat, the melt pool in the reference case is more elongated than in
the case of external cooling. The melt pool elongates when the rate of latent heat
release upon solidification at the tail of the melt pool along the centreline exceeds the
heat dissipation rate [25]. The application of a CO, jet to the substrate effectively
dissipates heat by imposing a heat sink effect on the substrate, thus preventing the
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elongation of the melt pool. Furthermore, the strategy of forced cooling through the
substrate ensures a homogeneous cooling effect throughout the deposition process, as
the cooling jet remains active until the desired interpass temperature (~70°C in this
study) is achieved. The uniform cooling effect provided by the jet is evident in the
relatively consistent length of the melt pool at time instances of ¢ = 6s, and ¢ = 135,
during the deposition case with accelerated cooling, as shown in Figure 6.3 (b).

Melt pool length 15 1 mm at t— 6 s,
153 mmatt=13s

Figure 6.3: The observed melt pool during the deposition of alloy 36 without and with an
accelerated cooling CO> jet in (a) and (b), respectively.

Large oxide islands floating on the melt pool were also observed for the reference
case, as indicated in Figure 6.3 (a). These oxides are likely to form in the reference
case due to a lack of appropriate shielding for the elongated melt pool. Upon
solidification of the melt pool, these oxides appear on the deposited beads and
negatively affect the surface quality, thus increasing the risk of lack of fusion
defects unless properly cleaned. In addition, these oxides can be retained in the
microstructure of the deposited material as inclusions. In general, the net effect of
cooling is to promote heat extraction during AW-DED. This, in turn, is expected to
reduce the tendency of grain coarsening during the deposition of the single-phase
alloy 36 at a microstructural level.

6.3.2. MICROSTRUCTURAL AND CHEMICAL ANALYSES

The microstructures of alloy 36 under various deposition conditions are presented
in Figure 6.4. Severe grain coarsening or abnormal grain growth is observed in the
reference case (SR), leading to the formation of intergranular cracks. An example of
this is shown in Figure 6.4 (a), where the crack is observed to form at the triple
point of the coarse grains. The SEM observation of the crack flank reveals a wavy
appearance, and some isolated instances of micro-dimples (Figure 6.4 (a-0)), thus
suggesting limited ductility. The intergranular nature of the crack at the triple junction
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of coarsened grains, combined with the characteristic morphology of the crack
flank, confirms that the observed cracking is associated with the phenomenon of
ductility-dip cracking (DDC). These findings are consistent with the results reported
in section 4.3.2 (chapter 4).

Figure 6.4: Microstructure of a sample from block SR showing coarsened grains and an
intergranular crack in (a). Reduction in the extent of grain coarsening though
accelerated cooling during the deposition of block SCL shown by the micrograph
in (b), and an intergranular crack in (b-0). Crack-free microstructure of alloy 36
achieved through the addition of TiC in (c), corresponding to a sample from block
SC.

Accelerated CO; jet cooling was employed to prevent grain coarsening during
the deposition of alloy 36 (block SCL), and the resulting microstructure is shown in
Figure 6.4 (b). At first glance, the cooling strategy appears to be effective in reducing
grain coarsening, which in turn prevents the formation of large intergranular cracks,
such as the one shown in Figure 6.4 (a). However, SEM observations revealed the
persistence of micro-cracks in the microstructure obtained after using the cooling jet,
as depicted in Figure 6.4 (b-0).

Table 6.3: Measured Ti and C contents in the as-deposited blocks.

Sample, wt.% SA SB SC
Ti XRF) 0.33+£0.01 0.52+0.03 0.71+0.04
C (LECO) 0.08+£0.01 0.16+0.01 0.24+0.02

The cooling strategy was further combined with the interlayer application of
TiC powder particles during AW-DED of alloy 36. The designation and chemical
composition of the blocks deposited with the combined approach of accelerated
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cooling and TiC powder particles are listed in Table 6.3. The microstructure of
block SC was found to be free of cracks, as shown in Figure 6.4 (c). Furthermore,
the microstructure of block SC is observed to be more refined than that of block
SR. Detailed analyses of the microstructures in blocks SR, SCL, and SA to SC were
performed using EBSD, and the corresponding grain boundary maps are shown
in Figure 6.5 (a), (b), and (c) to (e), respectively. Coarse columnar grains with
non-tortuous grain boundaries are revealed in Figure 6.5 (a). The extent of grain
coarsening is reduced in block SCL (only cooling), as observed in Figure 6.5 (b).
The addition of TiC particles significantly modified the microstructures in terms
of grain boundary morphology and columnar grain widths. As the TiC content
increases (blocks SA to SC), the grain boundaries develop tortuosity, accompanied by
a simultaneous reduction in the columnar grain width, as listed in Table 6.4, which
was calculated using the linear intercept method [26]. This can also be qualitatively
observed when comparing the grain boundary maps shown in Figure 6.5 (a)—(e).

b) Block SCL ,c¢) Block SA

R L

d) Block SB

N

a) Block SR
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Figure 6.5: Grain boundary maps for samples of blocks SR, SCL, SA, SB, and SC in (a), (b), (c),
(d), and (e), respectively. XRD patterns for samples of blocks SA, SB, SC, and SR
revealing the detection of clear TiC peaks in the patterns of samples SB and SC in
®.

The grain boundary maps of blocks SB and SC also revealed the presence of stray
equiaxed-like grains. This indicates that TiC particles can act as a grain-refining
inoculant during AW-DED of alloy 36 by promoting heterogeneous nucleation.
However, the limited occurrence of equiaxed-like grains in the microstructures of
blocks SB and SC suggests that the content of TiC particles was likely insufficient to
promote heterogeneous nucleation uniformly throughout the blocks. Future work
can be undertaken to better understand the extent of heterogeneous nucleation in
alloy 36 facilitated by TiC particles during AW-DED. The presence of ductility-dip
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Table 6.4: The average columnar grain widths measured from the transverse cross-sections
(BD-TD planes) of the deposited blocks. The cross-sections were taken at 25, 35, 45,
and 55 mm from the start of the blocks.

Blocks Average columnar grain width, pm

SR 1280+260
SCL 760+210
SA 510+120
SB 470+ 80
SC 380+90

micro-cracks, similar to the crack shown in Figure 6.4 (b), was occasionally observed
in the microstructures of blocks SA and SB. However, cracks were eliminated from
block SC, which contained higher amount of TiC than blocks SA and SB. This suggests
that a minimum level of TiC addition was necessary to completely prevent cracking
during AW-DED of alloy 36. Phase identification was performed using XRD, and the
resulting XRD patterns are presented in Figure 6.5 (f). Clear TiC peaks were identified
in the patterns of samples taken from blocks SC and SB, with the absence of these
peaks in the pattern of the sample taken from block SA. However, the peak intensities
corresponding to the TiC phase were reduced in the pattern of block SB compared to
block SC. The TiC phase fractions were quantified as 0.3% and 0.7% by weight, with
an error of + 0.2%, in blocks SB and SC, respectively.

The microstructure of block SC was further analysed with a low-step size setting
during EBSD to investigate the introduction of TiC particles. The grain maps, phase
maps, and simultaneous EBSD-EDS map scans for block SC, are shown in Figure 6.6.
In general, the grain boundaries (GB) were decorated with faceted and irregularly
shaped particles, as shown in Figure 6.6 (Intergranular TiC). Most of these particles
were observed to be submicrometre in size, with few instances of particles ranging
from submicrometre to micrometre scale. In modified Ni-base alloys, the presence
of medium-sized precipitates (NbC or TiC), such as the intergranular TiC particles
observed in Figure 6.6, has been reported to increase the resistance of these alloys to
DDC during welding [27]. Similarly, the grain interiors also exhibited the presence
of such particles (Intragranular TiC in Figure 6.6). However, most of the particles
were observed at intergranular locations. An example of a nano-sized particle within
a grain of block SC can be seen in Figure 6.6 (Nano-TiC). The corresponding EDS
maps in Figure 6.6 show Ti enrichment, thus providing positive confirmation of
TiC particles. The tortuosity in the GB arises from the presence of TiC particles. In
addition, the alloy 36 material surrounding the TiC particles is observed to contain a
negligible amount of Ti, as indicated by relatively weak Ti signal in the EDS maps. In
summary, the tortuous GB resulting from the incorporation of TiC particles restricts
grain growth, thus increasing the resistance to DDC compared to the non-tortuous
GB of block SR [28, 29]. Altogether, these particles contribute to the clear TiC peaks
observed in the XRD pattern of block SC, as shown earlier in Figure 6.5 (f). In
comparison, the reduced peak intensity and the absence of TiC peaks in the XRD
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patterns of blocks SB and SA can be attributed to the limited presence of nano-TiC
particles. An example of such nano-TiC particles observed in the microstructure of
block SB is shown in Figure 6.7.

High

Figure 6.7: Chemical analysis of nano-TiC particles observed in the microstructure of a sample
taken from block SB.

The mechanism responsible for the reduced susceptibility of alloy 36 to
intergranular DDC due to accelerated cooling and the addition of TiC is schematically
shown in Figure 6.8. During AW-DED of alloy 36, heat accumulation may occur due to
the relatively low thermal diffusivity of the alloy [21]. This, along with the persistence
of the alloy in the single-phase austenitic structure up to its liquidus temperature,
promotes a microstructure conducive to grain coarsening. The propensity for grain
coarsening arises from the low activation energy of grain growth in alloy 36 and
the tendency of a system to minimise free energy through boundary migration [21,
30]. Therefore, grain coarsening occurs during AW-DED of alloy 36, as schematically
illustrated in Figure 6.8 (a), leading to a net reduction in the total GB area.

Furthermore, AW-DED inherently induces non-uniform thermal stresses or strains,
which the deposited material accommodates [31]. The reduction in GB area due to
abnormal grain coarsening during AW-DED increases the stress/strain accommodated
per GB. When the localised stress or strain surpasses the GB strength, intergranular
DDC occurs, as shown schematically in Figure 6.8 (a).

A cooling system, such as the CO, jet utilised in this study, facilitates heat
extraction from alloy 36 during AW-DED, thereby limiting grain coarsening, as
illustrated in Figure 6.8 (b). The cooling jet mitigates heat accumulation by effectively
transforming the substrate into a heat sink. Hence, the thermal energy available for GB
migration and the duration for which the material remains at elevated temperatures
are reduced. This promotes the retention of a greater GB area compared to the
condition in Figure 6.8(a), where accelerated cooling is not applied. Consequently,
the extent of DDC is reduced, with GBs exhibiting smaller and thinner cracks or
micro-cracks, as observed in Figure 6.8 (b), in contrast to the larger crack shown in
Figure 6.8 (a). The persistence of micro-cracks despite utilising accelerated cooling
can be attributed to the overall cooling effect on the deposited material rather
than a more targeted local cooling approach, such as directing the cooling jet
behind the melt pool. Furthermore, the microstructure of alloy 36 deposited with
accelerated cooling exhibits non-tortuous GBs, similar to those depicted in Figure
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Figure 6.8: Schematic illustration of the microstructure development in alloy 36 during
AW-DED in (a), by incorporating accelerated cooling in (b), and a combination
of accelerated cooling and TiC particles in (c). Macroscopic stress acting in the
microstructure is indicated by o.

from alloy 36 during AW-DED requires modification of the GB morphology [32, 33].
This can be achieved by introducing TiC particles, as shown in Figure 6.8 (c). The
presence of TiC particles in the melt pool allows effective pinning of the GB during
solidification, thereby restricting their migration. This restriction on GB movement
further reduces grain coarsening, leading to a decrease in columnar grain widths with
increasing TiC content, as observed in blocks SA to SC. Additionally, the presence of
equiaxed-like grains, similar to those observed in the microstructures of blocks SB
and SC, contributes to increasing the GB area. The restriction on GB migration due to
the presence of TiC particles helps to retain their tortuous morphology. This tortuosity
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of the GB may also provide a mechanical interlocking effect between adjacent grains.
Consequently, in block SC, the GBs transition from crack-susceptible to crack-resistant
upon the introduction of TiC particles.

In summary, the microstructure of the as-deposited alloy 36 consists of columnar
grains aligned along the building direction. However, these grains are susceptible to
severe coarsening due to heat build-up during the deposition process, as observed in
the microstructure of the reference (SR) sample. This coarsening can be mitigated by
employing an external cooling strategy during deposition, such as the CO, jet used
in this study, which effectively promotes heat dissipation. The accelerated cooling
strategy also reduces the extent of DDC in alloy 36 due to its influence on the
microstructure. Nevertheless, the combined approach of cooling and the incorporation
of TiC powder particles was necessary to eliminate DDC in alloy 36. This indicates
that the cooling strategy alone, as applied in this study, was insufficient to completely
prevent DDC. An improvement of the cooling strategy could involve the development
of a setup utilising a specialised nozzle capable of delivering a cooling medium
trailing the arc. Future studies employing this setup during the deposition of alloy 36
are recommended, as the present study demonstrates a noticeable improvement in
both the microstructure and the interpass times of alloy 36 deposited with accelerated
cooling.

In addition, the use of accelerated cooling may also have been beneficial in
reducing the minimum amount of TiC required to eliminate DDC. Without cooling, it
is highly likely that alloy 36 would remain prone to grain coarsening until higher
amounts of TiC than those used in block SC are incorporated, due to the heat
accumulation effects during AW-DED. Ductility-dip cracking is characterised by GB
failure due to their reduced ductility at elevated temperatures under the influence
of stress/strain [34]. In general, single-phase fcc alloys (alloy 36) are prone to DDC
due to a loss of GB ductility at elevated temperatures [27, 35]. The fabrication of
alloy 36 by AW-DED subjects the material to the ideal conditions for DDC, namely
elevated temperatures caused by molten metal deposition and the generation of
process-induced stresses/strains. During AW-DED of alloy 36, the addition of TiC
particles effectively pins the GBs and induces tortuosity, thereby resisting grain
coarsening. These combined effects, resulting from the presence of TiC particles at
GBs, promote a crack-free microstructure by reducing the susceptibility of alloy 36 to
DDC.

6.3.3. FUNCTIONAL PROPERTIES

The engineering stress-strain curves obtained from the tensile tests performed
on samples from block SDM are shown in Figure 6.9 (a). The properties were
evaluated along two directions of the block to quantify any directional anisotropy.
This is represented by the results of samples oriented in the horizontal (H, WD)
and the vertical (V, BD) directions. As shown in Figure 6.9 (b), the mechanical
properties of block SDM are in good agreement with the expected values from the
wire manufacturer specifications (MS), regardless of orientation. This agreement is
attributed to the absence of DDC in block SDM. The tensile properties corresponding
to the reference in Figure 6.9 (b) are adapted from section 4.3.3 (chapter 4) to highlight
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the detrimental effect of DDC on the mechanical performance of as-deposited alloy
36. Intergranular ductility-dip cracks act as stress concentrators or sites for preferential
damage, leading to premature failure of alloy 36 subjected to tensile loading. In
contrast, the addition of TiC increases the resistance of the grain boundaries to DDC
by effectively pinning them and preventing crack formation. The average tensile
strength, yield strength, and elongation of alloy 36 deposited with the combined
approach are increased by 24%, 18%, and 60%, respectively, compared to the reference
alloy. Hence, DDC during AW-DED of alloy 36 is mitigated by the combined approach
of accelerated cooling and the addition of TiC particles, thus recovering or exceeding
the expected mechanical properties of alloy 36.
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Figure 6.9: Measured strain-strain curves of the specimens extracted from block SDM oriented
along the building (V) and welding (H) directions in (a). Tensile properties
calculated from the curves in (a), shown in (b). *: The poor tensile properties for
reference in (b) are adopted from section 4.3.3.

However, the mechanical properties are observed to vary depending on the
orientation of the specimens in the block. The horizontally oriented specimens are
found to be stronger and less ductile compared to vertically oriented specimens.
This strength-ductility anisotropy between the horizontally and vertically oriented
specimens can be related to the strong directionality of the columnar grains. The
vertical specimens are extracted with their length oriented along the building direction
of block SDM, which aligns the specimen length with the long axis of the columnar
grains. Due to this alignment, the grain boundary density in the vertical specimens
is reduced relative to the horizontal specimens. Consequently, the hindrance to
dislocation slip by grain boundaries is lower in vertical specimens than in horizontal
specimens. This results in the conflicting behaviour of strength and ductility between
the horizontally and vertically oriented specimens. A similar trend has also been
observed in other studies addressing the mechanical properties of S304L steel and
alloy 36 fabricated by AW-DED [7, 36].

The measured temperature-displacement (T-D) curves of specimens from block
SDM are shown in Figure 6.10 (a). For comparison, an averaged T-D curve of two
samples from SR block (without cooling or TiC addition) is also added to the figure.
The mean linear coefficient of thermal expansion (CTE) in different temperature
ranges were calculated from these curves and are presented in Figure 6.10 (b). No
significant anisotropy was observed between the CTE of specimens oriented vertically
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Figure 6.10: Temperature-displacement curves of the specimens extracted from block SDM
oriented along the building (V) and welding (H) directions in (a). Mean CTEs in
various temperature ranges calculated from the T-D curves in (a), shown in (b).

and horizontally within the block. However, a noticeable reduction in the CTE of
specimens from block SDM is observed when compared to the CTE of the reference
alloy 36 (block SR). This reduction of CTE is highlighted in two parts in Figure
6.10(a). Firstly, a prominent low-temperature reduction in the thermal expansion
behaviour of block SDM, approximately 34% lower than reference, is revealed in the
low-temperature range of 30-100°C, i.e. well below the Curie transition. Secondly, a
high-temperature reduction of the thermal expansion that occurs upon exceeding
the ferromagnetic ordering temperature (Curie transition). This high-temperature
reduction can be attributed to the composite nature of alloy 36 comprising TiC
particles. The mean linear CTE of TiC particles, reported to be approximately
6.99umm™'°C! in a temperature range of 30-500°C, is lower than that of the
reference alloy 36 in the same range, which is 10.10umm' °C™!, as determined from
Figure 6.10 (a) [37]. The crossover between the mean CTE of the reference alloy 36
and TiC particles, determined from room temperature, occurs at around 300 °C; above
this temperature, the CTE of TiC particles is lower than that of the reference alloy 36.
The as-deposited alloy 36 comprising TiC particles can be considered a metal matrix
composite. For such materials, the net thermal expansion is typically estimated using
a rule-of-mixtures approximation. Hence, the lower CTE of TiC particles compared to
that of the reference alloy 36 above temperatures of 300 °C leads to a high-temperature
reduction in the CTE of alloy 36 comprising TiC particles (block SDM) relative to
reference alloy 36 (block SR).

However, it should be noted that this high-temperature reduction holds little
significance for aerospace mould tooling applications of alloy 36. This is because
these tools are typically limited to a maximum operational temperature in the vicinity
of 200°C during the composite curing cycles [38].

Based on the above reasoning for the high-temperature reduction, it can also
be argued that the mean linear CTE of alloy 36 comprising TiC particles in the
temperature range of 30-100°C should increase compared to that of the reference
alloy 36. Since for temperatures below 300 °C, the CTE of TiC particles is higher than
that of the reference alloy 36. Moreover, the CTE of alloy 36 in various temperature
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ranges are expected to increase with the addition of Ti and C, provided these
elements are present in the solid-solution matrix. However, the addition of TiC
particles to alloy 36 in this study contributes marginally to the chemical composition
of the solid-solution matrix. This is valid based on the low solubility product of TiC
in austenite (0.0165 at 1200°C), indicating that these particles remain stable with
limited dissolution at high temperatures in the austenitic matrix of alloy 36 [39]. In
addition, the Ti maps in Figure 6.6 reveal that the alloy 36 matrix surrounding the TiC
particles lacks Ti. Consequently, the low thermal expansion behaviour of alloy 36
should be minimally influenced by TiC from the perspective of chemically induced
changes. However, due to the repetitive thermal cycles in AW-DED, some degree of
dissolution can be expected, which in turn could result in a marginal, yet observable
increase in the CTE of alloy 36. For instance, the change in the CTE of FeNi36 alloy
per mass % of Ti addition in the temperature range of 30-100°C is reported to be
approximately 0.86umm’! °C™! [40]. Hence, contrary to the expected increase in the
same temperature range, a low-temperature reduction is observed in the thermal
expansion behaviour of alloy 36 comprising TiC particles compared to that of the
reference alloy 36, as highlighted in Figure 6.10 (a). This appears as a prominent
reduction in the mean linear CTE of block SDM evaluated in the temperature range
of 30-100°C, relative to that of block SR, as shown in Figure 6.10 (b).
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Figure 6.11: Lattice parameters obtained from the XRD patterns of specimens from blocks SR
and SDM in (a), symbols correspond to the measured points to which the solid
lines are fitted. Approximation of the Curie temperatures from the averaged T-D
curves of samples from blocks SDM and SR in (b).

To understand the observed low-temperature reduction of CTE in this work, the
effect of TiC addition on the lattice parameter of the deposited specimens was
explored. The high-angle XRD diffraction peaks corresponding to specimens of blocks
SR and SDM are shown in Figure 6.11 (a). The values of the lattice parameters
(a), listed in Figure 6.11 (a), were calculated using the corresponding Nelson-Riley
extrapolation plots [41]. In Figure 6.11 (a), it is evident that the addition of TiC
resulted in an increase in the a value, from 3.592 A to 3.596 A, which reveals as a
relative shift in the XRD peak positions. This suggests that the marginal increase in
a value is linked to the reduction in CTE observed in this study. The relationship
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between increasing a value and reduction in the CTE of alloy 36 can be explained
based on the simultaneous improvement in magnetic exchange coupling. The
magnetic exchange coupling (exchange interaction) is fundamental in the description
of ferromagnetism [42, 43]. The increase in the a value is expected to influence
the Fe-Fe exchange interaction such that its ferromagnetic character is enhanced.
This argument is supported by the computational work of Rancourt et al. [44] that
addressed the physical phenomenon underlying the low thermal expansion behaviour
of Invar 36. Using local moment models, they demonstrated that the Fe-Fe magnetic
exchange bonds in Invar 36 improve their ferromagnetic character as the interatomic
separation increases. In addition to the computational work, Gorria et al. [45] provided
experimental evidence using X-ray absorption spectroscopy, suggesting that stresses
induced in Invar 36 by mechanical treatments primarily affect the Fe-Fe interatomic
distances. An increase in these distances was found to favour ferromagnetism.

An estimate about the trend of the exchange integral can be made through the
relationship between the ferromagnetic Curie temperature and the exchange integral,
as described by the mean field theory in equation 6.1,

_ JexZ7S(S+1)

T,
¢ 3kg

, (6.1)
where, T, is the Curie Temperature, Zr is the co-ordination number, S is the atomic
spin quantum number, J,, is the exchange integral, and kg is the Boltzmann constant
[46]. The Curie temperature and the exchange integral are directly proportional for a
constant value of the other parameters, which is the case in this study. Therefore, T,
would only increase if the exchange integral, Je,, increases. The Curie temperature for
the SDM block is observed to be lower than that of block SR, as illustrated by the
averaged T-D curves shown in Figure 6.11 (b). This implies that the difference in the
T, between blocks SDM and SR is due to the higher exchange integral, which arises
from an increase in a value due to the addition of TiC in block SDM. The synergy
between the lattice parameter and magnetic exchange interaction also supports the
observed prominent reduction of the CTE in the low-temperature range, well below
the Curie transition. Therefore, the increase in the lattice parameter of alloy 36
enhances its ferromagnetic character, and consequently its low thermal expansion
behaviour. This leads to a prominent reduction in the CTE at temperatures well below
the Curie transition, as observed in this chapter.

6.4. CONCLUSIONS

In this chapter, the effect of accelerating the cooling and adding TiC particles during
AW-DED of alloy 36 was studied. The relationship between the process conditions and
the functional behaviour of the low thermal expansion alloy was established. The
results are concluded as follows:

1. Employing accelerated cooling during AW-DED of the single-phase alloy 36
reduces the susceptibility to ductility-dip cracking (DDC) and shortens the
interpass times by approximately 70%. However, the elimination of DDC requires
the addition of TiC particles.
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. The microstructure of alloy 36 is refined by adding TiC particles due to a

reduction in the extent of grain coarsening during AW-DED. The degree of grain
coarsening decreases as the TiC content increases, effectively promoting the
pinning of high-angle grain boundaries (HAGBs). The TiC particles also induce
tortuosity in the HAGBs. This morphological change further contributes to the
reduction in susceptibility to DDC.

The tensile properties of alloy 36 containing TiC particles are significantly
improved compared to the TiC-free alloy, which exhibits DDC. The average
tensile strength, yield strength, and elongation increase by 24%, 18%, and 60%,
respectively.

. The mean CTE of alloy 36 comprising TiC particles in the temperature range of

30-100°C is lower than that of the TiC-free alloy. This reduction is attributed to
the increase in the lattice parameter observed in the TiC-containing alloy, which
enhances the ferromagnetic character of the alloy.
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GENERAL DISCUSSION,
CONCLUSIONS AND OUTLOOK

7.1. GENERAL DISCUSSION AND CONCLUSIONS

HE present study employs gas tungsten arc welding-based directed energy

deposition (DED) to fabricate low thermal expansion (LTE) Fe-Ni alloys, with a
particular focus on alloy 36. This alloy exhibits an approximately invariant coefficient
of thermal expansion in the vicinity of room temperature. As a result, alloy 36
is widely regarded as indispensable in the aerospace sector. However, given the
challenges associated with machining and shaping the alloy using conventional
subtractive manufacturing methods, the adoption of metal additive manufacturing
(AM) presents a promising route for its efficient processing. Metal AM techniques
generally offer increased processing flexibility for the fabrication of metre-sized
components, especially when arc-wire AM processes are used. These technologies are
distinguished by high deposition rates and minimal material waste, making them
well-suited for constructing large structures at reduced material costs.

The inherent layer-by-layer material addition in metal AM facilitates the fabrication
of components that are close to their final shapes. This results in extensive
reductions in material wastage, or high material utilisation, compared to subtractive
manufacturing. Typically, the buy-to-fly (BTF) ratio, defined by the ratio of the weight
of the starting raw material to the weight of the finished product, in subtractive
manufacturing of aircraft components ranges from 6-20, while in AW-DED a BTF ratio
of 2 or less can be achieved [1-3]. Unlike subtractive manufacturing, which produces
mono-material structures, AW-DED methods enable the deposition of structures with
spatially varying functional properties. The deposition parameters can be specifically
tailored to embed desired microstructural gradients within a component. In addition,
the fabrication of multi-material components is feasible by switching to a different
wire material or simultaneously feeding multiple wires during the deposition process,
thereby creating compositional gradients. In this regard, it is imperative to ensure the
employment of chemically compatible materials, or a compositional design approach,
to avoid the formation of microstructural constituents that deteriorate the functional
performance of a component. Hence, the capability of multi-material deposition or
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microstructure control allows for the on-demand generation of material properties
during the fabrication sequence of arc-wire AM processes. This feature is unique to
metal AM processes and unattainable through traditional subtractive manufacturing
methods. Consequently, arc-wire AM methods have seen rapid advancement over the
past decade, while attaining significant attention from various industries. However,
material-specific challenges can arise because of process-induced effects during AM,
thus limiting the application of this technology for successful fabrication of functional
components. For instance, consider the response of the single-phase austenitic alloy
36 to AW-DED. This alloy maintains an exceptionally low mean linear coefficient
of thermal expansion (CTE) in a temperature range of 25-200°C, which is driven
by temperature dependant magnetovolume effects on the overall thermal expansion
of the alloy below its Curie temperature [4]. Due to its low CTE, alloy 36 is widely
employed in the aerospace industry as the preferred material for moulding tools.
However, as discussed in chapter 2, existing studies on AM of alloy 36 often report the
persistence of intergranular cracking in the as-deposited microstructure, thus limiting
the application of AM in fabricating the LTE alloy. In addition, the ability of metal AM
to achieve tailored functional properties remains largely unexplored in relation to the
predominantly binary nature of the LTE alloys. Hence, expanding the application of
AM methods in the fabrication of alloy 36 and other LTE alloy components requires
further investigation. This allows for a comprehensive understanding of the material
response to the prevailing process conditions experienced during AM, thus enabling
the exploitation of the unique LTE properties in Fe-Ni alloys via AM.

The objective of this work was to elucidate the microstructural and functional
response of alloy 36 to AW-DED, thus expanding the current understanding of the
process-property relationships. Extensive experimental efforts have been undertaken to
further establish this link. In chapter 4, alloy 36 was deposited at heat inputs ranging
from 200-550] mm!, with subsequent assessment of the resulting microstructure and
functional performance. Unlike the deposition of thin walls without bead overlapping,
as reported in existing studies on AW-DED of alloy 36, multi-bead overlapped
structures within a wide parameter window were deposited in the present work. The
low expansion alloy showed sensitivity to abnormal grain growth as the heat input
increased from 200 towards 550 mm!. The resistance to grain growth is extremely low
in LTE alloys due to their single-phase microstructure. This coupled with the localised
thermal energy from the heat source during AW-DED promotes the coarsening of
grains that exhibit straight or highly non-tortuous grain boundaries. To put the severity
of grain coarsening in perspective, some grain widths were greater than 3-4 mm,
when heat inputs of 450 and 550 mm! were utilised during the deposition process.
In AW-DED, a localised travelling heat source imposes inhomogeneous temperature
fields, resulting in non-uniform thermal contraction and expansion of the material.
This phenomenon, in conjunction with the temperature-dependent elastic-plastic
behaviour of the material, can lead to the introduction of thermo-mechanical stresses
and strains within the material. The CTE of the alloy at temperatures well above
its Curie temperature is analogous to that of a typical metal, regardless of its
invariant thermal expansion in the vicinity of room temperature. This justifies the
development of thermal stress or strain in the alloy at temperatures between 0.5-0.8
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of its melting temperature, which is the typical temperature range for ductility-dip
cracking (DDC) to occur in Ni-base alloys [5, 6]. The coarsened microstructure of
alloy 36, characterised by straight grain boundaries, combined with the development
of thermo-mechanical forces during AW-DED resulted in a material with increased
susceptibility to intergranular cracking. Upon examination of the features of the crack
flank, these grain boundary defects were attributed to the phenomenon of DDC. This
cracking phenomenon occurs due to a complex interaction between factors that can
be classified into two broad categories: metallurgical factors related to the chemical
composition of the material, thus determining the thermo-physical properties, and
those arising from the process conditions. For an alloy to exhibit DDC, it must
meet specific criteria, including being subjected to an elevated temperature cycle
and possessing an inherently crack-susceptible microstructure, i.e. single-phase fcc
alloys with non-tortuous grain boundaries. The time spent at elevated temperatures
leads to grain coarsening in single-phase materials, along with the development
of thermo-mechanical tensile stresses/strains. Intergranular DDC occurs when the
strength of the grain boundary is exhausted by the stresses or strains localised at
these boundaries.

Naturally, the residence time at elevated temperatures can be controlled during
AW-DED by selecting an optimised heat input. Reducing the heat input increases the
cooling rate, which reduces the residence time of the material at elevated temperatures.
This, in turn, reduces the extent of thermally driven abnormal grain growth in alloy
36, thus refining its microstructure. Consequently, DDC was successfully eliminated
from the alloy by reducing the heat input from 550 to 200 mm™ during AW-DED,
accompanied by a notable reduction in the average grain width, approximately 31%
and 72% at different heights along the building direction. The elimination of DDC
was evidenced by evaluating the mechanical performance of alloy 36 deposited in the
lower and upper extreme conditions of the heat input range, referred to as the low
heat input condition (200Jmm™) and the high heat input condition (550]mm™).
Specifically, the average yield strength, tensile strength, and elongation of the alloy
deposited in the low heat input condition were improved by 16%, 23%, and 38%,
respectively, compared to that of the alloy deposited in the high heat input condition.
The inferior performance in the latter case was due to the presence of internal
cracks attributed to DDC. However, the critical thermal expansion behaviour of
alloy 36, deposited under low and high heat input conditions, remained identical;
in other words, the presence of cracks and differences in grain structure did not
affect its thermal dimensional stability. This can be rationalised by the fact that
thermal expansion is directionally isotropic in cubic systems [7]. The deterioration
of mechanical performance in alloy 36 due to DDC underscores the importance of
eliminating this phenomenon in applications where mechanical integrity is critical,
such as cryogenic storage, pipeline systems, and space probes. However, in the context
of aerospace moulding tools, where thermal dimensional stability is the primary
requirement, processing conditions are not strictly restricted to ensure DDC-free
microstructures in alloy 36 components produced by AW-DED.

Following the successful defect-free fabrication of alloy 36 in low heat input
condition, chapter 5 explores a twin-wire feeding approach to generate multiple
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LTE alloy compositions through in situ alloying. Given the poor workability and
associated bulk scrap generation during subtractive processing of LTE alloys, the
twin-wire feeding method is pivotal in broadening the application of AM-based
fabrication routes to these materials. In addition, this approach shows promise for the
repair manufacturing of existing composite moulding tools in the aerospace industry,
regardless of their chemical composition. Hence, a twin-wire feeding strategy, which
involved the simultaneous feeding of alloy 36 wire and high-nickel content wire into a
melt pool, was employed during the GTAW-based AW-DED process.

Melt pool observations during twin-wire deposition revealed two distinct metal
transfer modes, depending on the wire feeding arrangement. In the continuous metal
transfer mode, the deposited beads were characterised by geometrical stability and
chemical homogeneity. Conversely, in the intermittent metal transfer mode, beads
exhibited spatially varying geometrical characteristics with locally enriched nickel
regions. The continuous metal transfer mode involves smooth feeding of liquid metal
into the melt pool via a persistent liquid metal bridge, whereas the intermittent
mode is characterised by the sporadic entry of individual liquid metal droplets
through interrupted bridging or free-flight transfers. The continuous mode was further
utilised to successfully deposit multi-bead compositionally graded and mono-material
structures. The graded structure featured stable regions of alloys 42, 46, and 52,
resulting in a spatial gradient of the Curie temperature—and the resulting thermal
expansion behaviour—along the build direction. Meanwhile, the mono-material
structure deposited by the twin-wire feeding approach consisted entirely of alloy
46, exhibiting CTE values comparable to those of the commercially available alloy.
Hence, on-demand generation of thermal expansion properties was achieved while
maintaining stable and defect-free deposition. In addition, the insights gained from
the twin-wire feeding approach during GTAW-based AW-DED are transferable to
GMAW-based AW-DED, which holds greater relevance for the industrial fabrication of
LTE alloys. This is attributed to the increased design freedom combined with the
higher deposition rates typically associated with GMAW-based AW-DED relative to
GTAW-based AW-DED.

The twin-wire feeding-based deposition of desired LTE alloy compositions primarily
stems from the inherent solid solution compatibility between Fe and Ni, despite the
highly dynamical non-equilibrium conditions in AW-DED. For instance, Figure 7.1
illustrates the temperature-displacement curves of LTE alloys 40 and 48, fabricated
through the twin-wire approach. The curve of alloy 36 which was deposited with the
standard single-wire process is included for the reader’s convenience. Additionally,
alloy 46, which was previously reported in chapter 5, is also presented for the sake of
comparison. It is evident from the figure that LTE alloys belonging to the Fe-Ni system
offer a range of thermal expansion properties. Alloys with Ni contents ranging from
36 to 42 wt.% are primarily valuable for mould tooling applications, whereas those
within the 42 to 52 wt.% range, while still of interest for aerospace applications, are
crucial for glass-to-metal sealing purposes [8—10]. The natural compatibility between
Fe and Ni, combined with the twin-wire feeding approach during AW-DED, provides a
robust foundation for the on-demand generation of LTE properties. Consequently, this
exploits the “Invar problem”, which is discussed in chapter 2, to efficiently meet the
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stringent requirements for thermal dimensional stability in the aerospace industry.
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Figure 7.1: Temperature-displacement curves of various LTE alloys showing distinct thermal
expansion behaviour depending on the Ni content. Alloys 40, 46, and 48 were
deposited with the twin-wire feeding approach, as described earlier in chapter 5,
for the generation of desired LTE alloy compositions.

The measured CTE values of alloy 36 and 46 specimens, as reported in chapters
4 and 5, respectively, were observed to share a common trend. In that regard, the
CTE of the vertically oriented specimens was consistently lower than that of the
horizontally oriented specimens. Such anisotropy in the CTE of LTE alloys fabricated
by AW-DED can be explained based on the non-uniform residual stresses developed
in a material during the deposition process. These non-uniform stresses can alter the
magnetic domain structure in alloy 36 through both reversible mechanisms—such
as domain-wall bowing and magnetisation rotation—and irreversible mechanisms,
primarily domain-wall movements [11, 12]. Upon stress relaxation, the prior
stress-induced alterations in domain configuration may be partially retained due to
the irreversible nature of domain-wall movements. This irreversibility arises from
stress-induced domain-wall movements between non-magnetic pinning sites, as
described by the extended Jiles—Atherton phenomenological model to account for
stress in addressing magnetoelastic hysteresis of ferromagnetic materials [13]. The
partial reversion of the domain arrangement to that of a stress-free arrangement
upon stress relaxation, which occurs when specimens are extracted from as-deposited
blocks, explains the observed minor anisotropy of CTE between vertically and
horizontally oriented specimens. The maximum absolute difference in CTE between
vertically and horizontally oriented specimens was observed to be approximately 0.21
and 0.52pmm! °C!, for alloys 36 and 46, respectively. Recent findings reported by
Huang et al. also support the view that CTE in additively manufactured alloy 36 is
primarily influenced by residual stresses, rather than by preferred grain orientations
or variations in grain size (diameter or width) [14].

The reduction in heat input facilitated the DDC-free deposition of alloy 36 and
other LTE alloys. Generally, AW-DED is preferred for applications that require high



110 7. GENERAL DISCUSSION, CONCLUSIONS AND OUTLOOK

deposition rates and involve large build volumes, typically in the order of metres.
However, the heat input reduction-based route to mitigate DDC in alloy 36 during
AW-DED presents a contradiction, as it potentially compromises the high deposition
rates that make AW-DED advantageous. Therefore, it is essential to explore alternative
strategies that mitigate DDC in alloy 36 during AW-DED without relying on heat input
reduction. As concluded in chapter 4, DDC in alloy 36 originated primarily from
two factors: grain coarsening due to excessive thermal energy in high heat input
condition (550J mm™) and a microstructure dominated by straight grain boundaries
that exhibited low resistance to grain growth. Taking these factors into account, alloy
36 was deposited in chapter 6 via a combined approach of accelerated cooling
and TiC particle addition in the high heat input condition, i.e. 550 mm™ during
AW-DED. This approach successfully transformed the microstructure in alloy 36 from
DDC-susceptible to DDC-resistant, without compromising the heat input.

Accelerated cooling via a CO, jet was utilised during the deposition of alloy
36, effectively reducing the extent of grain coarsening. The average grain width in
the alloy deposited with accelerated cooling was reduced by 41% compared to the
reference case (without cooling and TiC), also resulting in a reduced susceptibility to
DDC. Furthermore, melt pool observations indicated an approximately 20% reduction
in the average melt pool length during the deposition of alloy 36 with accelerated
cooling, compared to the reference condition. Hence, the use of accelerated cooling
ensured effective dissipation of heat, while simultaneously lowering the extent of
grain coarsening and intergranular cracking. However, DDC mitigation was achieved
by introducing TiC particles into alloy 36 during AW-DED. These particles were
effective in pinning the high-angle grain boundaries, while modifying the boundary
morphology from straight to tortuous, and consequently inhibiting grain growth.
As reported in Chapter 4, the kernel average misorientation (KAM) maps revealed
increased strain localisation in alloy 36 deposited under the high heat input condition,
compared to that deposited under the low heat input condition. This increase in strain
localisation was attributed to a reduction in the available grain boundary area in the
high heat input condition. Localised strain at triple junctions and grain boundaries
facilitates void nucleation, assisted by grain boundary sliding, ultimately leading to
DDC [15]. Similar to the mechanism responsible for mitigating DDC through heat
input reduction, the combined approach of accelerated cooling and TiC addition also
promotes strain partitioning in alloy 36 among grain boundaries, thereby reducing
strain localisation [16]. With this combined approach, the average grain width was
reduced by approximately 70% compared to the reference case, effectively eliminating
DDC in alloy 36 deposited at a heat input of 550 mm"!.

In the present study, TiC particles were manually introduced as an interlayer
paste during the deposition process. Although this method successfully incorporated
the particles into the melt pool, exploring a more comprehensive method, such
as integrating a nozzle with the welding torch for powder feeding, could enhance
the distribution and effectiveness of TiC particles. Eliminating DDC resulted in an
improved mechanical performance of alloy 36 containing TiC particles compared to
that of the alloy deposited in the reference case. Specifically, the average yield strength,
tensile strength, and elongation increased by 18%, 24%, and 60%, respectively, due to
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the absence of DDC. This improvement is also observed to exceed the enhancement
in the mechanical performance of alloy 36 achieved by reducing the heat input, as
demonstrated in chapter 4.

Concerning the thermal expansion behaviour of the as-deposited alloy 36 with TiC
addition, the measured mean linear CTE across multiple temperature intervals was
consistently lower than expected. The most pronounced reduction—approximately
34% relative to to the reference alloy—occurred in the 30-100°C range, i.e. well
below the Curie transition. This suggests that the introduction of TiC particles
affected the physical mechanism underlying its invariant thermal expansion. The
Fe-Fe magnetic exchange bonds in alloy 36 are known to be antiferromagnetically
aligned, since the corresponding exchange parameter for these bonds is reported
to be negative [17]. Upon the introduction of TiC in alloy 36, its lattice parameter
is measured at 3.596(2) A, compared to 3.592(2) A, for the reference TiC-free alloy.
This increase in the lattice parameter upon TiC addition enhances the ferromagnetic
character of alloy 36 as the Fe-Fe magnetic exchange bond in the alloy becomes less
antiferromagnetic with an increase in the interatomic distance [18, 19]. Consequently,
the Curie temperature of alloy 36 comprising TiC increases, which, in turn, results in
a prominent reduction of CTE below the magnetic ordering temperature. It should be
noted that this finding of low-temperature CTE reduction in alloy 36 is of particular
significance for its application as a mould tooling material in the aerospace industry.
Hence, the combined approach of accelerated cooling and particle addition enhanced
the cracking resistance of alloy 36 while preserving the high deposition rates inherent
to AW-DED and maintaining its characteristic low thermal expansion behaviour.

In summary, this study has explored the complexities associated with AW-DED
of alloy 36, highlighting the adaptability and effectiveness of advanced process
modifications. The results of the present work underscore the potential of AW-DED to
fabricate LTE alloys to meet the rigorous demands of the aerospace industry and
other critical applications, setting the stage for future technological innovations.

7.2. CONCLUSIONS

This thesis investigated the processing and performance of LTE Fe-Ni alloys, with a
focus on alloy 36 fabricated by AW-DED. The present study addressed key aspects
associated with the deposition of LTE alloys, such as grain coarsening, intergranular
cracking, process stability, in situ alloying, and functional performance via various
processing strategies, including heat input control, twin-wire feeding, accelerated
heat dissipation, and alloying modifications. Based on the findings of the individual
chapters, the following general conclusions can be drawn:

1. The susceptibility of alloy 36 to ductility-dip cracking (DDC) during AW-DED
is closely related to grain boundary morphology and heat input. A reduction
in heat input increases the grain boundary area, thereby allowing more
effective distribution of localised strain and mitigating intergranular cracking in
single-phase Fe-Ni alloys.

2. The mean linear coefficient of thermal expansion (CTE) of alloy 36 remains
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consistent under different processing conditions. Despite variations in
microstructure or cracking behaviour, the thermal stability of the alloy is
retained due to its cubic crystal symmetry and magnetovolume response.

3. The low thermal expansion alloy domain in the Fe-Ni system can be synthesised
through twin-wire feeding during AW-DED with reliable compositional control.
Both mono-material and graded configurations were successfully deposited,
enabling on-demand thermal expansion performance.

4. The continuous metal transfer mode during twin-wire feeding ensures
homogeneous deposition and improved process control. The resulting
as-deposited alloys exhibit single-phase austenitic microstructures characterised
by a uniform distribution of the added Ni, driven by melt pool flow phenomena
and chemical compatibility between Fe and Ni. Consequently, the functional
properties of the as-deposited alloys agree with the standard specifications of
their conventionally processed counterparts.

5. Mechanical performance in alloy 36 improves significantly when DDC is
eliminated. The reduction in heat input refines the grain size and increases
the grain boundary area, while the addition of TiC enhances the resistance to
cracking by promoting the formation of tortuous high-angle grain boundaries,
which impede grain growth. Both approaches reduce local strain accumulation,
thereby mitigating DDC and leading to higher yield strength, tensile strength,
and elongation in the DDC-free as-deposited alloy.

6. Alloy modification via TiC addition leads to a further reduction in CTE,
particularly below the Curie temperature. This effect is attributed to lattice
expansion and enhanced ferromagnetic exchange, which shift the low thermal
expansion response to higher temperatures.

7.3. OUTLOOK

The results presented in this thesis demonstrate and extend the applicability of
arc wire-directed energy deposition (AW-DED) to fabricate low thermal expansion
(LTE) alloys belonging to the Fe-Ni system. Efforts to promote defect-free deposition
through composition and parameter optimisation during AW-DED were undertaken,
while also expanding the process to generate on-demand LTE alloy compositions.
Moreover, the knowledge obtained from studying the response of LTE Fe-Ni alloys to
AW-DED, in principle, can be extended to other chemically compatible binary alloy
systems, thus advancing the adoption of AW-DED. The following recommendations
are formulated based on the results obtained in the present study:

The reduction in heat input during AW-DED facilitated the crack-free deposition
of alloy 36. This occurs at the expense of the deposition rates, although the rates
achieved with low heat input settings exceed those obtained through powder-based
additive manufacturing (AM) processes. However, when AW-DED is the preferred
AM method for fabricating alloy 36 components, the selected consumable must
incorporate elements that form precipitates during solidification, particularly at grain
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boundaries. This will allow for an experimental effort that explores the limits in
process parameter and printing strategies. In this context, AW-DED based on gas
metal arc welding (GMAW) is particularly relevant due to the inherent design and
process flexibilities.

A preliminary assessment of the effect of intergranular cracking on the thermal
expansion of alloy 36 indicated that the thermal expansion remains unaffected
by the presence of cracks. However, this topic merits further investigation to
establish a definitive relationship between thermal expansion and cracking, or other
microstructural defects typically associated with AW-DED. Should future studies
confirm a dependency of thermal expansion on internal defects, it could become
possible to manipulate process parameters intentionally to tailor thermal expansion
characteristics by inducing preferential defects. Conversely, if thermal expansion
is proven to be truly independent of defects, this would allow for a broader
parametric window during AW-DED of alloy 36 for aerospace moulding tools, without
compromising its distinctive low thermal expansion properties.

In the microstructural scales observed during AW-DED of LTE Fe-Ni alloys, the
thermal expansion conforms to the symmetry of the crystal, exhibiting isotropic
behaviour with respect to the crystallographic directions in fcc systems. However,
residual stress development during AW-DED can affect the low-temperature invariant
thermal expansion behaviour of alloy 36. Future studies focused on developing
constitutive thermo-mechanical models could provide deeper insights into the
generation and control of residual stress development during AW-DED. Consequently,
this could open up opportunities to tailor the thermal expansion properties of LTE
Fe-Ni alloys.

A notable advancement in the cost-effective and efficient processing of LTE
alloys can be achieved by adopting a twin-wire approach in AW-DED. This method
affords the freedom to harness a range of LTE alloy compositions with desired
thermal expansion properties. Rapid advancements in AW-DED have led to the
development of twin-wire feeding welding torches suitable for GMAW. In this process,
the traditional single-wire welding torch is modified to enable the simultaneous
feeding of two wires. Hence, the synergy between the twin-wire feeding approach and
GMAW-based AW-DED can be exploited to harness design freedom and incorporate
novel functionalities in compositionally graded aerospace moulding tools.

Another metal AM technique that has garnered significant attention along with
AW-DED is laser wire-directed energy deposition (LW-DED). Typical challenges
associated with AW-DED include distortions in the deposited structure and limitations
in the scale of feature size, often in the order of millimetres, that can be incorporated
into a component. The adoption of IW-DED can significantly reduce these distortions
and allow for greater design complexity due to the combination of unmatched energy
density and process flexibility offered by the laser wire-based additive manufacturing
process. Consequently, both high-precision and mould tooling applications can benefit
from systematic studies on IW-DED of LTE alloys.
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